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ABSTRACT OF THE DISSERTATION 

LARGE-SCALE TESTING TO STUDY THE EFFECTS OF CRITICAL 

PARAMETERS ON THE AERODYNAMIC BEHAVIOR OF LONG SPAN BRIDGES 

by 

Ramtin Kargarmoakhar 

Florida International University, 2015 

Miami, Florida 

Professor Arindam Gan Chowdhury, Co-Major Professor 

Professor Peter Irwin, Co-Major Professor 

Long-span bridges are flexible and therefore are sensitive to wind induced effects. 

One way to improve the stability of long span bridges against flutter is to use cross-

sections that involve twin side-by-side decks. However, this can amplify responses due to 

vortex induced oscillations. 

Wind tunnel testing is a well-established practice to evaluate the stability of 

bridges against wind loads. In order to study the response of the prototype in laboratory, 

dynamic similarity requirements should be satisfied. One of the parameters that is 

normally violated in wind tunnel testing is Reynolds number. In this dissertation, the 

effects of Reynolds number on the aerodynamics of a double deck bridge were evaluated 

by measuring fluctuating forces on a motionless sectional model of a bridge at different 

wind speeds representing different Reynolds regimes. Also, the efficacy of vortex 

mitigation devices was evaluated at different Reynolds number regimes.  

One other parameter that is frequently ignored in wind tunnel studies is the 

correct simulation of turbulence characteristics. Due to the difficulties in simulating flow 
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with large turbulence length scale on a sectional model, wind tunnel tests are often 

performed in smooth flow as a conservative approach. The validity of simplifying 

assumptions in calculation of buffeting loads, as the direct impact of turbulence, needs to 

be verified for twin deck bridges. The effects of turbulence characteristics were 

investigated by testing sectional models of a twin deck bridge under two different 

turbulent flow conditions. 

Not only the flow properties play an important role on the aerodynamic response 

of the bridge, but also the geometry of the cross section shape is expected to have 

significant effects. In this dissertation, the effects of deck details, such as width of the gap 

between the twin decks, and traffic barriers on the aerodynamic characteristics of a twin 

deck bridge were investigated, particularly on the vortex shedding forces with the aim of 

clarifying how these shape details can alter the wind induced responses. 

Finally, a summary of the issues that are involved in designing a dynamic test rig 

for high Reynolds number tests is given, using the studied cross section as an example. 

  

 

 

 

 

 

 

 



C

C
IN
1
1

1
1
1
1

C
R
B
2
2
2

2

2

2
2
2

C
T
A
A
3
3

 

 
CHAPTER   

 CHAPTER I
NTRODUCT

 Wind E.1
 Wind E.2

1.2.1  ef
1.2.2 Turb
1.2.3 Effec

 Theoret.3
 Objectiv.4
 Disserta.5
 Referen.6

CHAPTER II
REYNOLDS
BRIDGE AE

 Abstrac.1
 Introduc.2
 Experim.3

2.3.1 Twin
2.3.2 Meas
2.3.3 Flow

 Paramet.4
2.4.1 Press
2.4.2 Aero
2.4.3 Self-
2.4.4 Vorte

 Experim.5
2.5.1 Re ef
2.5.2 Re ef
2.5.3 Re ef
2.5.4 Re ef
2.5.5 Effec

 Conclus.6
 Acknow.7
 Referen.8

CHAPTER II
THE EFFECT
AROUND A 
AERODYNA

 Abstrac.1
 Backgro.2

                    

...................
TION .........
ffects on Br
xperiments o
ffects on win
ulence effec
cts of geome
tical Backgro
ves .............
ation Organi
nces .............

 ..................I
 NUMBER 
RODYNAM

ct .................
ction ...........

mental Setup
n box girder 
surement ins

w characterist
ters Investig
sure coeffici
odynamic for
excited forc
ex shedding 

mental Resul
ffects on stre
ffects on forc
ffects on aer
ffects on vor
ct of vortex g
sion ............
wledgements
nces .............

 ................II
TS TURBUL
TWIN BOX

AMIC FORC
ct .................
ound and Lit

TABLE 

                   

....................

....................
idges ...........
on Bridges ..
nd tunnel tes
cts on aerody
etry and shap
ound ............
....................
ization .........
....................

....................
EFFECTS O

MICS ...........
....................
....................

p ...................
bridge deck

strument and
tics ..............

gated for 
ents .............
rces .............
es ................
...................

lts and Discu
eam-wise pre
ce coefficien
odynamic lo
rtex shedding
generators ...
....................
s ...................
....................

....................
LENCE ON

X GIRDER B
CES .............
....................
terature Rev

vi

OF CONTE

                   

....................

....................

....................

....................
sting ............
ynamic respo
pe details on
....................
....................
....................
....................

....................
ON TWIN B
....................
....................
....................
....................
...................

d test setup ..
....................
Effects ........
....................
....................
....................
....................
ussion ..........
essure distrib
nts ...............
oad sharing b
g .................
....................
....................
....................
....................

....................
N THE PRES

BRIDGE AN
....................
....................

view .............

iii 

ENTS 

                  

....................

....................

....................

....................

....................
onse of bridg

n aerodynam
....................
....................
....................
....................

....................
BOX GIRDE
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
bution .........
....................
between the
....................
....................
....................
....................
....................

....................
SSURE DIST
ND THE RE
....................
....................
....................

                   

....................

....................

....................

....................

....................
ge model .....

mic response 
....................
....................
....................
....................

....................
ER LONG SP
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
two girders.
....................
....................
....................
....................
....................

....................
TRIBUTION
ESULTANT
....................
....................
....................

               PA

....................

....................

....................

....................

....................

....................
of bridges ...
....................
....................
....................
....................

....................
PAN 
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................

....................
N 
 
....................
....................
....................

AGE 

.......2 

.......2 

...... 2 

...... 6 

.... 11 

.... 13 

.... 14 

.... 16 

.... 23 

.... 25 

.... 28 

.....34 

.....34 

.... 34 

.... 35 

.... 39 

.... 39 

.... 40 

.... 43 

.... 47 

.... 47 

.... 48 

.... 48 

.... 49 

.... 50 

.... 50 

.... 54 

.... 56 

.... 58 

.... 61 

.... 63 

.... 64 

.... 65 

.....69 

.....69 

.... 69 

.... 70 



3
3
3
3
3
3
3
3
3

C
E
A
4
4
4

4

4
4
4

C
D
M
5
5
5
5
5
5

C
S
6
6
6

C
R
7

 

 Wind G.3
 Bridge D.4
 Effects .5
 Effects .6
 Effects .7
 Effects .8
 Conclus.9

 Acknow.10
 Referen.11

CHAPTER IV
EFFECTS OF
AERODYNA

 Abstrac.1
 Introduc.2
 Descrip.3

4.3.1 Twin
4.3.2 Test 
4.3.3 Wind

 Result a.4
4.4.1 Press
4.4.2 Aero
4.4.3 Vorte

 Summa.5
 Acknow.6
 Referen.7

CHAPTER V
DEVELOPIN
MODEL TES

 Abstrac.1
 Introduc.2
 Method.3
 Experim.4
 Summa.5
 Referen.6

CHAPTER V
UMMARY 

  Num.1
 Turbule.2
 Shape D.3

CHAPTER V
RECOMMEN

 Dynami.1

Generating Fa
Deck Sectio
of Turbulen
of Turbulen
of Turbulen
of Turbulen
sions ...........
wledgements
nces .............

 ................V
F DECK DE

AMICS .......
ct .................
ction ...........

ption of the E
n deck bridge
setup ..........

d flow chara
and Discussi
sure Distribu
odynamic for
ex shedding 
ry and Conc

wledgments.
nces .............

 .................V
NG AN ELA
STING AT H
ct .................
ction ...........

dology .........
mental Setup
ry ...............

nces .............

 ................VI
AND CONC

mber Effects 
ence Effects 
Details Effec

 ...............VII
NDATIONS
ic Tests at H

acility and W
n Models an

nce Character
nce Character
nce Character
nce Character
....................
s ...................
....................

....................
ETAILS ON 
....................
....................
....................

Experimenta
e ..................
....................

acteristic ......
ion ...............
ution ............
rce coefficie
...................

clusion .........
....................
....................

....................
ASTIC SUSP
HIGH RE ....
....................
....................
....................

p Design.......
....................
....................

....................
CLUSIONS
...................

....................
cts ................

....................
S FOR FUTU
High  to St

ix

Wind Flow C
nd Measuring
ristics on Pre
ristics on Fo
ristics on Vo
ristics on Bu
....................
....................
....................

....................
THE TWIN

....................

....................

....................
l Setup and T
....................
....................
....................
....................
....................
nts ..............
....................
....................
....................
....................

....................
PENSION TE
....................
....................
....................
....................
....................
....................
....................

....................
...................

....................

....................

....................

....................
URE RESEA
tudy Aeroela

x 

Characteristic
g Instrumen
essure Distri

orce Coeffici
ortex Sheddi
uffeting Load
....................
....................
....................

....................
N DECK BR
....................
....................
....................
Testing Proc
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................

....................
EST RIG FO
....................
....................
....................
....................
....................
....................
....................

....................

....................

....................

....................

....................

....................
ARCH ..........
astic Respon

cs ................
nts ................
ibution ........
ients ............
ing ...............
ds ................
....................
....................
....................

....................
RIDGE 

....................

....................

....................
cedure .........
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................

....................
OR SECTIO
....................
....................
....................
....................
....................
....................
....................

....................

....................

....................

....................

....................

....................

....................
nse ...............

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................
ONAL 
....................
....................
....................
....................
....................
....................
....................

....................

....................

....................

....................

....................

....................

....................

....................

.... 75 

.... 78 

.... 81 

.... 84 

.... 90 

.... 93 

.. 100 

.. 103 

.. 103 

...107 

...107 

.. 107 

.. 108 

.. 111 

.. 111 

.. 113 

.. 118 

.. 120 

.. 120 

.. 130 

.. 140 

.. 146 

.. 149 

.. 149 

...153 

...153 

.. 153 

.. 154 

.. 158 

.. 162 

.. 174 

.. 175 

...178 

...178 

.. 179 

.. 180 

.. 181 

...184 

...184 

.. 184 



7
7
7
7

V

 

 

 Compar.2
 Investig.3
 Partial T.4
 Buffetin.5

VITA ...........
 

rison of Exp
gating the Ef
Turbulence S
ng Loads ....

...................

erimental Re
ffect of Addi
Simulation ..
....................

....................

 

x

esults with A
itional Shape
....................
....................

....................

 

 

x 

Analytically 
e Details .....
....................
....................

....................

Obtained R
....................
....................
....................

....................

Results ..........
....................
....................
....................

....................

.. 185 

.. 185 

.. 186 

.. 186 

...188 



xi 
 

LIST OF TABLES 

 
 

TABLE                                                                                                                        PAGE 
 
CHAPTER I 
Table 1: Wind induced loads in the vertical direction ...................................................... 19 

CHAPTER II 
Table 1: Test Summary ..................................................................................................... 46 

CHAPTER III 
Table 1: Wind flow characteristics for the two exposures ................................................ 77 
Table 2: Ratio of the integral length scale to single deck width ( / ) for 
different test conditions ..................................................................................................... 79 
Table 3: Standard deviation of the fluctuating lift coefficient due to the vortex 
shedding ............................................................................................................................ 92 

CHAPTER IV 
Table 1: Derivative of force and moment coefficients with respect to the angle of 
attack for the zero wind angle of attack, = 4.0 × 10  .............................................. 140 
Table 2: Force and moment coefficients for the zero wind angle of attack from 
load cells,	 = 2.6 × 10  ............................................................................................. 140 

CHAPTER V 
Table 1: Table 1 Scaling rules for sectional model testing ............................................. 159 
Table 2: Properties of the prototype bridge deck ............................................................ 168 
Table 3: Properties of an extension spring made by Sterling Sprigs L.L.C .................... 173 

 
  



xii 
 
 

LIST OF FIGURES 
 
 

FIGURE                                                                                                                       PAGE 

CHAPTER I 
Figure 1: Major wind-induced responses that a bridge deck may experience .....................5 
Figure 2: Effective forces/moment and wind flow direction for a bridge deck in 
motion ................................................................................................................................17 
 
CHAPTER II 
Figure 1: East span of the San Francisco-Oakland bay bridge ..........................................40 
Figure 2: Positions of the pressure taps (model is tilted to +3° angle of attack .................41 
Figure 3: Testing setup, “A” to “E” show the distribution of the chord-wise 
pressure tapped strips along the span length ......................................................................42 
Figure 4: 1:36 scale model in front of Wall of Wind, Florida International 
University ...........................................................................................................................44 
Figure 5: Cobra Probes Position ........................................................................................46 
Figure 6: Normalized power spectral density (PSD) of the longitudinal component 
of the wind speed at bridge height .....................................................................................46 
Figure 7: Mean pressure distribution .................................................................................51 
Figure 8: Mean pressure distribution at +3° wind angle of attack ....................................52 
Figure 9: rms of Fluctuating Pressure Distribution............................................................52 
Figure 10: Force coefficients as a function of Reynolds number at 0° angle of 
attack ..................................................................................................................................54 
Figure 11: Static aerodynamic coefficients as a function of wind angle of attack ............55 
Figure 12: Derivative of force coefficients with respect to the angle of attack .................56 
Figure 13: Allotment of each girder from drag ..................................................................57 
Figure 14: Allotment of each girder from lift ....................................................................57 
Figure 15: Normalized lift spectra .....................................................................................59 
Figure 16: Strouhal number as a function of  ................................................................59 
Figure 17: Pressure spectra at 0° wind angle of attack (Dashed lines show the St 
found from lift spectra) ......................................................................................................61 
Figure 18: Vortex generators at bottom surface ................................................................62 
Figure 19: Normalized lift spectra, Bare section ...............................................................63 
 
CHAPTER III 
Figure 1: Wall of Wind, Florida International University .................................................75 
Figure 2: Placement of Cobra Probes during free wind speed measurement ....................77 
Figure 3: Normalized PSD of the wind fluctuations ..........................................................77 
Figure 4: East Bay Bridge deck information .....................................................................78 
Figure 5: Test setup under smooth flow condition ............................................................80 
Figure 6: Chord-wise distribution of the pressure taps around the section model .............81 
Figure 7: Distribution of the pressure tapped chord-wise strips along the span 
length..................................................................................................................................81 



xiii 
 
 

Figure 8: Mean pressure coefficient distribution, 1/36 scale model, = 1.7 ×10  .....................................................................................................................................83 
Figure 9: Mean pressure coefficient distribution, = 1.7 × 10  ...................................84 
Figure 10: Force and moment coefficients as a function of Reynolds number at 0° 
angle of attack ....................................................................................................................86 
Figure 11: Force coefficients as a function of reduced turbulence intensity for 0° 
angle of attack, = 1.3 × 10  = 1.7 × 10  .....................................................88 
Figure 12: Forces and moment coefficients derivatives with respect to the angle of 
attack for the zero wind angle of attack .............................................................................89 
Figure 13: Lift coefficient power spectral density at = 1.7 × 10 , .............................91 
Figure 14:  Lift coefficient power spectral density at −6° wind angle of attack 
( = 1.7 × 10 ) ...............................................................................................................92 
Figure 15: Standard deviation of the fluctuating lift coefficient due to vortex 
shedding for −6° wind angle of attack ..............................................................................93 
Figure 16: Lift aerodynamic admittance vs. reduced frequency ( / ), =1.7 × 10  ...........................................................................................................................97 
Figure 17: Span-wise cross-correlation coefficient of lift force at = 1.7 × 10  .........98 
Figure 18: Co-coherence of the lift forces for / =1.1 at = 1.7 × 10  ....................99 
 
CHAPTER IV 
Figure 1: East span of the San Francisco-Oakland bay bridge ........................................113 
Figure 2: Test setup in front of the Wall of Wind ............................................................114 
Figure 3: Test setup for studying the gap width effects ...................................................115 
Figure 4: Distribution of strips of pressure taps ...............................................................116 
Figure 5: Positions of the pressure taps ...........................................................................117 
Figure 6: Test setup for studying the effects of deck appurtenances ...............................118 
Figure 7: Wind speed measurement .................................................................................120 
Figure 8: The effect of gap width on the mean pressure distribution ..............................125 
Figure 9: The effect of gap width on the fluctuating pressure distribution .....................126 
Figure 10: The effect of traffic barriers on the mean pressure distribution .....................128 
Figure 11: The effect of traffic barriers on the fluctuating pressure distribution ............129 
Figure 12: The effect of bike path on the mean pressure distribution .............................130 
Figure 13: Force and moment coefficients for the model with the largest gap 
width (b/C=1.00), = 1.4 × 10 , Load cells,  Pressure measurement .............134 
Figure 14: The effect of gap width on the force and moment coefficients ......................135 
Figure 15: Lift coefficient by load cells normalized to C ( , )......................................136 
Figure 16: Derivative of force and moment coefficients with respect to the angle 
of attack for the zero wind angle of attack .......................................................................137 
Figure 17:The effect of traffic barriers on the force and moment coefficients ................139 
Figure 18: Lift coefficient spectra for the zero wind angle of attack ...............................142 
Figure 19: Strouhal Number as a function of gap to single deck width ratio (b/C) .........143 
Figure 20: Lift coefficient spectra for the zero wind angle of attack ...............................144 
Figure 21: Lift coefficient spectra for the zero wind angle of attack ...............................144 
Figure 22: Effect of traffic barriers on the lift coefficient spectra ...................................145 
Figure 23: Effect of bike path on the normalized lift coefficient spectra ........................146 



xiv 
 
 

 
CHAPTER V 
Figure 1: End walls ..........................................................................................................163 
Figure 2: Dynamic test rig ...............................................................................................164 
Figure 3: Sectional model to springs connection system .................................................165 
Figure 4: S-shaped load cell .............................................................................................166 
Figure 5: Static test rig .....................................................................................................167 
Figure 6: East bay bridge .................................................................................................168 
Figure 7: Simplified cross sectional shape of the East bay bridge ..................................168 
Figure 8: A view of the sectional model ..........................................................................170 
Figure 9: Strouhal number as a function of Re ................................................................171 

 

  



1 
 
 

 

 

 

 

 

 

 

 

CHAPTER I 

INTRODUCTION 

  



1

ev

st

as

ob

lo

en

st

st

th

tw

fl

ef

si

w

is

ap

co

ef

 
 

 Wind E.1

In the

valuate the 

tructures so t

ssured and 

bjective of w

oads and co

ngineering c

tructural dyn

tructures, inc

he movemen

wo major w

luctuating na

ffect refers t

ignificantly. 

which can be 

s usually ref

pplied to th

omponents. 

Since 

ffects on lon

Effects on Br

e field of s

interactions 

that wind-in

serviceabili

wind engine

ome up with

covers a wid

namics. The 

cluding high

nt of the atm

ind-structure

ature of the w

to the condit

Aerodynam

considered 

ferred to as 

he structura

the collapse

ng-span brid

IN

ridges 

structural en

between th

nduced loads

ty issues du

eering is to e

h strategies 

de range of

wind-structu

h rise buildin

mospheric air

e interaction

wind and its 

tion wherein

mic forces c

as the static 

buffeting fo

al response 

e of Tacom

dge design h

2

CHAPTER

NTRODUCT

ngineering, w

he atmosphe

s can be accu

ue to wind-

evaluate the 

to avoid un

f topics inclu

ure interactio

ngs, towers, 

r. Aerodynam

n mechanism

interaction 

n aerodynam

an be divid

part of the w

orces (Daven

as it can 

a Narrows B

as been ackn

2 

 R I

TION 

wind engine

eric boundar

urately deter

-induced vib

structural re

nintended re

uding meteo

on can be im

bridges and

mic and aero

ms. The aero

with the stru

mic forces an

ded to two c

wind force a

nport, 1961

be divided

Bridge in 19

knowledged a

eering meth

ry layer win

rmined, aero

brations avo

esponse due

esponses. Th

orology, flu

mportant for 

d etc. Wind i

oelastic effe

odynamic ef

ucture, wher

nd structural

components:

and the fluctu

). The same

d to mean 

940, the imp

and this has

hods are use

nd and manm

dynamic sta

oided. The 

 to wind-ind

he field of 

uid dynamics

a wide varie

is generated 

ects constitut

ffect refers t

reas aeroelas

l motions int

: the mean v

uating part w

e division ca

and fluctu

portance of 

s led to num

ed to 

made 

ability 

main 

duced 

wind 

s and 

ety of 

from 

te the 

to the 

sticity 

teract 

value 

which 

an be 

uating 

wind 

erous 



3 
 
 

researches in this field. During the last decades, many long span bridges have been 

constructed worldwide. Besides their attractive appearance which makes them to be 

considered as landmarks, difficulties associated with construction of short span bridges 

for certain locations have led to a rapid increase in the number of long span bridges. With 

the same pace, the material science and computer modeling skills have developed such 

that they have facilitated the design and building of longer span bridges. Longer span 

structures are more flexible and therefore are more sensitive to wind loads. The more 

flexible nature of longer span bridges highlights the importance of wind analysis prior to 

the adoption of the cross-section shape.  

The bridge response under wind-induced loads can be grouped into wind loading 

and stability problems. Among the stability problems, vortex-induced vibration (VIV), 

across-wind galloping, and flutter are all dynamic instability phenomena and torsional 

divergence is basically a static instability phenomenon occurring due to a process 

analogous to column buckling (Simiu and Scanlan, 1996). Galloping and flutter both are 

driven by self-excited aerodynamic forces. In flutter the aerodynamic forces become 

large enough to modify the oscillating frequencies of the structure and cancel the 

mechanical damping effects.  This can lead to structural failure. For galloping, flutter and 

torsional divergence a threshold wind speed exists above which these instabilities occur. 

However, VIV typically occurs over a narrow band of wind speeds that can be well 

below the design wind speed.  

Vortex shedding occurs during steady uniform flow when alternating vortices are 

periodically shed into the wake of a structure. The alternating pattern of vortices is 

commonly referred to as von Kármán vortex street. The alternating shedding of vortices 
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produces periodic forces that result in oscillations in a plane normal to the direction of 

wind flow. Significant oscillation can occur when the frequency of vortex shedding is 

close to the natural frequency of a flexible structure. These lateral vibrations have a 

strong organizing effect on the vortex shedding pattern which can increase the strength of 

the vortices and couple the vortex shedding frequency to the natural frequency of the 

structure. This phenomenon is known as lock-in and the vibration that occurs due to 

vortex shedding is called VIV (vortex induced vibration). The amplitude of the vibrations 

resulting from lock-in is limited by the balance between the energy input into the motion 

by the vortices and the dissipation of that energy by structural damping. Eventually large 

oscillations of the structure interfere with the uniform shedding of vortices and therefore 

the maximum amplitude of vortex induced vibrations may be self-limiting (Blevins, 

2001). 

Buffeting is a response problem that is defined as the unsteady loading on a 

structure due to velocity fluctuations in the oncoming flow which causes motions in the 

structure’s various modes of vibration. The buffeting response grows as the wind speed 

increases and at high velocities the buffeting action contributes significantly to overall 

wind loading. The estimation of bridge response to the turbulent oncoming flow is 

typically undertaken only after the aerodynamic stability of the deck cross-section has 

been assured. However, prediction of the bridge response under buffeting loads is crucial 

for the design of bridge components. 

Figure 1 shows a schematic view of major wind-induced dynamic responses that a 

long-span bridge deck may experience in a turbulent boundary layer flow. 
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tunnel testing on a scaled model of the prototype. The application of Computational Fluid 

Dynamics (CFD) in estimation of forces on oscillating bridge decks is limited because of 

the difficulty in conducting accurate simulation of complicated turbulent flows in high 

Reynolds number flow.  Therefore, wind tunnel testing plays an important role in 

evaluating the aerodynamic phenomena that the bridge section experiences under wind 

loading. The primary purpose of wind tunnel tests is to evaluate the flow field and wind 

generated loads to predict the structural response and avoid structural instability under 

these loads.  

For civil engineering applications, wind tunnel testing is normally performed in a 

boundary layer flow that can generate the vertical distribution of velocity at the test 

section similar to the profile of the wind encountered by prototypes. The full-scale 

distribution of the wind speed along the height can be estimated from the logarithmic or 

power law which can be simulated in a wind generating facility, comprising fans, by 

putting roughness elements and spires upstream of the test models. In reality, civil 

engineering structures experience fluctuating wind flow in time, resembling a turbulent 

wind flow. Putting the roughness elements and spires in front of the fans creates 

fluctuations in flow that can replicate the turbulent flow required for studying the wind 

effects on civil structures. However, due to the scaling rules, when using sectional models 

at large enough scale to obtain good geometric accuracy and avoid adverse Reynolds 

number effects, there is typically a significant mismatch in the ratio of the turbulence 

integral length scale to bridge width between the model and the prototype. One 

conservative practice is to evaluate the wind effects on the bridge model under smooth 

flow. This assumption can yield to larger responses compared to the real structural 
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responses of the prototype under natural wind (Wardlaw et al, 1983), but still can be used 

to ensure the stability of the structure. In order to investigate the bridge response in a 

turbulent flow using a wind simulating facility that cannot reproduce the turbulence 

length scale requirements, Partial Turbulence Simulation (PTS) was introduced by Irwin 

(1998). 

The aerodynamic behavior of the bridge can be studied using a motionless 

sectional model of the prototype under simulated wind conditions in a wind tunnel. 

However, in order to study the aeroelastic response of the bridge, some of the dynamic 

properties of the prototype should also be simulated, in addition to satisfaction of 

geometry similarity. There are three major types of wind tunnel tests that are commonly 

used in a wind tunnel to explore the aeroelastic behavior of models subjected to wind 

induced vibration: 

• Test on models of the full structure. 

• Test on taut-strip models. 

• Test on section models. 

The type of the testing can be decided based on the size of the test section and the 

objective of the experiments. Full model testing is the closest option to what happens in 

reality to the bridge section and can give all the required information about the different 

aerodynamic and aeroelastic responses. Tests on models of the full structure require that 

all the prototype details including the geometry and dynamic properties to be scaled and 

modeled in the experiments. Dynamic similarity can be satisfied by choosing appropriate 

material properties. Preparing the detailed model with all the scaled properties usually 

takes a long time and a high cost. Also, due to the relatively small size of the wind 
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tunnels, the scaling factor should be chosen large so that the full scaled model of the 

bridge fits inside the testing section. Therefore, simulating the deck details becomes 

harder as the size of the model is very small and also the Reynolds similitude is violated 

by a larger margin as the model scale becomes very small. 

A simpler approach in predicting the bridge response is to perform wind tunnel 

testing on taut-strip models of the structure. This method is relatively simpler and less 

expensive compared to the full scaled model testing while it offers most of the 

advantages of the full aeroelastic model testing. It enables the evaluation of the three-

dimensional character of the motion of the main span while some other details such as 

cables and side spans are not modeled. Coupling effects between the vertical and 

torsional modes can also be modelled for the first fundamental symmetric modes. Using 

this method, the Froude number similitude can be violated so that it can be used to both 

study vortex induced vibration at low wind speeds and aerodynamic instabilities at high 

wind speeds by choosing proper length and time scales independently. In this method, the 

geometry and mass of the prototype are scaled and modeled using cladding segments 

which are fixed to tensioned wires or tubes. The tensioned wires provide the required 

stiffness for the model in the three different degrees of freedom with sinusoidal mode 

shapes. This method provides information on the responses of the bridge deck in the 

individual modes of vibration.  The data from the wind tunnel tests can then be used in 

further analyses to predict the complete bridge behavior. Taut-strip model was first 

introduced by (Davenport et al, 1971) and the details of this approach and the findings of 

the tests can be found in (Davenport et al, 1971). Taut-strip models can be used for 

studying the buffeting response of structures under natural winds (Macdonald et al, 2002) 
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as well as extracting the aerodynamic characteristics of bridge deck (Davenport et al, 

1971; Ma and Chen, 2007). Building a taut-strip model is much simpler than building a 

full aeroelastic model; however, it is more difficult compared to building a sectional 

model (Ma and Chen, 2007). 

The simplest and most widely used wind experiment on bridges is sectional model 

testing. While section model testing had been used since the 1940’s to evaluate bridge 

deck stability, the first use of section models specifically to identify flutter derivatives 

was by Scanlan and Tomko (1971). The basic idea behind this method was an adaptation 

of Theodoresen’s theory (Theodorsen, 1935). In a section model test, a geometrically 

scaled model of the structure is tested in a wind flow simulating the scaled atmospheric 

flow conditions. A section model is a two dimensional (2-D) section of the body that is 

built to a scale to replicate a representative span-wise section of the prototype. The 

sectional model should be rigid so that the model mode shape remains uniform over its 

entire length. Sectional model testing can be used both to study the aerodynamic and 

aeroelastic response of the structure by preventing and allowing the model vibration 

accordingly. In order to accommodate the model motion for studying the aeroelastic 

effects, the model is often supported by springs at the ends allowing motions of the rigid 

model along vertical, torsional and lateral directions. Section model testing is usually 

performed in the initial stages of the design to detect signs of vortex induced vibration 

and wind induced instabilities. This method can also be used to determine a wide range of 

aerodynamic properties ranging from static force coefficients to aerodynamic derivatives. 

Section modeling often provides fundamental aerodynamic data that is used as a basis for 
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comprehensive analytical studies. Scanlan et al (1997) give a summary of comparison 

between taut-strip model and section model testing. 

In order to obtain the actual prototype response under natural winds from 

experiments, it is required that geometric, kinematic and dynamic similarities to be 

satisfied between the model and the prototype based on the similitude theory. This means 

that the shape of the model and topographical features, velocity field, flow pattern and 

forces generated on the model should be as close to reality as possible, considering the 

scaling factors (Liu, 1991). Therefore, experimental practice should address this 

similitude either by matching all the relative parameters completely or by acknowledging 

the level of uncertainty in conclusions as a result of imperfect simulations. In most cases 

it is almost impossible to satisfy all the similitude requirements because of the limitations 

in the test setup and modeling capabilities. Therefore, it is of importance to understand 

how this violation of similitude can affect the test results. 

1.2.1  effects on wind tunnel testing 

One problem is that the normal range of Reynolds number that can be simulated 

in the majority of wind tunnels is two to three orders of magnitude smaller than the  

range for the prototype. Therefore, the similarity condition with respect to  cannot be 

satisfied in ordinary cases. It has been shown that the topology of the flow around some 

bridge decks changes with Re (Schewe, 2001; Schewe and Larsen, 1998).  

Traditionally it is believed that separation points are fixed for wind flow around a 

bridge, considering the fact that bridges can be considered to be bluff structures. Based 

on this assumption wind tunnel tests have been performed for smaller  compared to the 

real bridge condition. However, recently several studies have demonstrated that 
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aerodynamic characteristics and wind response of bridges and generally bluff sections 

can be influenced by  (Hui and Larsen, 2002; K. Matsuda, 2001; Larose and 

D’Auteuil, 2006; Larsen et al, 2008; Schewe, 2001; Schewe and Larsen, 1998). 

Schewe and Larsen (1998) studied the flow around a bluff bridge deck in a 

pressurized wind tunnel capable of reproducing typical model scale ( ≈10 ) and 

prototype conditions ( ≈10 ). They observed pronounced  effects in the Strouhal 

number, and drag coefficients. K. Matsuda (2001) investigated the  effects on the 

steady and unsteady aerodynamic forces on a twin-box streamlined bridge deck in a 

smooth flow. They concluded that conventional wind tunnel test results in the low  

region were conservative for wind resistant-design of bridge decks. Schewe (2001) 

studied the variation of 	(10 < <10 ) effects on the aerodynamic properties of a 

circular cylinder (considered to be a classical bluff body), a sharp-edged, trapezoidal-

shaped bridge element (considered to be a less bluff body), and a thick airfoil at a high 

attack angle (acting in between the bluff and stream lined cross section). In all cases, it 

was concluded that altering the  value during the tests has led to significant changes in 

the force coefficients and Strouhal number ( ). This behavior was attributed to the flow 

structure around the body, the laminar to turbulent transition of the boundary layer/shear 

layer and its location.  

Hui and Larsen (2002) tested the Stonecutters bridge with different scales and 

concluded that among the force coefficients only the drag coefficient was  dependent. 

Also, vortex induced vibrations showed correlation with  value. Larose and D’Auteuil 

(2006) investigated the effects of edge sharpness, turbulence and width-to-depth ratio on 

 sensitivity for rectangular prisms to parameterize the link between the geometry of a 
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bluff body with the sensitivity of its aerodynamics to . Larsen et al (2008) studied the 

efficiency of guide vanes used in Stonecutters Bridge for mitigating the vortex excitations 

for different . Their results showed that while testing with low  was unable to 

demonstrate the efficiency of the guide vanes, increasing  showed that adding the 

vanes can suppress the vortex induced vibrations completely. The last two studies show 

that not only the flow characteristics can change the bridge aerodynamic behavior, but 

also the section shape and detailing can mitigate or worsen the aerodynamic instability. 

1.2.2 Turbulence effects on aerodynamic response of bridge model 

Researchers have used smooth flow with limited turbulence for their studies 

assuming that this condition is the worst scenario for aerodynamic instabilities. In reality, 

long-span bridges can experience turbulence intensities as great as 20% and integral 

scales as large as ten times their deck width. This shows the significance of studying the 

approaching wind turbulence effect. However, due to the limitations associated with the 

majority of wind tunnels, turbulence characteristics, namely turbulence intensity and 

turbulence integral length scale, cannot be simulated thoroughly in the experiments. The 

high cost of simulating every turbulent parameter motivates one to understand the effects 

of imperfect simulation. Regarding turbulence effects, there are some cases in the 

literature that show contradictions between different researches (Haan Jr. et al, 1998). 

Turbulence parameters include turbulence intensity, turbulence integral scale and 

turbulence spectra. Several researchers have studied the effects of different wind 

turbulence characters on long span bridge behavior. One of the first to do so was 

(Wardlaw et al, 1983) who studied and compared the bridge behavior for different 

systems with a variety of testing techniques. In general, they concluded that for certain 
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types of bridge systems, increasing the turbulence intensity reduced the amplitudes due to 

vortex excitation. However, their observations were not all consistent and they were not 

able to explain the reason for all of their observed results. Haan Jr. et al (1998) studied 

pressure fields around rectangular prisms under turbulent flows of varying scales. 

According to their results, altering the integral scales of the incident flow changed the 

mean, rms, and negative peak pressure distributions around the section. 

In an analogous study, (Haan and Kareem, 2009) studied the turbulence effect on 

aeroelastic quantities for an oscillating rectangular prism with a forced-vibration system. 

To this end, they measured chord-wise distributions of self-excited pressure amplitudes 

and derived associated phases. They integrated these distributions over the section width 

and calculated conventional flutter derivatives from numerical integration. According to 

their results, turbulence was found to have a stabilizing effect on the aerodynamics of the 

prism. While there are some researches in literature investigating the effect of turbulence 

on the flutter and buffeting responses of bridge decks (Haan and Kareem, 2009; Larose, 

2002; Lin et al, 2003), only limited studies have considered the turbulence effect on VIV 

(Macdonald et al, 2002; Wardlaw et al, 1983). 

According to the author’s knowledge, no experimental study has been carried out 

to consider the simultaneous effect of  simulation and sensitivity to the turbulence 

parameters.  

1.2.3 Effects of geometry and shape details on aerodynamic response of bridges 

In order to ensure the aerodynamic stability of bridges, several cross sectional 

configurations have been proposed in the literature. It has been shown that even a minor 
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change in the cross sectional shape can change the aerodynamic response of bridges 

significantly (Fransos and Bruno, 2010; Jones et al, 1995).  

Several researchers have tried to evaluate the effect of the cross sectional shape 

on the bridge response to the wind loads (Kwok et al, 2012) while some others tried to 

avoid aerodynamic problems by proposing an inherently superior cross section(Larsen 

and Wall, 2012). Kwok et al (2012) studied the effects of gap width on the aerodynamic 

characteristics for a twin-deck bridge in a nominally smooth flow. The results 

demonstrated that the bridge was susceptible to vortex shedding when a gap spacing was 

introduced between the two girders, and changing the gap-width significantly altered the 

excitation mechanism. Larsen and Wall (2012) demonstrated that by choosing a proper 

angle between the horizontal bottom plate and the inclined side panes for trapezoidal 

bridge sections, vortex shedding can almost be avoided. 

Lin et al (2003) investigated the effect of deck geometry and oncoming turbulence 

on the flutter and buffeting behavior of cable supported bridges using wind tunnel testing. 

Their results showed that increasing the width to depth ratio and increasing the free 

stream turbulence enhanced the bridge’s aerodynamic stability. Fransos and Bruno 

(2010) studied the combined effects of the integral length scale and the lower corner 

radius of curvature on the flow field around a trapezoidal bridge deck cross-section 

numerically. They concluded that by making small changes in the parameter values, force 

coefficients and Strouhal number changed dramatically due to significant modifications 

in the topological structure of the flow. They suggested that the different  regimes 

proposed by Schewe (2001) can happen even for a fixed  condition, if flow and/or 

section properties get modified so that the flow pattern changes around the section. 
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Figure 2: Effective forces/moment and wind flow direction for a bridge deck in motion 
 

In the following, the derivation of the aerodynamic forces in the across wind 

direction, based on the quasi-steady theory, is explained. Then the calculated forces are 

combined with the equations of motion to predict the bridge response under a turbulent 

approaching flow. Based on the results from the across wind direction, the formulations 

are extended to other degrees of freedom to capture the bridge response in along wind 

and torsional directions. 

Considering the mean wind speed to be equal to and the fluctuating components 

to be equal to  and  in the along and perpendicular to mean wind speed directions, the 

relative wind speed ( ) that an oscillating bridge will perceive can be calculated from: = ( + − ) + ( − )  (2)

Assuming that bridge deck displacements and fluctuating wind speeds are small, 

all the terms including these parameters to the power of two and their multiplication to 

each other can be neglected. Therefore, relative wind speed ( ) can be obtained from the 

simplified equation below. = + 2 − 2   (3)



18 
 
 

For the oscillating bridge, the relative wind angle of attack ( ) can be calculated 

from: 

= + − −+ −  (4)

The dotted parameters show the derivative of each quantity with respect to time.  

represents the eccentricity between the point of application of the generated aerodynamic 

force and idealized center of geometry. Irwin (1977) introduced  for bridge decks to 

express quasi-statically the contribution of the torsional aerodynamic damping in the 

equation of motion. It was shown that this parameter was not constant for different force 

components and different shapes (Chen and Kareem, 2002; Neuhaus and Höffer, 2011).  

Assuming that force coefficients are linear functions of angle of attack, the force 

coefficient at each angle of attack ( ( )) can be calculated from the force coefficient at 

zero wind angle of attack ( (0)) and the rate of variation of force coefficient with angle 

of attack ( ⁄ ) from the following equation: ( ) = (0) + × ( ⁄ ) (5)

Considering the motion of the bridge deck and the resulting relative wind speed, 

the lift force per unit length can be obtained from the following equation: = 1 2 × ( ) (6)

From Eqs. 3 to 6, the lift force per unit length can be calculated from the 

simplified equation below: 

= 2 (0) + 2 (0) + − − 2 (0)
+ −  

(7)
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The generated forces can be categorized into mean wind loads, the buffeting wind 

loads, the motion induced loads (corresponding to aerodynamic damping) and coupling 

loads (factor of displacements in the other directions), as follows: 

 
Table 1: Wind induced loads in the vertical direction 

Mean wind loads 1 2 (0) 
Buffeting wind loads 2 2 +   

Motion induced loads 
(Damping) 

−1 2   

Coupling loads 2 −2 (0) + −  

 

A similar approach can be applied to the along wind and torsional directions. 

Combining the equations of motion with wind induced loads and transferring all the wind 

induced loads but buffeting loads to left hand side of the equations, the bridge deck 

response under a gusty wind can be estimated from: + ( + ) + + 1 2 − 1 2 =[2 + ]  
 

(8)

+ + 1 2 + +− 1 2 − 1 2 = [2 + ]  (9)

+ + 1 2 + ( − 1 2 ) + +1 2 = [2 + ]  
 

(10)

where, ,  and  are the bridge responses in the horizontal, vertical and torsional 

directions, single and double dotted parameters are the first and second derivatives of the 

bridge responses with respect to the time, ,  and  are the effective inertias of the 
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deck for horizontal, vertical and torsional motions, ,  and  are the effective 

viscous damping constants in the three directions, and ,  and  are the effective 

stiffnesses in the three directions. 

From Eqs. (8) to (10) and Table 1, It can be seen that the steady force coefficients 

play an important role on the aerodynamic damping, aerodynamic stiffness and buffeting 

loads (Larose, 2002). Keeping in mind that the aerodynamic stiffness is often negligible 

compared to the structural stiffness and the fact that coupling terms are often small, the 

aerodynamic damping remains as the most important wind induced effect (Larose, 2002). 

For bridges at low wind angles of attack,  is generally a positive value that can lead to 

a positive aerodynamic damping in the horizontal direction (see eq. (8)). However, based 

on the eq. (9), the vertical aerodynamic damping involves the factor   and can reduce 

the total vertical damping when this factor is negative. As a result, there is a potential for 

galloping at a certain wind speed when a section experiences negative . Eqs. (8) to 

(10) also show that the fluctuating loads due to the turbulence in the approaching wind 

are also dependent on the steady force coefficients and their derivatives with respect to 

the angle of attack. 

The quasi steady assumption does not consider the effect of the out of phase 

components of aerodynamic forces that can also contribute to the aerodynamic damping 

and stiffness of the bridge. The out of phase components result from the structural motion 

and can be obtained from testing a sectional model in a dynamic test rig with at least two 

degrees of freedom in the heaving and torsional directions.   
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Based on the quasi steady theory, the buffeting loads on a bridge deck can be 

calculated from the spectral approach which is widely used in the bridge aerodynamics 

field. The superiority of this method to time domain approaches is that with using this 

method, memory effects and self-excited forces can be explained reliably in the 

frequency domain. Memory effect is a term used to show that the bridge excitation at 

each time step ( ) depends on the interaction of the flow and the cross section at a time 

instant prior to that time step ( − ). The memory effect is described in the frequency 

domain using an aerodynamic admittance function. Self-exited loads in vertical and 

torsional degrees of freedom (DOFs) can be computed from the following equations in 

frequency domain (Scanlan, 1978): = ∗( ) + ∗( ) + ∗( ) + ∗   

 

(11)

= ∗( ) + ∗ ( ) + ∗( ) + ∗   (12)

where,  is the reduced frequency (2 / ),  is the frequency of motion (Hz), ∗ and ∗(  = 1 to 4) are flutter derivatives. These equations, unlike the quasi steady 

formulations, consider the effect of the out of phase components of aerodynamic forces. 

From the quasi steady assumption, wind-induced loads at each moment can be 

appreciated as loads generated by a steady wind having the same relative wind speed and 

direction as the momentary wind. The buffeting loads can be calculated from the 

following equations, as previously shown in Table 1: 

, = 1 2 (2 + )  (13)

= 1 2 (2 + ) (14)
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where , , and  are the buffeting loads in the vertical and torsional directions 

per unit length of the span. In the spectral approach, it is assumed that buffeting loading 

is a stationary random process. As a result, eq. (13) can be transformed into eq. (14) in 

the frequency domain: 

( ) = 1 2 4 ( )| ( )| + ( ) ( )| ( )|   (15)

Where | ( )|  is the aerodynamic admittance function, and ,  and  are the 

power spectral densities of the lift per unit length, the wind fluctuations in the along-wind 

direction and wind fluctuations in the vertical direction, respectively. The application of 

the aerodynamic admittance function was suggested by Davenport (1962) to resolve 

some of the quasi-steady assumption limitations by including the effect lack of spatial 

correlation in the higher frequency turbulence fluctuations. Larose et al (1998) showed 

the difference between the aerodynamic admittance function obtained for a single box 

girder bridge from direct measurement and a thin airfoil from empirical equations using 

Sears function. It was shown that the admittance function calculated from the Sears 

function was larger than the measured admittance, particularly at lower frequencies. The 

aerodynamic admittance function for the vertical direction can be calculated from the 

direct measurement using the following equation: 

| ( )| = ( )( ) ( ) ( )  (16)

Eq. (15) gives the spectrum of the lift per unit length of the deck. In order to 

consider the span-wise distribution of the unsteady wind forces acting on the deck, the 

joint acceptance function is defined to transform point-like load to load on the entire 

span: 
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There are some studies in the literature considering the effect of bridge deck 

shape and detailing on the vortex induced vibration of long span bridges (Larsen et al, 

2008). However, few of them considered these effects in a properly simulated wind flow 

with high Re and flow turbulence parameters. One factor which appears to have 

significant effect on the aerodynamic/aeroelastic response of twin deck bridges is the gap 

width. Also, the literature lacks conclusive statements about the effect of deck features 

such as traffic barriers on the bridge response. The second objective of this research is to 

study the effects of aforementioned properties on the aerodynamic response of twin deck 

bridges.  

The last objective of this dissertation is to provide detailed requirements for 

developing a large scale testing facility to perform dynamic sectional model tests at 

higher  compared to conventional wind tunnel testing. The design approach for an 

experimental setup which is capable of performing free vibration sectional model testing 

in the Wall of Wind (WOW) open jet facility at Florida International University (FIU) is 

thus provided. 

In order to depict the effect of the aforementioned parameters ( , turbulence 

characteristics and shape details) on the aerodynamic response of a bridge deck, several 

parameters were investigated. The first parameter to study was the pressure distribution 

around the girders. It is well documented that the pressure distribution can give an insight 

on the flow separation and reattachment zones and therefore can be used to predict the 

source of excitation mechanisms (Kwok et al, 2012; Li and Melbourne, 1995). The 

second type of parameter to study included the static force/moment coefficients and their 

derivatives with respect to angle of attack. As described earlier, these parameters can 
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Static tests were performed on a 1:36 scale sectional model of a twin girder bridge, 

instrumented with pressure taps and load cells, at high wind speeds with  ranging from 1.3 × 10  to 6.1 × 10  based on the section horizontal width. The results presented are 

based on the measured data from the described model at the Wall of Wind open jet wind 

tunnel facility at Florida International University. Results are presented in the form of 

pressure distributions, force/moment coefficients and Strouhal numbers for the different 

tested  regimes. Also, the effect of  on the load distribution between the two girders 

is discussed. Finally, the efficiency of vortex mitigation devices is compared for the 

different tested  regimes to evaluate the  sensitivity of such devices.  

The second paper, going to be submitted to the “Journal of Wind Engineering and 

Industrial Aerodynamics, discusses the sensitivity of the aerodynamic behavior of a twin 

deck bridge cross-section to the incoming flow turbulence characteristics. Chord-wise 

pressure measurements were carried out on the motionless 1/36 and 1/72 scaled sectional 

models of the bridge under two flow conditions using the WOW facility at FIU. The 

results are given in terms of pressure distribution, force coefficients, lift spectra (to study 

vortex shedding), and aerodynamic admittance and span-wise correlation of wind-

induced loads (to study buffeting wind loadings). The results given in this section can 

help designers with information on the potential effects of turbulence characteristics on 

instability, vortex shedding and buffeting loads. 

The third paper, going to be submitted to the “Journal of Wind and Structures”, 

investigates the effect of deck details, such as gap width, traffic barriers and bike path on 

the aerodynamic characteristics of a twin deck bridge, particularly on the vortex 

shedding. In order to evaluate the effect of gap width, models with three different gap 
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widths were tested in a static condition. The effect of deck furniture was also studied by 

including the traffic barriers, bike path and appendages in the simulation for the smallest 

gap width. In all the tests, the models were equipped with pressure taps that were 

distributed along the chord length. The wind induced loads were also measured directly 

by load cells. The outcomes of this paper benefit the design in several ways. First of all, it 

clarifies the vortex shedding mechanism for the different gap widths so that the optimum 

gap width can be adopted to reduce the adverse effects of vortex shedding. Also, from 

quasi steady assumption, the effect of gap width on some of the aerodynamic features 

such as galloping can be evaluated. The results regarding modeling the traffic barriers 

and bike path can also shed light on the importance of modeling such devices in the wind 

experiments and to evaluate how this modeling can interfere with the aerodynamic 

response of the model. 

The last chapter is a general guideline and gives general information on the 

system designed and built for the sake of this study so that it can be used later on in 

WOW to study other types of structures and for different applications. The designed test 

rig can be used to study a wide range of aerodynamic effects including vortex induced 

vibration, flutter and buffeting on 2-D models of prismatic structures such as bridges, 

light poles and etc. The novelty of this test setup is that it can be used to study large 

models in high wind speeds so that the testing Reynolds number is closer to the prototype 

range than in most other facilities. Testing at a larger scale is also beneficial to modeling 

more detailing so that the geometry is closer to the prototype. This system enables 

simultaneous vertical and torsional motions of the vibrating model and therefore it can be 

used to evaluate aeroelastic effects on numerous structures.  Vibration frequencies of the 
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CHAPTER II 

REYNOLDS NUMBER EFFECTS ON TWIN BOX GIRDER LONG SPAN BRIDGE 

AERODYNAMICS 

  

(A paper published in the journal of Wind and Structures) 
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1993; Kazutoshi et al, 2007; Larose and D’Auteuil, 2006; Larose et al, 2003; Larsen et al, 

2008; Schewe and Larsen, 1998), show that wind loads and the response of bluff 

structures with sharp edges -- particularly bridges -- can be sensitive to  effects. It was 

also shown that  increase can reduce the imbalances of aerodynamic forces between 

the two girders for twin girder bridges (Lee et al, 2014).  

The aerodynamic performance of any structure immersed in a fluid depends on 

different parameters, such as  and turbulence characteristics, which can affect the flow 

separation and reattachment mechanism, laminar to turbulent boundary layer transition, 

and the behavior of shear layers and separation bubbles. It is known that Reynolds 

number can change the location of the laminar to turbulent transition point which 

subsequently modifies the structure of the wake (Schewe and Larsen, 1998). Schewe 

(2001) tested three different bluff structures to explain the reason behind the  

sensitivity of the drag coefficient and Strouhal Number ( ). It was noticed that with the 

 increase, the location of laminar to turbulent transition point moved upstream and 

helped the flow to reattach to the section, leaving a smaller wake. Smaller drag force and 

smaller vortices, being shed at a higher frequency, resulted from the change in the 

location of transition point and a smaller wake region. It was concluded that different 

flow regimes can be distinguished based on the  that could affect the  and magnitude 

of steady and unsteady forces (Schewe, 2001). In order to minimize the  effects on the 

aerodynamic behavior of bridges, Lee et al (2014) successfully fixed the location of the 

separation point at the bottom of the deck by attaching a boundary layer trip strip to the 

bottom surface. This is similar to a movable pin that Schewe (2001) added to a circular 
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cylinder section that reduced the  dependency through stabilizing the location of the 

transition point.  

One typical aeroelastic phenomenon which causes concerns in the design of 

modern multiple girder bridges is Vortex Induced Vibration (VIV) (Wu and Kareem, 

2012). VIV occurs when the frequency of the vortices shed from the body approaches the 

modal frequency of the bluff body, creating a resonance type motion in the structure. 

While VIV is mostly a limited amplitude vibration that does not lead to a failure directly, 

it can yield to fatigue damage in bridge members and discomfort for drivers. Larsen et al 

(2008) performed free vibration testing on a model of the Stonecutters bridge, a twin 

girder bridge with mildly curved bottom plates, for a range of  from 0.7×105 to 

3.62×105, based on the individual girder width. While the velocity range and the 

amplitudes of vibration corresponding to the VIV were almost insensitive to the  

variation for the bare section, the modified section with the guide vanes showed 

significant  sensitivity. In order to mitigate or more desirably to avoid vortex induced 

oscillations in bridges, evaluation of the  effect can be important in so far as it can 

change both the Strouhal number ( ) and the amplitude of vibrations during the lock-in 

phenomenon (Kazutoshi et al, 2007; Kubo et al, 1999; Larose and D’Auteuil, 2006; 

Larose et al, 2012). The  effect on flutter instability was investigated by K. Matsuda 

(2001) and it turned out that testing at higher  inclined to increase the flutter wind 

speed for the given configurations. 

The prototype  for bridges often ranges between 106 and 107, especially for 

high wind events such as thunderstorms and tropical cyclones. Studies on  effects 

pertaining to twin girder bridges, a type of design that is gaining popularity in recent 
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years, are limited. In view of the potential for  effects on wind loads and wind-induced 

dynamic effects on twin box girder long span bridges, the current research was aimed at 

investigating the aerodynamics of such bridges under a range of  as close as possible 

to its prototype counterpart. The key objective of this research was to investigate the 

effect of  on the aerodynamic characteristics of twin girder bridges, including pressure 

distribution, wind induced forces, Strouhal number, and vortex shedding. In order to 

investigate the effects of  on the bridge response, a 1:36 scale model of a two 

dimensional (2-D) section of a twin girder bridge, based on the section of the “East Span 

of the San Francisco-Oakland Bay Bridge” was constructed and tested using the Wall of 

Wind (WOW) open jet wind tunnel facility at Florida International University (FIU). 

High Reynolds numbers were reached by increasing the testing wind speed up to 48.2 

m/s. Forces and pressures were measured using load cells and pressure taps to capture the 

static and fluctuating forces on the deck due to the approach flow. Vortex shedding 

sensitivity to  was evaluated for both the bare deck configuration and a section 

equipped with vortex generators. The efficacy of the vortex generators on mitigating 

vortex shedding was investigated for different  regimes. The research findings can (1) 

help inform engineers designing double box girder bridges on the potential  effects, 

and (2) provide guidance for laboratory  similitude for twin box girder bridge sections.  

The present study is different from those documented in the literature in the following 

aspects: 

• The cross section studied here was a double girder deck with trapezoidal cross section 

for each girder which has sharper edges and is bluffer compared to the more 

streamlined sections studied before. 
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and the pitching moment (see Fig. 3) simultaneously with the pressure measurements. All 

the data from force scanners were recorded using a CompactRIO data acquisition system 

at 100 Hz sampling rate. Both systems, load cells and pressure scanners, were used to 

facilitate comparison of wind effects. 

2.3.3 Flow characteristics 

The 12-fan WOW open jet facility at FIU was used to generate the wind field for 

the present study. WOW is capable of simulating Atmospheric Boundary Layer (ABL) 

mean wind speed profiles and turbulence characteristics. The nominal cross sectional 

dimensions of the testing section are 4.6 m × 6.1 m. Wind tunnel tests on bridges are 

often performed in flows with minimal turbulence as such flow produces conservative 

results. Gu et al (2001) observed that flutter derivatives of the Jiangyin Bridge and a flat 

plate with aspect ratio of 22.5 were almost insensitive to the approaching flow 

turbulence. High turbulence can increase the diffusion of vortices and as a result reduce 

the vortex shedding strength (Wu and Kareem, 2012). As a result, high turbulence has 

been found to be conducive for disrupting vortex induced vibration in bridges (Wardlaw 

et al, 1983). Thus, for the current study a flow condition with minimum turbulence was 

generated by removing the spires and floor roughness elements that are used in WOW for 

generation of ABL turbulence for testing building models. Figure 4 shows a close-up 

view of the experimental apparatus in its final design, during the execution of the tests for 

the zero angle of attack.  
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calculated for the free flow condition (i.e. = 	 	 	 	 / 	 	 	 , , ). 

The pressure, force and moment coefficients results were adjusted to the bridge height 

wind speed by multiplying each coefficient to 2. 

Data measured from the Cobra probes were collected at 100 Hz using the same 

CompactRIO data acquisition system that was used for force measurements. Tests were 

carried out for a range of wind speeds from 10 to 48.2 m/s, simulating  values (based 

on the model width) between a range of 1.3 × 10  to 6.1 × 10 . The  for the prototype 

bridge can be estimated as 5.9 × 10  for wind speeds of 12.5 m/s, corresponding to the 

VIV lock-in wind speed for the first vertical mode of vibration at 0.214 Hz frequency. 

Based on the wind speed and turbulence measurements, the turbulence intensity and 

turbulence integral length scale were estimated as 3.0 percent and 0.2 m at the model 

height, respectively. Figure 6 shows the non-dimensional power spectral density (PSD) of 

the longitudinal component of the turbulent wind speed, measured at the model height. In 

order to get a smooth representation of the spectra, averaging of the spectral analysis of 

11 blocks was performed and presented here (each block was formed of 1024 points). 

Table 1 shows a summary of the tests carried out in this study. 
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2.4.2 Aerodynamic forces 

Aerodynamic forces acting on the bridge deck can be expressed in terms of the 

two force components of Drag ( ) and Lift ( ) and the pitching Moment ( ). As 

shown in Fig. 2, Drag is defined as the force component acting parallel to the wind 

direction, Lift is the force component perpendicular to the wind direction and pitching 

Moment is defined as the effective moment about the deck geometric center. ,  and 

 are the normalized form of the aerodynamic force/moment obtained, using the 

dynamic pressure and model dimensions, as: 

 = 12 2  , , = 12 2  , = 12 2 2 (3)

where,  is the mean drag (N),  is the mean lift (N),  is the mean pitching 

(N·m),  is the air density (kg/m3), 	is the mean wind speed (m/s), and ,  and  

represent the deck chord, deck height (i.e. vertical depth) and the length of the model, 

respectively (m). 

2.4.3 Self-excited forces 

Self-exited forces induced by wind for a bridge deck, with vertical and torsional 

degrees of freedom (DOFs), are obtained from the following equations (Scanlan, 1978): 

ℎ = 12 2 1∗( ) ℎ + 2∗( ) + 2 3∗( ) + 2 4∗ ℎ   (4)

= 12 2 2 1∗( ) ℎ + 2∗ ( ) + 2 3∗( ) + 2 4∗ ℎ   (5)

where,  is the reduced frequency (2 / ),  is the frequency of motion (Hz), ℎ and α are the vertical and torsional displacements, over-dot indicates the derivatives 

with respect to time and ∗ and ∗(  = 1 to 4) are flutter derivatives. 
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Memory effects cause aerodynamic forces to be influenced by structural motions. 

Therefore, since quasi steady theory ignores such effects it is at best an approximation. 

However, it has been shown that for high reduced velocities, quasi steady theory can 

nonetheless predict aerodynamic forces associated with lateral and vertical motions 

reasonably well (Chen and Kareem, 2002). It has been also attempted to define 

derivatives corresponding to the torsional motion ( 2∗ and	 2∗) from the quasi steady 

theory (Chen and Kareem, 2002; Larose and Livesey, 1997; Neuhaus and Höffer, 2011). 

All of these studies related the 2∗ parameter to	 ⁄ . 

However, an additional parameter was introduced in all cases which represented 

the eccentricity between the point of application of the generated aeroelastic force and the 

wind flow’s idealized point of incidence. It was shown that this parameter was not 

constant for different force components and different shapes (Chen and Kareem, 2002; 

Neuhaus and Höffer, 2011) which can cause error in the correct estimation of 2∗ 
and	 2∗using quasi steady methods. In addition, Schewe (2009) stated that the onset wind 

speed of torsional galloping is proportional to the inverse of  ⁄ . 

The quasi-steady formulation for	 1∗is given by (Chowdhury and Sarkar, 2004): 

 1∗ = − 1 ( + )  (6)

where, ⁄  is the derivative of lift coefficient with respect to the angle of 

attack. 

2.4.4 Vortex shedding 

When wind blows over a bluff structure, flow separates and causes shedding of 

vortices periodically. This periodic vortex shedding exerts cross-wind forces on the body 

by creating fluctuating pressures. Strouhal number is a non-dimensional parameter that 
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appreciable magnitude of the rms of the fluctuating pressure (see Fig. 9(c)). Based on 

Fig. 7(c), for the lower  regime, the flow was ventilated through the gap in between the 

two girders due to the pressure difference between the top and bottom surfaces. Therefore 

the ventilation of flow through the gap created negative pressures on the windward 

inclined surface of the downstream girder. As the  increased, the separated flow at the 

windward tipping edge of the upstream girder tended to reattach to the surface, creating a 

smaller wake in the downstream of the upstream girder and consequently a smaller drag 

on the upstream girder. Negative pressures on the windward inclined surface of the 

downstream girder were reduced with the  increase, as the passing flow from the 

bottom of the upstream girder prevented the ventilation of the flow through the gap. 

From Figs. 7(d) and 7(e), it can be concluded that the deck cross section was more 

sensitive to  variation for the positive angles of attack. Flow over the top surface 

followed a similar trend to the case of zero angle of attack. This means that the flow was 

separated at the windward traffic barrier on the upstream deck and did not reattach to the 

surface while showing minimal sensitivity to	 . However, as shown in Fig. 7(d) and 

9(d), flow behavior changed with  significantly on the lower side, particularly for the 

upstream deck. Separated flow at the windward tipping edge of the upstream girder 

reattached to the surface over a longer length but with a sharper slope for the higher	 . 

This indicates that  increase created a larger separation bubble on the bottom surface 

accompanied with a narrower wake region in the after body for the upstream girder, 

creating larger negative lift but smaller drag. Figure 8 shows how the mean pressure 

distribution around the section at +3° wind angle of attack has changed gradually with the 
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ratio of the drag taken by each girder to the total drag  was quite similar for the two 

girders which is in agreement with the results on drag presented in Lee et al (2014). Lee 

et al (2014) expressed that the sheltering effect is minimized with the  increase, 

resulting in more uniform load sharing between the two girders.  

Figure 14 shows the ratio of the lift force in each girder to the total lift. Note that 

the total lift, as shown in Fig. 11, was a negative value (downward force) at all different 

wind angles of attack for the entire  range tested. It can be seen that the lift was not 

distributed equally between the two girders, particularly for the zero and positive wind 

angles of attack. It can be noticed that the upstream girder was under a positive (upward) 

lift for the zero and positive wind angles of attack at lower . This happened due to the 

large negative pressures caused by the traffic barrier at the leading edge of the upstream 

girder (see Fig. 7(c)-(d)). However, with the  increase, pressure distribution changed 

around the girders and as a result a downward lift was formed on the upstream girder at 

higher . 

2.5.4 Re effects on vortex shedding 

Figure 15 shows the lift coefficient power spectral density against the reduced 

frequency for the bare deck at the maximum and minimum tested wind speeds and for -

6°, 0° and +6° wind angles of attack. Similar plots were obtained to find  for the other 

wind speeds and wind angles of attack but are not shown for brevity. The sensitivity of 

the Strouhal number to the	  for the bare deck pitched to different angles is illustrated in 

Fig. 16. 
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Previous literature suggests that three mechanisms may lead to vortex shedding in 

a twin girder bridge (Kwok et al, 2012; Laima et al, 2013). The first and second 

mechanisms are the flow separation over the trailing edges of the upstream and 

downstream girders, respectively. Third mechanism is the buffeting action of the shed 

vortices from the upstream girder on the downstream girder. Figure 17 shows the 

pressure spectra at the critical locations known as the sources of vortex shedding for the 

bare deck at 0° angle. It is noticed that the first and third mechanisms were more critical 

compared to the flow separation from the trailing edge of the downstream girder. The 

peaks of the pressure spectra were in better agreement with  values calculated from the 

lift spectra at higher  (Fig. 17). This means that by increasing the	 , better agreement 

was observed between the peaks of the pressure spectra and the  values calculated from 

the lift spectra for all possible mechanisms of vortex shedding.  
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CHAPTER III 

THE EFFECTS OF TURBULENCE ON THE PRESSURE DISTRIBUTION AROUND 

A TWIN BOX GIRDER BRIDGE AND THE RESULTANT AERODYNAMIC 

FORCES 

  

(A paper under review in The Journal of Wind Engineering and Industrial Aerodynamics) 
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induced vibration (VIV) is an aeroelastic response which happens when the vortex 

shedding frequency of flow separating around the structure approaches one of the 

structural oscillation frequencies. VIV can result in self-limited large amplitude motions 

that usually occur over a narrow band of wind speeds which is lower than the design 

wind speed. Buffeting is a random response that concerns the fatigue and performance 

and is defined as the unsteady loading on a structure due to velocity fluctuations in the 

oncoming flow. 

In order to evaluate the bridge response under wind loading, usually wind tunnel 

testing is performed under smooth flow condition in the initial stages of the design. The 

objective of the wind tunnel testing is first to come up with a cross sectional shape which 

is aerodynamically stable and second to predict the buffeting response. With regards to 

stability, it is generally believed that the results from wind tunnel testing in smooth flow 

condition are conservative, as the turbulence in the flow can reduce the span-wise 

correlation of the motion-induced forces. However, the prototype bridge is usually 

exposed to turbulent wind flows with turbulence intensities as great as 20% and integral 

scales as large as ten times their deck width. Turbulence can affect the flow separation 

and reattachment and therefore the surrounding flow state around the section. Based on 

the literature on the effects of turbulence on rectangular cylinders, it was observed that 

turbulence decreases the radius of curvature of separated shear layers and moves 

reattachment upstream (Haan Jr. et al, 1998).  

One issue is that with the limitations in generating large turbulence intensity 

and/or scale in a wind tunnel, only a fraction of the turbulence characteristics can be 

simulated in the experiments. Also, there are cases in the literature that contradict each 
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other regarding the turbulence effects on the bridge model response. It is therefore of 

importance to clarify the mechanism behind the turbulence effect on the bridge response 

under wind loading and to determine the minimum characteristics that need to be 

simulated to ensure the accuracy of the results. Most of the previous studies show that 

turbulence has a stabilizing effect on the aeroelastic response of a bridge deck. However, 

there are some cases saying that turbulence leads to a destabilizing trend on the 

aeroelastic response. A summary of the literature from both cases is given here. 

Matsumoto et al (1993) studied the effect of turbulence on VIV for a hexagonal girder 

and a rectangular cylinder with aspect ratio equal to 4. They observed a different 

behavior between the two cases studied. They noticed a destabilizing trend by turbulence 

for the hexagonal model. However, turbulence was helpful in stabilizing the response for 

the rectangular model. They attributed the observed difference to the geometrical shape 

of each case study and its effect on the flow pattern. 

Scanlan and Lin (1978) performed section model tests on a trussed deck section 

under smooth and grid generated turbulent flows. They observed that the overall response 

was insensitive to the turbulence and the only difference that they observed between the 

two cases was that the flutter derivatives were slightly larger under the turbulent wind. 

Gu et al (2001) also noticed that turbulence had negligible effects on the flutter 

derivatives for the Jiangyin Bridge which can be categorized as a streamlined single box 

bridge deck. Huston (1986) studied the effect of turbulent flow with large scale eddies on 

the aeroelastic response of the Golden Gate Bridge deck. The results showed a 

destabilizing trend for the turbulent flow by resulting in a negative torsional damping at 

lower wind speeds compared to the smooth flow. The aeroelastic behavior of the Great 
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Belt East Bridge deck was evaluated using a taut strip model under smooth and turbulent 

flows by Larose et al (1993). Although the grid generated turbulent flow had similar 

turbulence intensity as the boundary layer flow, different trends were observed in the 

flutter derivatives variation. Results of a paper by Wardlaw et al (1983) also showed 

some contradictions with respect to the turbulence effects on the bridge response. For the 

case of the Lions Gate Bridge deck, instability was observed when the section was tested 

under smooth and grid generated turbulent flows. However, the same cross section only 

showed buffeting response when being tested under a boundary layer turbulent flow with 

no sign of instability. The results for the Annacis Island Bridge and a flat plate section 

indicated that the aeroelastic response under a grid generated turbulent flow and a 

boundary layer turbulent flow were comparable. Wardlaw et al (1983) also showed that 

the amplitudes of vortex induced vibration of the Longs Creek Bridge and Palmerston 

Bridge decreased with the turbulence increase in the approaching flow. 

Secondary to the evaluation of the effects of turbulence on the aeroelastic stability 

of the bridge, it is necessary to investigate turbulence effects on buffeting wind loads. 

Buffeting response is created as the direct impact of the turbulence in the oncoming wind 

flow. Due to the complexities in the prediction of buffeting response using the time 

domain approaches, the spectral approach has been widely used to determine the 

buffeting response of bridge decks in turbulent wind flows. However, the spectral 

approach does depend on the available information on the bridge aerodynamic 

coefficients and aerodynamic admittance. Larose (2002) showed that buffeting loads 

were sensitive to the turbulence characteristics. It was shown that two turbulent flows 
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with similar intensities but different length scales resulted in different aerodynamic 

admittance and span-wise coherence of wind forces. 

In fact, there is a great need to evaluate the effects of turbulence features on 

bridges, particularly twin-deck and multiple-deck bridges which have gained popularity 

recently. The objective of this research was first to evaluate the effect of turbulence 

characteristics, i.e. turbulence intensity and turbulence integral length scale, on the mean 

and fluctuating pressure distribution around a twin-deck bridge deck. The pressure 

distribution provides insight into the local flow distribution around the section and when 

integrated can describe the overall aerodynamic response of the deck regarding vortex 

shedding and instability, through the quasi steady approach. The second objective was to 

study turbulence effects on the buffeting response of a twin-deck bridge and dissociate 

the scale effects from the turbulence intensity effects.  

In order to evaluate turbulence effects on the aerodynamic behavior of modern 

twin-deck long span bridges, 2-D scaled models of a recently built twin-deck bridge were 

modeled and tested at WOW at FIU. Models at two different scales were tested in 

turbulent wind flows to capture the effect of integral length scale on the bridge loading. 

The scale models were mounted in between two streamlined end walls to ensure 2-D 

wind flow along the span length. Through measuring the mean and fluctuating surface 

pressure distributions, the steady and unsteady wind loading of the bridge were captured. 

Results from the tests under flows with different turbulence intensities were compared. 

Changes in the pressure distribution, steady/unsteady force coefficients, fluctuating lift 

coefficient due to vortex shedding induced and aerodynamic admittance were the main 

focus of this experimental study. 
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The bridge models were placed in between two streamlined end walls to ensure 2-

D air flow along the model span. The flow characteristics were measured using five 

three-dimensional Cobra Probes. Each Cobra Probe measured the ,  and  components 

of the wind fluctuations. Figure 2 shows the placement of the Cobra Probes during the 

free wind speed measurements while the bridge model was not in place. For the free wind 

speed measurements, a total of five Cobra Probes were used. Three Cobra Probes were 

installed at the bridge height and were spaced equally from each other and from the end 

walls (see Fig. 2). The two other Cobra Probes were placed at 0.9 m below and above the 

center Probe. These two Cobra probes also remained in place during the actual bridge 

model testing. The ratio between the average of the measured wind speeds at these two 

points during the bridge model testing and free wind speed measurements was used to 

correct the measured wind speed during the free wind speed measurements at bridge 

height for the calculations. Data measured from the Cobra probes were collected at 100 

Hz sampling frequency for a sampling time of 120 s using a CompactRIO data 

acquisition system.  

Spectral analysis was performed on the measured wind speeds. The 12000 data 

points measured at each probe from 2 minutes of testing at 100 Hz was divided into 11 

blocks, each containing 1024 points. The power spectral density (PSD) was calculated for 

each block and the average of the 11 blocks was used as the representative wind 

spectrum. Each of the wind components were fitted to the Karman-type PSD function to 

determine the representative turbulence integral length scale. Table 1 summarizes the 

flow characteristics for the three components. The comparisons of the wind power 

spectral density between the two flow conditions (smooth versus turbulent) for the three 
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( ⁄ ) for the different test conditions. It can be noticed that ( ⁄ ) was similar for the 

case of the larger model in turbulent flow and the smaller model in smooth flow. 

Therefore, it provided the possibility to investigate the turbulence intensity effect for a 

constant integral length scale to single deck width ratio. 

 
Table 2: Ratio of the integral length scale to single deck width ( ⁄ ) for different test 

conditions 

 
1:36 scaled model 1:72 scaled model 

Smooth flow Turbulent flow Smooth flow Turbulent flow 
( ⁄ ) 0.26 0.59 0.53 1.18 

 

Both sectional models had a similar span length which was equal to 3.05 m and 

were rigidly mounted in between the two end walls (see Fig. 5). Each model was 

constructed out of a wooden frame which was covered by Plexiglas plates. The models 

were fixed to supports on each side using a system composed of aluminum plates, pipes 

and I-beams. The connection system was devised so that the model section could be 

studied under different wind angles of attack. For the sake of this study, section models 

were tested at five different wind angles of attack, including -6°, -3°, 0°, +3°, and +6°. 

Figure 6 shows how the positive and negative wind angles of attack are defined in this 

paper.  
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1/72 scaled model 1/36 scaled model 

Figure 5: Test setup under smooth flow condition 
 

Surface pressures were measured around chord-wise strips of each model by 

fitting pressure taps around each model as shown in Fig. 6. A Scanivalve Corporation 

pressure scanning system was used to measure pressures at a sampling frequency of 512 

Hz for a period of two minutes for each test case. In order to reduce the pressure tube 

length, pressure scanners were placed at the end of the model on each side and each tap 

was connected to the pressure scanning system in the shortest distance. A transfer 

function designed for the tubing (Irwin et al, 1979) was used to correct for the tubing 

effects. Pressures were measured at a total of 104 points distributed around four strips 

and at a total of 280 points distributed around six strips for the 1/72 and 1/36 scaled 

models, respectively. Figure 7 shows the distribution of the pressure tapped strips along 

the span for each model. 
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al, 2012; Li and Melbourne, 1995), e.g. large negative mean pressures correspond to a 

separation region and maximum fluctuating pressures occur near reattachment zones. 

Figures 8 and 9 show the effect of turbulence intensity and turbulence integral length 

scale on the mean pressure coefficient distribution, respectively. The mean pressures are 

plotted in non-dimensional form by dividing the mean pressure collected at each pressure 

tap by the mean dynamic pressure (1 2⁄ , where  and  are the air density and mean 

wind speed, respectively). All the results presented in this section were based on the 

measured pressures at Reynolds number ( ) close to 1.7 × 10 , based on the total 

width.  

From Fig. 8, it can be noticed that higher turbulence intensities bring the peak of 

the pressure distribution on the top surface of the upstream deck towards the leading 

edge. This was accompanied by shortening of the reattachment length for the higher 

turbulence intensities.  For the zero and negative wind angles of attack, pressures on the 

bottom surface of the upstream deck and across the downstream deck were not sensitive 

to the turbulence intensity. For the +6° wind angle of attack, larger negative pressures 

were noticed near the transition points on the bottom surfaces in the smooth flow. The 

differences observed between the two flow conditions near the transition points suggest 

that wind induced excitation mechanisms may alter with the turbulence intensity. 

Figure 9 shows the sensitivity to turbulence integral length scale to width ratio 

( ⁄ ) for the two flow conditions. In both flow conditions, larger negative pressures 

were formed near the transition points for the smaller ⁄ . This suggests that turbulent 

flows with similar turbulent intensities and smaller integral length scales resulted in the 

formation of larger negative pressures on the bottom surfaces of a twin deck section, 
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as they can provide an insight on how these characteristics can change the global 

behavior of the bridge under wind. 

Wind generated loads was measured at a number of wind speeds to capture the 

simultaneous effects of turbulence characteristics and . Measured pressures across the 

chord-wise length were integrated over their effective length to capture the mean and 

fluctuating forces and moments at each strip location. In order to reduce the randomness 

error, results were averaged over the different strips to obtain the effective forces and 

moment per unit length. Figure 10 shows the variation of the mean drag, lift and moment 

coefficients with  for the different test setups. Forces were expressed in a coordinate 

system fixed to the flow direction, i.e. drag and lift were defined in the along wind and 

perpendicular to wind directions, respectively (see Fig. 6). In order to obtain the mean 

force coefficients, the spatial averaged forces over the different strips were divided by the 

mean dynamic pressure and the model dimension perpendicular to the force component 

direction, which is the model height for the drag force and the model width for the lift 

force. The moment coefficient was also calculated by dividing the measured moment 

about the deck geometric center by the dynamic pressure and the model width squared. 

From Fig. 10, it can be noticed that the mean forces and moment coefficients were 

sensitive to both the turbulence characteristics and , with the highest sensitivity 

attributed to the turbulence intensity. With turbulence intensity increase, drag and 

moment coefficients decreased while the lift coefficient showed an increasing trend in 

magnitude. A larger integral length scale to width ratio resulted in larger drag and lift 

coefficients in the turbulent flow. However, larger integral length scale to width ratio 

resulted in smaller drag and lift coefficients in the smooth flow. Different trends were 
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noticed in the variation of the lift and drag coefficients with the  increase. While 

higher  was accompanied by larger negative lifts in almost all the testing setups, such a 

consistent trend was not observed in the case of drag and moment coefficients. 

(a) Drag coefficient (b) Lift coefficient (c) Moment coefficient 

Figure 10: Force and moment coefficients as a function of Reynolds number at 0° angle 
of attack 

Smooth flow-1/72 scale ( ⁄ =0.53)  Smooth flow-1/36 scale ( ⁄ =0.26) 
Turbulent flow-1/72 scale ( ⁄ =1.18)  Turbulent flow-1/36 scale ( ⁄ =0.59)

 

In order to investigate the bridge response in a turbulent flow using a wind 

simulating facility that cannot reproduce the full turbulence length scale requirements, 

Partial Turbulence Simulation (PTS) was introduced by Irwin (1998). This method is 

based on the assumption that the flow structure around a bluff structure is strongly 

influenced by the small scale eddies and therefore the bridge response under a turbulent 

wind can be predicted relatively accurately by simulating the high frequency component 

of the turbulent flow at the correct energy density relative to the mean flow (Irwin, 2004). 

In cases where the real turbulence features, i.e. turbulence intensity and turbulence 

integral length scale to bridge width ratio, cannot be simulated using a wind generating 

facility, the bridge deck response can be predicted using PTS approach. The PTS 
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approach that requires the similitude of the high frequency part of the wind spectrum can 

be expressed by the following equation: 

( )( ) = ( ⁄ )( ⁄ )   (1)

where  stands for model and  stands for prototype. 

Katsuchi and Yamada (2011) proposed a non-dimensional parameter, called 

reduced turbulence intensity ( ), based on the PTS approach. The reduced turbulence 

intensity can be obtained from the equation below: = ( )   (2)

From eq. (1), it can be seen that predicting the bridge response using the PTS 

approach requires that the reduced turbulence intensity to be equal between the model 

and the prototype. Katsuchi and Yamada (2011) observed that some of the aerodynamic 

features of a bridge deck, such as the maximum mean pressure and force coefficient 

derivatives, show a linear trend with the reduced turbulence intensity variation. In order 

to satisfy the PTS approach requirement which is the similitude of the reduced turbulence 

intensity, either the scaling factor or flow parameters should be chosen such that eq. (1) is 

satisfied. However, due to the limitations in the wind tunnel studies regarding the 

turbulence features and the size of the model (larger model is preferred to increase the 

simulated ), it might be possible that eq. (1) cannot get satisfied. It is hypothesized that 

in cases that the reduced turbulence intensity similitude cannot be satisfied, tests can be 

performed at two reduced turbulence conditions available and from a linear regression, 

the intended parameter can be estimated based on the prototype’s reduced turbulence 

intensity. Further investigation is however necessary to evaluate the validity of this 
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hypothetical method to obtain the aerodynamic response of a bridge under a turbulent 

wind flow.  

Figure 11 shows the variation of the force coefficients with respect to the reduced 

turbulence intensity at two different . It can be seen that the force coefficients were 

sensitive to the reduced turbulence intensity and showed almost a linear relationship with 

. The mean drag coefficient showed a decreasing trend while the negative mean lift 

coefficient increased in magnitude with the  increase. The force coefficient variation 

under different turbulent flow conditions was measured to be as large as 34% for the drag 

and more than 100% for the lift coefficient.  

  

(a) Drag coefficient (b) Lift coefficient 

Figure 11: Force coefficients as a function of reduced turbulence intensity for 0° angle of 
attack, = 1.3 × 10  = 1.7 × 10  

 

Figure 12 shows the derivatives of the force and moment coefficients with respect 

to the angle of attack, as a function of the reduced turbulence intensity for the zero wind 

angle of attack. While ⁄  showed a decreasing trend with the  increase, ⁄  

and ⁄  were less sensitive to the  variation. It can be seen that the trend of 
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variations was almost similar for the two different  regimes. The importance of the ⁄ , ⁄  and ⁄  on the aerodynamic response of the bridge can be 

illustrated from the quasi-steady theory (Irwin, 1977). Based on the quasi-steady theory, 

the derivatives of the force and moment coefficients, when combined with the structural 

properties in the form of the natural modes of vibration, can be used to define the 

buffeting and wind motion-induced loads on the structure. It is understood that the quasi-

steady theory does not incorporate the unsteady aerodynamic coefficients that are 

necessary to define the aerodynamic damping and stiffness of the system. However, it is a 

good tool to investigate the aerodynamic features of the structure using the steady force 

coefficients only, particularly for the vertical and horizontal degrees of freedom. In all 

cases ( ⁄ , ⁄  and ⁄ ), larger magnitude is associated with a larger 

buffeting load due to the across wind component of turbulence. Negative ⁄  can 

lead to a negative aerodynamic damping and can result in galloping instability if the total 

damping goes negative at a certain wind speed.  

  

(a) ⁄  (b) ⁄  (c) ⁄  

Figure 12: Forces and moment coefficients derivatives with respect to the angle of attack 
for the zero wind angle of attack = 1.3 × 10  = 1.7 × 10
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angle of attack. The lift coefficient power spectral density for the different test setups at −6° wind angle of attack is shown in Fig. 14.  The peak evident in the fluctuating lift 

spectrum shows that the cross section was susceptible to vortex shedding in all cases. The 

area under the peak was measured to determine the fluctuating lift coefficient due to the 

vortex shedding for each test condition. Table 3 summarizes the standard deviation of the 

fluctuating lift coefficients due to the vortex shedding for the different test conditions at −6° wind angle of attack. Based on the results, the vortex shedding induced fluctuating 

lift coefficient was sensitive to both the turbulence intensity and turbulence integral 

length scale. It appears that increasing the turbulence intensity reduced the generated 

fluctuating lift coefficient while a larger fluctuating lift coefficient was noticed for larger 

integral length scale to bridge width ratios. 

 

 

Figure 13: Lift coefficient power spectral density at = 1.7 × 10 , 
  Angle of attack=−6°  Angle of attack=0°  Angle of attack=+6°
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(a) Smooth flow-1/72 scale ( ⁄ =0.53) (b) Smooth flow-1/36 scale ( ⁄ =0.26) 

 

  

(c) Turbulent flow-1/72 scale ( ⁄ =1.18) (d) Turbulent flow-1/36 scale ( ⁄ =0.59) 

Figure 14:  Lift coefficient power spectral density at −6° wind angle of attack 
( = 1.7 × 10 ) 

 

Table 3: Standard deviation of the fluctuating lift coefficient due to the vortex shedding 

 
⁄ =0.26 = 3% ⁄ =0.53 = 3% ⁄ =0.59 = 6% 

⁄ =1.18 = 6%′ 0.033 0.042 0.022 0.033 
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time step ( − ). The memory effect can be described in the frequency domain using an 

aerodynamic admittance function. Self-exited forces are generated due to the structural 

motion in a wind flow and for a bridge deck with vertical and torsional degrees of 

freedom (DOFs), they can be computed from the following equations in frequency 

domain (Scanlan, 1978): = ∗( ) + ∗( ) + ∗( ) + ∗   (3)

= ∗( ) + ∗ ( ) + ∗( ) + ∗   (4)

where,  is the reduced frequency (2 / ),  is the frequency of motion (Hz), ℎ and α are the vertical and torsional displacements, over-dot indicates the derivatives 

with respect to time and ∗ and ∗(  = 1 to 4) are flutter derivatives. 

Finding the buffeting loading from the spectral approach is based on quasi-steady 

theory. Therefore, wind-induced forces at each moment can be appreciated as forces 

generated by a steady wind having the same relative wind speed and direction as the 

momentary wind. From the quasi-steady theory, the buffeting loads can be calculated as: 

, = 1 2 (2 + )  (5)

= 1 2 (2 + )  (6)

where , , and  are the buffeting loads in the vertical and torsional directions, 

 and  are fluctuating wind components in the along wind and perpendicular to mean 

wind directions. In the spectral approach, it is assumed that buffeting loading is a 

stationary random process. As a result, eq. (5) can be transformed into eq. (7) in the 

frequency domain: 
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( ) = 1 2 4 ( )| ( )| + ( ) ( )| ( )|   (7)

where | ( )|  is the aerodynamic admittance function, ,  and  are the 

power spectral densities of the lift per unit length, wind fluctuations in the along-wind 

and wind fluctuations perpendicular to wind, respectively. The application of 

aerodynamic admittance function was suggested by Davenport (1962) to resolve some of 

the quasi-steady assumption limitations by accounting for the lack of turbulence 

correlation spatially at higher frequencies. Larose et al (1998) showed the difference 

between the aerodynamic admittance function obtained for a single box girder bridge 

from direct measurement and a thin airfoil from empirical equations using Sears function. 

It was shown that the admittance function calculated from the Sears function was larger 

than the measured admittance, particularly at lower frequencies. The aerodynamic 

admittance function for the vertical direction can thus be calculated from the direct 

measurement using the following equation: 

| ( )| = ( )( ) ( ) ( )  (8)

Eq. (7) gives the spectrum of the lift per unit length of the deck. In order to 

consider the span-wise distribution of the unsteady wind forces acting on the deck, the 

joint acceptance function is defined to transform point-like load to load on the entire 

span: ( ) = ( )| ( )|  (9)

where is the power spectral density of the lift effective on the entire span and | ( )|  is the joint acceptance function. Joint acceptance function measures the 
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correlation between the spatial distributions of the forces across the span length. Based on 

the strip assumption, wind-induced loads on each strip are resulted only from the wind 

fluctuations on that strip. Therefore, it is assumed that spatial distribution of the wind-

induced loads across the span length follows the wind spatial distribution. However, 

Larose et al (1993) showed that wind generated loads were more correlated than the 

approaching wind, between any two assumed points across the span. 

Figure 16 shows the comparison of the cross-sectional admittance for the different 

test setups at different angles of attack to Liepmann’s approximation to the Sears function 

analytically derived for a thin airfoil with a lift slope of 2  (Larose, 2002). The peaks 

observed for test results in this figure were due to the vortex shedding. It can be seen that 

for zero angle of attack, the measured admittances on the models were smaller than the 

predicted value based on the Liepmann’s approximation for a thin airfoil at low reduced 

frequencies. However, at higher reduced frequencies the measured admittances on the 

models were larger than the approximated value for a thin airfoil. The difference in the 

higher frequency range can be attributed to the body induced turbulence for the twin-deck 

bridge section. 

Based on the measured data, for a constant turbulence intensity, the cross-

sectional admittance was larger for the smaller model, corresponding to the larger ⁄ . 

It means that for the larger ratios of “length scale to bridge with”, larger admittance was 

noticed. It can also be seen that, with changing the turbulence intensity from 3% to 6%, 

the admittance function at lower reduced frequencies grew while at higher reduced 

frequencies, the turbulence intensity increase was accompanied by admittance reduction. 

In the lower reduced frequency range, it was noted that ⁄  governed the admittance 
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value; for different turbulence intensities but comparable values of ⁄ , almost similar 

admittance was calculated at lower reduced frequencies. For the lower reduced frequency 

range, the cross-sectional admittance showed an increasing trend with the ⁄  increase.  

(a) Angle of attack=−6° (b) Angle of attack=0° (c) Angle of attack=+6° 
Figure 16: Lift aerodynamic admittance vs. reduced frequency ( ), = 1.7 × 10  

Smooth flow-1/72 scale ( ⁄ =0.53)  Smooth flow-1/36 scale ( ⁄ =0.26) 
Turbulent flow-1/72 scale ( ⁄ =1.18)  Turbulent flow-1/36 scale ( ⁄ =0.59) 

Liepmann’s approximation to the Sears function 
 

In Fig. 17, the span-wise cross-correlation coefficient was used to assess the span-

wise distribution of the fluctuating wind forces acting on the deck. The span-wise cross-

correlation coefficient is defined as the co-variance of the fluctuating lifts measured at 

two strips separated by δy, divided by the product of the standard deviation of lift at each 

of these two strips. A total of six span-wise separations (δy) were analyzed for the larger 

model (1/36 scaled model), varying from 0.2 to 1.26 m. For the smaller model (1/72 

scaled model), three different span-wise separations were considered, ranging from 0.42 

to 1.04 m. From Fig. 17, it can be seen that for a given wind exposure and a constant 

span-wise separation, a larger correlation coefficient was observed on the larger model 

compared to the smaller model. It was also noticed that for a given model (1/36 or 1/72 
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scaled models), the span-wise correlation coefficient was larger in turbulent flow which 

had larger turbulence integral length scale and intensity. The first observation shows that 

the span-wise correlation of wind forces can be a factor of the model width rather than 

being only dependent to the oncoming flow characteristics. This contradicts the strip 

assumption based in which the span-wise correlation of wind fluctuations is assumed to 

be representative of the span-wise correlation of wind forces. The second observation 

was predictable, as it is expected that larger integral length scale should correspond to a 

larger span-wise correlation. 

(a) Angle of attack=−6° (b) Angle of attack=0° (c) Angle of attack=+6° 
Figure 17: Span-wise cross-correlation coefficient of lift force at = 1.7 × 10  

Smooth flow-1/72 scale ( ⁄ =0.53)  Smooth flow-1/36 scale ( ⁄ =0.26) 
Turbulent flow-1/72 scale ( ⁄ =1.18)  Turbulent flow-1/36 scale ( ⁄ =0.59)

 

In order to better highlight the effect of ⁄  ratio on the span-wise distribution 

of the fluctuating wind forces on a deck, the co-coherence of the lift forces from the 

different test setups are compared and shown for a given normalized separation ( ⁄ ) in 

Fig. 18. This satisfies the required geometric similarity regarding the separation length to 

ensure that any observed difference in the co-coherence is solely related to the ⁄  
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effects. Co-coherence between two chord-wise strips can be obtained from the following 

equation: ℎ( , ) = ( )( )× ( )  (10)

where  is the co-spectrum between the fluctuating lifts at strips 1 and 2, and 

 is the power spectral densities of the lift per unit length at each strip. From Fig.18, it 

can be seen that the co-coherence was dependent on the ⁄ 	ratio, where larger ⁄  

corresponded to larger co-coherence.  However, it can be seen that the turbulence 

intensity was as important as the turbulence integral length scale. From Fig. 18, it can be 

seen that there was a noticeable difference between the two cases of ⁄ = 0.53 and 

0.59, while the ratios of the turbulence integral length scale to bridge width was almost 

constant. The observed difference was more pronounced at zero and −6° wind angles of 

attack while relatively similar curves were noticed for the +6° wind angle of attack.  

(a) Angle of attack=−6° (b) Angle of attack=0° (c) Angle of attack=+6° 
Figure 18: Co-coherence of the lift forces for ⁄ =1.1 at = 1.7 × 10  

Smooth flow-1/72 scale ( ⁄ =0.53)  Smooth flow-1/36 scale ( ⁄ =0.26) 
Turbulent flow-1/72 scale ( ⁄ =1.18)  Turbulent flow-1/36 scale ( ⁄ =0.59)
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upstream girder and the windward side of the downstream girder when the section 

was tilted to +6° wind angle of attack. 

3. Comparing the results from the two different scale models in a given flow condition, 

it was noticed that the mean pressure distribution across the top surfaces was barely 

sensitive to the ratio of turbulence integral length scale to bridge width. However, it 

can be seen that a smaller ratio resulted in larger mean negative pressures near the 

transition points on the bottom surfaces. The observed difference in the mean 

pressure distribution across the bottom surfaces was more pronounce for positive 

angles of attack. 

4. Force and moment coefficients were found to be more sensitive to the turbulence 

intensity compared to the turbulence integral length scale and .  Based on the 

results, with the  increase, the negative mean lift coefficient increased in 

magnitude in both flow conditions. However, with the  increase, the mean drag 

coefficient showed a decreasing trend in smooth flow and an increasing trend in 

turbulent flow. 

5. The steady force coefficients showed a linear relationship with the reduced turbulence 

intensity. Reduced turbulence intensity is a non-dimensional parameter which 

includes the simultaneous effects of turbulence intensity and turbulence integral 

length scale and is defined based on the partial turbulence simulation formulation. 

Based on the results, the mean drag coefficient showed a decreasing trend with the 

reduced turbulence intensity increase while the mean lift coefficient showed an 

increasing trend in magnitude. As a result, it is expected that testing at lower reduced 

turbulence intensity compared to the prototype would be conservative for mean drag 
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coefficient estimation. However, for the mean lift coefficient, testing at lower reduced 

turbulence intensity would result in smaller values than that the prototype would 

experience.  For the given range of reduced turbulence intensities tested here, the 

mean drag changed around 34%. 

6. Based on the results, the sensitivity to Re was higher for the larger reduced turbulence 

intensities. 

7. Analysis of the fluctuating lift coefficient spectra indicated that larger turbulence 

intensity had a mitigating effect on the vortex shedding. Also, larger turbulence 

integral length scale to bridge width ratios resulted in larger fluctuating lift coefficient 

due to vortex shedding. The fluctuating lift coefficient due to vortex shedding 

reduced with the reduced turbulence intensity increase. It was noticed that vortex 

shedding induced  decreased with the  increase for the entire range of reduced 

turbulence intensities tested here. 

8. The aerodynamic admittances, obtained from the lift and wind components spectra, 

were larger for the larger turbulence integral length scale to bridge width ratios. It 

was also observed that the approximated aerodynamic admittance from empirical 

equations for a thin airfoil body was different from the direct measured value on a 

twin-deck bridge. While the approximated value was larger at lower reduced 

frequencies, the measured aerodynamic admittance showed to be larger than the 

approximated value at larger reduced frequencies.   

9. Based on the strip method, it is expected that the span-wise distribution of the wind 

generated loads would be only a factor of the span-wise distribution of the 

approaching wind speed. However, results showed that the cross correlation of the 
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CHAPTER IV 

EFFECTS OF DECK DETAILS ON THE TWIN DECK BRIDGE AERODYNAMICS 

  

(A paper submitted to the journal of Wind and Structures) 
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lead to the design of two bridges alongside each other, with an opening between the two. 

Similar to multiple deck bridges, placement of a new bride next to an older bridge can 

end up in two or more decks which can interact aerodynamically and get influenced by 

each other while being independent structurally.  

Previous literature suggests that modifying the cross sectional shape, even by 

changing minor details, can change the aerodynamic performance of the section 

considerably (Bruno and Mancini, 2002; Fransos and Bruno, 2010; Jones et al, 1995; 

Kwok et al, 2012; Nagao et al, 1997). One factor which has been shown to have 

significant influence is the gap width. Yung and GE (2008) studied the effect of gap 

width on the flutter stability of the “Xihoumen bridge” with a twin trapezoidal deck cross 

section and explained that the flutter onset wind speed increased with the increase of the 

gap width up to a certain point above which the onset wind speed tended to decrease with 

the additional increase of the gap width. Based on their results, the optimum gap width to 

improve the flutter stability was measured to be equal to 1.2 times the single deck width. 

However, due to cost considerations, the ratio of the gap width to the single deck width is 

normally set to be smaller than 1.0 (Trein et al, 2013). Keeping in mind that flutter 

stability improves with the gap width increase, it is likely that the vortex shedding 

mechanism is also affected by the change of the gap width. 

The effect of railings on the bridge aerodynamics has been evaluated previously 

(Bruno and Mancini, 2002; Jones et al, 1995; Larsen et al, 2008; Nagao et al, 1997). Due 

to the small size of the railings compared to the bridge deck, it was suspected that the 

effect of railings simulation in wind studies could be minimal and limited to local effects 

on the deck. However, it turned out that the presence and even details of the railings had 
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significant effects on the stability against flutter (Jones et al, 1995) as well as vortex 

shedding (Nagao et al, 1997), pressure distribution and integrated forces (Bruno and 

Mancini, 2002) for the single deck bridges. Studying the section without the barriers also 

gives an insight on the bridge aerodynamic behavior during construction. Usually the 

deck is built first and barriers are added afterwards. It is therefore of interest to evaluate 

the effect of deck appurtenances such as traffic barriers and attached bike path on the 

aerodynamic behavior of twin deck bridges to see how these details can change the flow 

pattern around the section and whether they improve or worsen the vortex shedding.  

In fact the available information on how changes in the gap width can alter the 

vortex shedding mechanism on a twin deck bridge is limited. Also, according to the 

author’s knowledge, there are only few studies in the literature evaluating the effect of 

traffic barriers and bike path on the twin deck bridges aerodynamics. This study evaluates 

the effect of deck details, namely the gap width, traffic barriers and bike path on the 

aerodynamic behavior of a twin deck bridge. The outcome of this study can benefit the 

design practice by: (1) providing information on the bridge aerodynamic response for the 

condition that traffic barriers are not in place as observed in the construction stage, (2) 

defining how adding the bike path mitigates or improves vortex shedding and changes 

wind induced loads, and (3) quantifying the gap width effect on the wind induced loads 

and vortex shedding mechanism for a twin deck bridge equipped with traffic barriers so 

that the gap opening can be optimized. 

To this end, the effect of the aforementioned shape details were investigated on 

the wind generated pressure distribution, resulting forces, and force power spectra, the 

last of which can shed light on the vortex shedding mechanism. In order to study the 
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twin deck bridge was evaluated in this study. The cross section of the “San Francisco-

Oakland” twin deck bridge (“East Bay” bridge) was chosen for this study as preliminary 

studies on the bare deck configuration of this bridge showed that this section was 

susceptible to vortex shedding (Kargarmoakhar et al, 2015). The bare section of the “East 

Bay” bridge consists of two trapezoidal girder decks connected by a system of transverse 

cross beams. Each deck has a width to depth ratio of 5. Trapezoidal girder bridges with 

relatively similar aspect ratio have shown to be prone to vortex shedding (Schewe and 

Larsen, 1998).  

East span of the San Francisco-Oakland bay bridge is an asymmetric self-

anchored suspension bridge with a main span of 385 m and a back span of 185m (see Fig. 

1 (a)). The two decks are linked together with 10 m wide transverse beams every 20 m. 

The single deck chord length ( ), total width ( ), gap width (b) and height ( ) of the 

bridge deck are 28 m, 71 m, 14 m and 5.5 m, respectively (see Fig. 1 (b)). The 

counterweight member was included in the original design to counterbalance the bike 

path weight attached to the section (see Fig. 1 (c)). The information on the bridge 

specifications was kindly provided by T.Y. LIN INTERNATIONAL GROUP which was 

involved in all phases of developing this bridge, from design to construction. 
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A Scanivalve Corporation pressure scanning system was used to measure 

pressures at a sampling frequency of 512 Hz for a period of two minutes for each test 

case. In order to reduce the pressure tube length, pressure scanners were placed at the end 

of the model on each side and each tap was connected to the pressure scanning system in 

the shortest distance. A transfer function designed for the tubing (IRWIN ET AL, 1979) 

was used to correct for the tubing effects. In each test, the model was supported by an 

aluminum I-beam on each side that was connected to the model with three aluminum 

pipes. I-beams were placed inside the side walls and were installed on top of a pair of JR3 

multi-axis load cells to directly measure the forces (Drag and Lift) and the pitching 

moment generated by the wind. All the data from force scanners were recorded using a 

CompactRIO data acquisition system at 100 Hz sampling rate. Both systems, load cells 

and pressure scanners, were used to facilitate comparison of the wind effects. 

 

Figure 2: Test setup in front of the Wall of Wind 
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4.3.2.1. Model setup for the gap width study 

In order to study the effects of gap width, 1:72 scaled models with three different 

gap to single deck width ratios (b/C) were tested in the WOW facility. Gap width 

variation represented a common range of gap widths that is normally assumed in the 

design of twin deck bridges, based on the effectiveness and economy. Three gap to single 

deck width ratios of 0.5, 0.75 and 1.0 were considered for this study, as shown in Fig. 3. 

The bike path that exists on the real bridge was not included in these tests as it would 

have added to the complexity of the interpretation of the results with regards to the gap 

width effects. Pressures were measured at a total of 104 to 108 points, depending on the 

gap width, distributed around four strips that were located along the span as shown in 

Fig. 4(a). A sectional view of bridge models and the distribution of pressure taps are 

shown in Fig. 5(a). The length of the model (L) was 3.12 m and the width varied from 

0.97 m to 1.16 m, depending on the gap width. Models with different gap widths were 

tested at five wind angles of attack, including -6°, -3°, 0°, +3°, and +6°. Positive angle 

was defined as the one which moved the bridge leading edge upward (see Fig. 5). 

(a) b/C=0.5 (b) b/C=0.75 (c) b/C=1.0 

Figure 3: Test setup for studying the gap width effects 
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Wind tunnel tests on bridges are often performed in flows with minimal 

turbulence as such flow produces conservative results (Gu et al, 2001; Wu and Kareem, 

2012). For the first part of the study which focused on the effects of the gap width, tests 

were performed in a nominally smooth flow. Turbulence intensity (TI) and turbulence 

integral length scale ( ) were measured to be 3% and 0.2 m for the along wind direction, 

and 2.8% and 0.12 m for the across wind direction, respectively for this case. The test 

wind speed for the gap width effect study was set to 27.3 m/s which corresponded to a 

Reynolds number ( ) of 1.4 × 10  based on the section’s depth.  

In order to generate turbulence and boundary layer characteristics, a set of 

triangular spires and floor roughness elements were put in front of the fans exit. Tests for 

the deck appurtenances effects were performed in a wind field with turbulence intensity 

and turbulence integral length scale of 7% and 0.45 m for the along wind direction, and 

6.3% and 0.22 m for the across wind direction, respectively. For the deck appurtenances 

studies, the sectional model was tested under higher wind speeds, varying from 9.8 m/s to 

38.9 m/s representing a range of 1.0 × 10  to 4.0 × 10  for , based on the section’s 

depth. Figure 7(b) shows the comparison of the wind power spectral density in the along 

wind direction for the two test conditions. The 12000 data points measured at each probe 

from 2 minutes of testing at 100 Hz was divided into 11 blocks, each containing 1024 

points. Power spectral density was calculated for each block and the average of the 11 

blocks was used as the representative wind spectra.  
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and Melbourne, 1995). It is believed that highest suctions occur at the forward part of the 

separation bubble, with a large negative mean pressure being a sign of a separation 

region. Fluctuating pressure shows the effect of turbulence in oncoming wind or body 

induced turbulence and maximum fluctuating pressures correspond to reattachment 

zones. Knowledge of the separation and reattachment zones can be used to understand the 

source and mechanism of the excitation due to the wind flow and therefore can be used to 

generate ideas for the mitigation of wind generated excitations. In this paper, mean and 

fluctuating pressure distributions were considered in order to highlight the changes in the 

structure of the flow due to the modification of the deck details. Pressure distributions are 

reported in terms of non-dimensional mean and RMS (root mean square) pressure 

coefficients (  and , respectively) obtained as:  

 =  , =  (1)

where:  is the mean pressure (N/m2) obtained from the pressure time history 

data at each tap,  is the standard deviation of pressure time history at each tap (N/m2), 

 is air density (kg/m3), and 	is the mean wind speed (m/s) at the model height. In the 

following sections, for the mean pressure distribution figures, negative pressures were 

plotted outside the cross section and positive pressures were plotted inside it.  

4.4.1.1. Effects of gap width 

Figures 8 and 9 show the effect of the gap width on the mean and fluctuating 

pressure distribution for different wind angles of attack. All the mean and fluctuating 

pressure distributions shown for the gap width effects are based on the measured data at 

the strip B location. From the mean pressure distribution figures, it appears that for all the 
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angles of attack, a separation region was formed behind the windward traffic barrier on 

the top surface of the upstream deck. Based on the mean pressure distribution, it seems 

that the reattachment length of the separation bubble, near the leading edge traffic barrier, 

increased with the angle of attack. For the positive wind angles of attack, it appears that 

the separated flow near the leading edge on the top surface did not reattach to the bridge 

surface as the pressures remained relatively large along this surface. 

For the −6° wind angle of attack, it appears that flow separated just downstream 

of the leading edge on the bottom surface due to the observed large negative pressures 

over the windward inclined surface of the upstream deck. By increasing the wind angle of 

attack, positive pressures formed on this surface and increased in magnitude, implying 

that the separation region was moved downstream towards the windward transition point 

(see Fig. 5 (a)) on the bottom surface of the upstream deck.  

On the downstream deck, for the −6° wind angle of attack, the top surface almost 

experienced positive pressures and it appears that the separated flow downstream to the 

leading edge on the bottom surface did not reattach through the entire surface, similar to 

the upstream girder. With the angle of attack increase, negative pressures reduced on the 

windward inclined surface of the downstream girder. By increasing the angle of attack, 

larger portion of the top surface experienced large negative pressures downstream to the 

windward traffic barrier, implying that separation grew in size with the angle increase. 

The large negative pressures observed near the leading edge of the windward corner of 

the downstream girder for the −6°, moved towards the windward transition point on the 

bottom surface with the angle of attack increase corresponding to a move of separation 
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region. As seen in Fig. 8, mean pressure distribution changed considerably with the angle 

of attack variation.  

Forces and moments induced by the wind flow can be obtained by integration of 

the pressures over the cross sectional surface. For the −6° wind angle of attack, the drag 

force was created by the positive pressures on the top surfaces and negative pressures on 

the inclined surfaces. With the angle of attack increase, the positive pressure on the top 

surfaces reduced, till negative pressures were formed on the top surfaces for the positive 

wind angles of attack. Based on the pressure data, it seems that the drag force was 

reduced with the angle of attack increase from negative angles to zero angle, due to the 

reduction of the positive pressure on the top surface. By additional angle of attack 

increase, large negative pressure formed on the top surfaces, which seems to increase the 

drag. The lift force was mainly generated by the effective pressures on the top and bottom 

surfaces. With the angle of attack increase negative pressures on the bottom surface 

reduced and negative pressures formed and increased on the top surfaces, leading to the 

reduction of the expected negative lift in magnitude. Due to the significant modifications 

of the pressure patterns on the upstream girder, negative moments created by the negative 

lift on the upstream girder increased to positive values when the angle of attack 

increased.  

From Figs. 8-9, it is noticed that the pressure distribution on the upstream deck 

was almost insensitive to the gap width. However, the pressure distribution on the 

downstream deck changed noticeably with the change of the gap width, particularly for 

the zero angle of attack.  As the gap width increased, the downstream girder became 
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more exposed to the oncoming flow and the negative mean pressures near the windward 

transition point of the downstream deck increased.  

The comparison of the pressure distribution on the downstream girder between 

the different gap widths, suggested different flow excitation mechanisms for the larger 

gap width (i.e. b/C=1.0) compared to the smaller gap widths (i.e. b/C=0.5 and 0.75). With 

the gap width increase, negative pressures on the windward inclined surface decreased 

and positive pressures formed on this surface due to the direct exposure to the oncoming 

flow. For the largest gap width (i.e. b/C=1.0), large negative pressures were noticed 

downstream of the windward traffic barrier, implying that a separation region was formed 

in this region (see Fig. 8f) and that the downstream girder was immersed in the wake of 

the upstream girder. For the smaller gap widths (i.e. b/C=0.5 and 0.75), the large negative 

pressures observed near the windward leading edge of the inclined surface can be linked 

to flow separation in this region and possible ventilation of the flow from the top surface 

to the bottom surface through the gap.  

Fluctuating pressure distributions on the upstream girder also confirmed the fact 

that flow around the upstream girder was almost independent of the gap width (see Fig. 

9). The observed large fluctuating pressures on the windward side of the downstream 

girder were induced by the turbulent flow which was generated by the vortex shedding 

from the upstream girder. The wake of the upstream deck affected the separated shear 

layer on the downstream deck and increased the turbulence and fluctuations in pressures 

compared to the upstream deck.  
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influenced by the impinging turbulent flow. This means that the downstream deck of the 

bridge model with ⁄ = 0.75, experienced the largest effect from the turbulence 

generated by the vortex shedding from the upstream deck. For the positive wind angles of 

attack, almost no dependency on the gap width was observed for the fluctuating 

pressures. 

4.4.1.2. Effects of deck appurtenances 

4.4.1.2.1. Effects of traffic barriers 

The effects of the traffic barriers on the mean and fluctuating pressure 

distributions, over the strip D of the 1:36 scaled model, are illustrated in Figs. 10-11. The 

observed differences in pressure distributions between the results from the 1:36 scaled 

model and the 1:72 scaled model with the b/C=0.5 gap width can be attributed to the  

and turbulence effects which has been discussed in depth in a former study by the authors 

(Kargarmoakhar et al, 2015).  

From Fig. 10, it can be noticed that the presence of the traffic barriers not only 

changed the pressure distribution over the top surfaces, but it also modified the pressure 

distribution over the bottom surfaces. The presence of traffic barriers caused a blockage 

effect with respect to the flow passing over the top surface of the deck. As a result, the 

flow was diverted towards the bottom surface which led to a wind speed increase over the 

bottom surface. From the Bernoulli equation, suctions increased due to the wind speed 

increase and as a result bottom surfaces experienced larger suctions compared with the 

bare section. Based on the mean pressure distributions observed, it is assumed that the 

bridge experienced larger negative lift for the condition equipped with the traffic barriers. 
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coefficient ( ) and Moment coefficient ( ) are the normalized form of the 

aerodynamic forces and moment obtained using the dynamic pressure and model 

dimensions, as: =  , =  , =  (2)

where,  is the mean drag (N),  is the mean lift (N),  is the mean pitching 

moment (N·m),  is the air density (kg/m3), 	is the mean wind speed (m/s), and ,  

and  represent the deck chord, deck height and the length of the model, respectively (m). 

Mean wind generated loads are important in the design of long span bridges, e.g. smaller 

drag can reduce the construction costs significantly by requiring smaller and lighter 

sections for the cables, towers and the foundation. Fluctuating wind loads are also critical 

in the design since they concern the stability, lifetime serviceability and fatigue. 

The bridge response under a turbulent wind can be estimated by predicting the 

wind-induced loads from quasi steady theory and combining the estimated loads with the 

equations of motion of the deck (Irwin, 1977; Larose, 2002). This method yields a set of 

formulas for the fluctuating wind loads in terms of the steady aerodynamic force 

coefficients and their derivatives with respect to the angle of attack. Equations (3) to (5) 

show the equations of motion for a bridge deck under a gusty wind, based on the quasi 

steady theory (Irwin, 1977): + ( + ) + + 1 2 − 1 2 =
[2 + ]  (3)
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+ + 1 2 + +
− 1 2 − 1 2 = [2 + ]  

 

(4)

+ + 1 2 + ( − 1 2 ) + +1 2 = [2 + ]  (5)

where, ,  and  are the bridge responses in the horizontal, vertical and torsional 

directions, single and double dotted parameters are the derivatives of the bridge responses 

with respect to the time, ,  and  are the effective inertias of the deck in horizontal, 

vertical and torsional motions, ,  and  are the effective viscous damping in the 

three directions, ,  and  are the effective stiffness in the three directions. 

Based on the quasi steady theory, the steady force coefficients can be important 

on the aerodynamic damping, aerodynamic stiffness and buffeting forces (Larose, 2002). 

Keeping in mind that the aerodynamic stiffness is often negligible compared to the 

structural stiffness and the fact that coupling terms are often small, the aerodynamic 

damping remains as the most important wind induced effect (Larose, 2002). For bridges 

at low wind angles of attack,  is often a positive value that will lead to a positive 

aerodynamic damping in the horizontal direction (see Eq. (3)). However, based on the 

Eq. (4), the vertical aerodynamic damping is a factor of ⁄  which can reduce the 

total vertical damping when it is negative. As a result, there is a potential for galloping at 

a certain wind speed when the section experiences negative ⁄ . Eqs. (3)-(5) show 

that the fluctuating loads due to the turbulence in the approaching wind (buffeting loads) 



133 
 

are also dependent to the steady force coefficients and their derivatives with respect to the 

angle of attack. 

The quasi steady assumption does not consider the effect of the out of phase 

components of the aerodynamic forces that can also contribute to the aerodynamic 

damping and stiffness of the bridge. The out of phase components result from the 

structural motion and can be obtained from testing a sectional model in a dynamic test rig 

with at least two degrees of freedom in the heaving and torsional directions.  

The quasi steady theory equations are presented in this section to show the 

importance of the steady forces and moment coefficients and their derivatives with 

respect to the angle of attack on the aerodynamic response of a bridge deck. In the 

following parts, the effects of deck details are evaluated on the steady forces and moment 

coefficients to highlight how changing the geometry details can change the aerodynamic 

response of the studied cross section. 

4.4.2.1. Effects of gap width 

Forces and moments were obtained both by direct measurement from the load 

cells and by the integration of the surface pressures. In order to reduce the randomness 

error in the estimation of force and moment coefficients from the pressure measurement, 

the average of the measured pressures over the four strips was reported (Fig. 4 shows the 

distribution of the pressure tapped strips). It was assumed that the average of the 

measured forces and moment over the strips A, B and D were effective for 2/3 of the 

model length and measured forces and moment over the strip C were effective for 1/3 of 

the model length. 
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Figure 13 shows the force and moment coefficients for the model with the largest 

gap width (b/C=1.0) at different wind angles of attack. It can be observed that the lift 

coefficient obtained from the pressure integration matched very well with the results from 

the direct force measurement by the load cells. The discrepancy observed in the drag 

coefficient between the two methods of measurement can be attributed to the fact that the 

traffic barriers were not equipped with the pressure taps. For the positive wind angles of 

attack, traffic barriers were sheltered by the deck and the results from the pressure 

measurement and the load cells matched each other well. However, for the negative and 

zero wind angles of attack the results from the two measurement methods did not agree, 

showing the direct contribution of the traffic barriers on the drag. For the non-positive 

wind angles of attack, moment coefficient resulted by the pressure measurement was 

slightly different from the measured moment coefficient by the load cells. This can be 

explained similar to what was mentioned for the drag coefficient, as for both cases the 

difference was due to the fact that the barriers were not equipped to pressure taps. 

 

(a) Drag coefficient (b) Lift coefficient (c) Moment coefficient 

Figure 13: Force and moment coefficients for the model with the largest gap width 
(b/C=1.00), = 1.4 × 10 , Load cells,  Pressure measurement 
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Figure 14 shows the effect of gap width on the force and moment coefficients 

measured with the load cells. For the zero wind angle of attack which is the most 

important wind flow direction, the drag coefficient was almost insensitive to the gap 

width increase. As shown in Fig. 8(f), by increasing the gap width from b/C=0.75 to 1.0, 

the pressure distribution was modified around the windward side of the downstream 

girder. However, the overall drag remained constant and as a result the drag coefficient 

did not change with the gap width increase. For the positive wind angles of attack, 

increasing the gap width led to a slight increase in the drag coefficient while for negative 

wind angles of attack no clear trend was observed. The results for the positive wind 

angles of attack confirms the results from Kwok et al (2012) in which it was observed 

that drag coefficient increased with the gap width increase. As mentioned previously, 

larger drag corresponds to higher construction costs by requiring larger sections for 

cables, towers and the foundation. 

(a) Drag coefficient (b) Lift coefficient (c) Moment coefficient 

Figure 14: The effect of gap width on the force and moment coefficients = 1.4 × 10 ,  b/C=0.5 ,  b/C=0.75 ,  b/C=1.00 

Figure 14b shows that the lift coefficient remained relatively constant with the 

gap width increase from ⁄ = 0.5 to ⁄ = 0.75 and decreased in magnitude with the 
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additional gap width increase to ⁄ = 1.0, for almost all the different wind angles of 

attack tested. It was also observed that the trend of the lift coefficient variation with 

respect to the angle of attack did not change for the different gap widths, which is in 

contrast to the observations of Kwok et al (2012). Kwok et al (2012) noted that the slope 

of the lift coefficient variation with respect to the angle of attack had a decreasing trend 

with the gap width increase. Smaller lift coefficient slope corresponds to smaller 

aerodynamic damping in the vertical degree of freedom, as mentioned earlier. 

Figure 15 shows the lift coefficient calculated by normalizing the lift force with 

the single chord length (C) instead of the variable total width (B), shown by , . It was 

observed that increasing the gap width from ⁄ = 0.5 to ⁄ = 0.75 resulted in larger 

lift coefficients ( , ) while additional increase to ⁄ = 1.0 reversed this trend and 

created smaller lift coefficients. Figure 14(c) shows that the moment coefficient 

decreased with the gap width increase for all the different wind angles of attack.  

 

Figure 15: Lift coefficient by load cells normalized to C ( , ) = 1.4 × 10 ,  b/C=0.5,  b/C=0.75 ,  b/C=1.00  

The effect of the gap width on the derivative of the force and moment coefficients 

with respect to the angle of attack (force and moment coefficients slopes) for the zero 
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wind angle of attack is shown in Fig. 16. It can be observed that ⁄  was close to 

zero for the largest (b/C=1.0) and the smallest (b/C=0.5) gap widths. However, for the 

model with the b/C=0.75 gap width, negative ⁄  was noticed. The value of the ⁄  is important on the aerodynamic coupling and buffeting forces for the horizontal 

direction as shown in Eq. (3). Negative ⁄  corresponds to the reduction of buffeting 

forces in the along wind direction. According to the Fig. 16, with the gap width increase ⁄  was decreased slightly with no change in sign. ⁄  plays an important role 

in the aerodynamic damping and buffeting forces in the vertical direction. Positive ⁄  attributes to positive aerodynamic damping and at the same time larger buffeting 

forces. The moment coefficient derivative with respect to the angle of attack changed 

negligibly with the gap width variation. ⁄  has contribution to the aerodynamic 

coupling, aerodynamic damping, aerodynamic stiffness and also buffeting forces in the 

torsional direction.  

 

Figure 16: Derivative of force and moment coefficients with respect to the angle of attack for the 
zero wind angle of attack = 1.4 × 10 ,  ⁄  ,  ⁄ ,  ⁄  
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4.4.2.2. Effects of deck appurtenances 

4.4.2.2.1. Effects of traffic barriers 

Figure 17 shows the force and moment coefficients measured by the load cells 

and the pressure taps for the bare deck section and the section equipped with the traffic 

barriers, using the 1:36 scaled model. The aerodynamic coefficients calculated from the 

pressure measurement were averaged over the 6 pressure tapped strips, similar to the 

method applied in the previous section to study the effect of gap width. For the bare deck 

section, the forces and moment coefficients obtained from the pressure measurement 

were consistent with the forces and moment coefficients measured with the load cells 

within a reasonable range. It can be seen that adding the traffic barriers to the bare deck 

cross section resulted in a higher drag coefficient for all the different angles of attack, 

particularly for the negative wind angles of attack in which the traffic barriers were not 

sheltered by the deck. To obtain the direct contribution of the traffic barriers on the drag 

coefficient for the equipped deck, the results from the pressure measurement were 

compared to the load cells data. It can be inferred that the drag coefficient variations were 

mostly due to the direct effect of the wind loading on the traffic barriers.  

The comparison of the lift coefficient for the bare deck with the equipped deck 

shows that adding the traffic barriers resulted in larger negative lift coefficients. This can 

be explained by the blockage effect of the traffic barriers on the top surface. As a result, 

the flow was deviated towards the bottom surface and the wind speed increased over the 

bottom surface, creating larger suctions on the bottom surface. The presence of the traffic 

berries also modified the pressure distribution over the top surface by reducing the peak 

negative pressure and increasing the reattachment length. The flow modification over the 
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top and bottom surfaces due to the addition of traffic barriers generated larger negative 

lift coefficient. The moment coefficient showed less sensitivity to the presence of traffic 

barriers compared to the forces coefficients and was mainly a function of wind angle of 

attack. Similar to the lift coefficient, the moment coefficient showed a positive slope as a 

function of wind angle of attack.  

Table 1 shows the effect of the traffic barriers on the derivative of the force and 

moment coefficients with respect to the angle of attack (force and moment coefficients 

slopes), for zero angle of attack. It can be noticed that the derivative of drag coefficient 

had higher sensitivity to the inclusion of traffic barriers. The derivative of moment 

coefficient had a similar pattern to the derivative of the lift coefficient. For both lift and 

moment, the derivative had a positive value that slightly increased with the addition of 

the traffic barriers. 

(a) Drag coefficient  (b) Lift coefficient (c) Moment coefficient 

Figure 17:The effect of traffic barriers on the force and moment coefficients = 4.0 × 10  
Bare deck:  by load cell,  by pressure measurement 

Bare deck + Traffic barriers:  by load cell,  by pressure measurement
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Table 1: Derivative of force and moment coefficients with respect to the angle of attack 
for the zero wind angle of attack, = 4.0 × 10  

 ⁄  ⁄  ⁄  
Bare deck -0.46 2.05 0.41 

Bare deck + traffic barriers -2.73 2.68 0.44 
 

4.4.2.2.2. Effects of bike path on the windward side and counterweight member on 

the leeward side 

Table 2 shows the effect of bike path and counterweight member on the force and 

moment coefficients for the section at zero wind angle of attack and = 2.6 × 10 . In 

order to derive the lift and moment coefficients, the total width of the section equipped 

with the bike path and counterweight member was considered to be equal to 2.18 m 

which was 12% wider than the bare section with 1.94 m width. It can be noticed that only 

the drag coefficient changed with the inclusion of the bike path leading to a 5% 

reduction. The reduction in the drag coefficient can be attributed to the more streamlined 

cross section of the deck equipped with the bike path. Lift and moment coefficients were 

almost insensitive to the inclusion of the bike path and counterweight member when 

considering the increased width for non-dimensionalization.   

Table 2: Force and moment coefficients for the zero wind angle of attack from load 
cells,	 = 2.6 × 10  

  
Bare deck 0.61 -0.16 0.04 

Bare deck + bike path + counterweight member 0.58 -0.16 0.04 
 

4.4.3 Vortex shedding 

Flow passing across a sharp edged bluff section usually separates at the edge 

points, leading to the formation of vortices around the section. Vortices shedding from 

the bridge section contribute to the formation of fluctuating pressures around the section. 
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As a result, the section experiences cross wind forces that fluctuate periodically. When 

the frequency of the vortex shedding approaches one of the structural oscillation 

frequencies, a resonant type response called vortex induced vibration (VIV) happens. 

VIV creates large amplitude but self-limiting motions. Strouhal number  is a non-

dimensional parameter that defines the dominant frequency of the fluctuations in the 

cross-wind force and is expressed by the following equation: 

 =   (6)

where, f is the frequency of vortex shedding (Hz).  is a function of structure’s 

geometry, turbulence intensity and . In this study, the vortex shedding frequency was 

obtained from the power spectral density of the fluctuating lift force on the section. The 

frequency corresponding to the peak evident in the fluctuating lift spectrum shows the 

frequency of the vortex shedding (Kwok et al, 2012; Schewe and Larsen, 1998). Three 

mechanisms have been distinguished for the vortex shedding from a twin girder bridge 

(Kwok et al, 2012). The first and second mechanisms have been attributed to the vortex 

shedding from the trailing edge of the upstream and downstream decks. The third 

mechanism has been attributed to the impingement of the vortices in the wake of the 

upstream deck onto the windward side of the downstream deck. The results presented in 

the following sections are based on the measured pressure data over the strip B location 

for the effect of gap width and the measured pressure data over the strip D for the effect 

of deck appurtenances. 
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and +3°. However, the pressure distribution around the upstream deck was almost 

insensitive to the gap width change. 

2. From the mean pressure distribution around the model with the smallest gap width at 

zero wind angle of attack condition, it can be hypothesized that the wind flow was 

ventilated through the gap. This created negative pressures near the leading edge of 

the downstream deck. With the increase of the gap ratio from 0.75 to 1.0, positive 

pressures formed on the windward inclined surface of the downstream girder similar 

to the pressure distribution on the windward side of the upstream girder. It is 

hypothesized that for the largest gap ratio, the downstream girder was more exposed 

to the oncoming flow and was less sheltered by the upstream girder. 

3. The force and moment coefficients showed sensitivity to the gap width increase by 

showing a slight increase in the drag and a decrease in the lift. The pattern of the 

variation of each of the force and moment coefficients with respect to the angle of 

attack was almost similar for all the different gap width conditions studied. The 

maximum changes observed in the mean drag coefficient between the different gap 

widths was equal to 28%, 24%, 3%, 7% and 8% for the −6°, −3°, 0°, +3° and +6° 
wind angles of attack, respectively. The ⁄  decreased around 25% when the gap 

to single deck width ratio increased from 0.75 to 1.0 for the zero wind angle of attack 

condition.  ⁄  is important for determination of vertical buffeting loads.  

4. Spectral peaks were noticed in the lift coefficient spectra of the studied cases, 

signifying the presence of vortex shedding. For zero and +3° wind angles of attack, 

an increasing trend was observed for the Strouhal number with the gap width 

increase. Strouhal number increased by about 80% with the gap width increase for 
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zero and +3° angles of attack, meaning that VIV can happen for the largest gap width 

at wind speeds 45% smaller than the corresponding wind speeds for the smallest gap 

width.  

5. Vortex shedding was more pronounced around the downstream deck and at larger 

frequencies compared to the upstream deck. 

Results from studying the effect of deck appurtenances can be summarized as 

follows: 

1. The mean pressure distribution was significantly influenced by the inclusion of the 

traffic barriers. The traffic barriers changed not only the local pressures on the top 

surface, but also they increased the negative pressures over the bottom surface, due to 

the blockage effect on the top surface.   

2. The pressure modifications due to the traffic barriers and the direct effect of the wind 

on the barriers resulted in the formation of a larger lift and drag. With the inclusion of 

the traffic barriers, the drag coefficient increased around 64%, 52% and 30% for the −3°, 0°and +3° wind angles of attack, respectively. Also, due to the inclusion of the 

traffic barriers, the lift coefficient increased around 63%, 75% and 110% for the −3°, 0°and +3° wind angles of attack, respectively. While these percent changes in lift 

seem large it should be noted that the overall magnitude of  at zero angle of attack 

is small.  Therefore the changes are probably not significant from a practical point of 

view. Regarding the derivative of the aerodynamic coefficients with respect to the 

angle of attack, only the derivative of the drag coefficient showed sensitivity to the 

inclusion of the traffic barriers. 
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CHAPTER V 

DEVELOPING AN ELASTIC SUSPENSION TEST RIG FOR SECTIONAL MODEL 

TESTING AT HIGH RE 

  

  



D

5

fo

F

d

br

te

te

m

g

m

u

p

an

se

nu

p

in

se

sy

 

DEVELOPI

 Abstrac.1

In this

or studying t

lorida Intern

esign a test 

ridge decks 

est setup is 

esting at hig

modeling mo

ives the det

motions of th

sed to evalu

oles and etc

nd a set of s

et of springs

umber of sp

erforming st

nteraction of

elf-excited fo

ystem are de

NG AN ELA

ct 

s chapter, th

the wind eff

national Un

rig which 

including vo

that it can b

gh Reynolds 

ore detailing

ails of desig

he vibrating m

uate aeroelas

c.  The desig

prings from 

s, the vibrat

prings and th

tatic test on 

f the wind an

forces genera

escribed here

ASTIC SUS

TES

he requireme

fects on larg

niversity (FI

can be used

ortex induce

be used to s

( ) is pos

g so that the

gning a syst

model. Buil

stic effects o

gn is based o

which the m

tion frequen

he spring st

the model b

nd section w

ated due to s

e in detail. W

15

CHAPTER

SPENSION T

STING AT H

ents to devel

ge scale sect

IU) is provi

d to study a

ed vibration, 

study large 

ssible. Testin

e geometry 

tem that ena

ding such a 

on numerous

on a section

model is susp

ncies of the 

tiffness. It is

by changing 

would be con

structural mo

With the curr

53 

 R V

TEST RIG F

High RE 

lop a new tw

tion models 

ided are exa

a wide range

flutter and b

models at h

ng at a larg

is closer to 

ables simulta

dynamic tes

s structures 

nal rig that is

pended. By 

system can 

s also possib

 the setup sl

nsidered wit

otion. The ch

rent test setu

FOR SECTIO

wo-degree of

in Wall of 

amined. The

e of aerodyn

buffeting. Th

high wind sp

ger scale is a

the prototy

aneous verti

st rig is desi

including br

s composed 

suspending 

be tuned w

ble to use su

lightly. In th

thout taking

hallenges of 

up, the system

ONAL MOD

f freedom te

Wind (WOW

e objective 

namic effec

he novelty o

peeds so tha

also benefic

ype. This ch

ical and tors

irable as it c

ridge decks, 

of a rigid m

the model fr

with changin

uch a system

hat case, onl

g into accoun

f designing s

m cannot be

DEL 

est rig 

W) at 

is to 

cts on 

of this 

at the 

ial to 

hapter 

sional 

an be 

light 

model 

rom a 

ng the 

m for 

ly the 

nt the 

uch a 

e used 



fo

W

bu

m

b

sp

si

5

st

br

in

tw

co

T

se

w

m

th

d

te

 

or performin

Wind dictates

ut lightweig

model to spri

ecome funct

prings and b

Keyw

imilarity 

 Introdu.2

Wind-

tructure can

ridges. Thes

n the Tacom

wo groups: a

onsidered as

The aerodyna

ectional mod

wind effects 

motions inter

he structure 

eflections. T

ermed as self

ng vortex in

s a very com

ht at the sam

ings connect

tional by red

uilding a lig

words: Secti

uction 

-induced loa

n lead to lar

se loads can 

ma Narrows B

aerodynamic

s the direct e

amic effects 

del under th

on the stru

ract significa

under the a

The wind-ind

f-excited for

nduced vibra

mplicated tes

me time. Also

tions should

ducing the W

ghtweight bu

ional model

ads resultin

rge amplitud

be destructi

Bridge in 19

c effects and

effect of the o

of the wind 

he simulated 

ucture in m

antly. Aeroel

approaching

duced loads 

rces. 

15

ation tests. T

st setup as th

o, the vibrati

d be very sti

Wall of Wind

ut rigid mode

l testing, El

ng from the 

de vibration

ive and resu

940. Wind ef

d aeroelastic

oncoming w

on the struc

winds. The

motion wher

lastic instabi

winds crea

which are g

54 

The functio

he model sh

ing mechani

iff and lightw

d workable w

el at the sam

lastic suspen

 complex i

ns in flexibl

ult in total fa

ffects on stru

c effects. Th

wind and its i

cture can be 

e aeroelastic 

rein aerodyn

ility may oc

ates the basi

generated du

onal wind sp

hould be ver

ism includin

weight also.

wind speeds, 

me time. 

nsion system

interaction o

le structures

ailure of the 

uctures can 

he aerodynam

interaction w

evaluated us

effect is ge

namic force

cur if the in

is for diverg

e to the stru

peeds of Wa

ry rigid and 

ng the spring

. The system

using large 

m, Aerodyn

of the wind

s, e.g. long 

structure as

be classified

mic effect ca

with the struc

sing a motio

enerated from

es and struc

itial deflecti

gently incre

uctural motio

all of 

large 

gs and 

m can 

rated 

namic 

d and 

span 

s seen 

d into 

an be 

cture. 

onless 

m the 

ctural 

ion of 

easing 

on are 



155 
 

In spite of the fact that analytical and numerical simulations have advanced a lot 

during recent years, they are still incapable of predicting the accurate response of large 

bluff structures (such as bridges) under turbulent wind loadings without some sort of 

inputs from experiments. Therefore, the experimental setup remains as a highly 

advantageous tool to study the complex effects of wind flow on a structure in motion. 

Sectional model testing is the most common type of wind tunnel testing that is widely 

used due to its simplicity and proven ability to predict the wind effects on structures 

Scanlan and Tomko (1971) were the first to introduce the concept of aerodynamic 

derivatives to study the instability of bridges and they used sectional model testing to 

collect these derivatives. In a section model testing, a geometrically scaled model of the 

structure is tested in a wind flow simulating the scaled atmospheric flow conditions. A 

section model is a two dimensional (2-D) section of the body that is built to a scale to 

replicate a representative span-wise section of the prototype. The sectional model should 

be rigid so that the model mode shape remains uniform over its entire length. Sectional 

model testing can be used both to study the aerodynamic and aeroelastic response of the 

structure by preventing and allowing the model vibration accordingly. In order to 

accommodate the model motion for studying the aeroelastic effects, the model is often 

supported by springs at the ends allowing rigid motions along vertical, torsional and 

lateral directions.  

The sectional model testing is particularly a useful tool to study the aerodynamic 

stability of the cross section shape in the initial design phase of the prototype. After 

ensuring the stability of the proposed cross sectional shape, the application of the 

sectional model testing can be further expanded to evaluate the static and dynamic forces 
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expected on the prototype deck. Sectional model testing often preferred to the other types 

of the wind tunnel testing, i.e. the taut strip model testing and full aeroelastic model 

testing, as it requires less complex models and is less expensive and faster compared to 

the other methods. It can also be used to study the wind effects on a wide range of 

structures including airplane wings, bridge decks, light poles, tall buildings and any other 

structures for which studying a 2-D portion of its span length can be representative of the 

entire length.  

The current methods for designing bridges considering wind effects depend 

heavily on the application of flutter derivatives. Flutter derivatives are used to describe 

the aeroelastic characteristics of the bridge deck which can be obtained from sectional 

model testing under simulated wind conditions using a forced or free vibration test rig. 

Forced vibration technique was developed by Kawashima et al (1963) and was applied to  

bridges by Ukeguchi and Sakata (1965) to study aeroelastic instability. In forced 

vibration methods, the sectional model is excited sinusoidally in the required degree of 

freedom with fixed amplitude and frequency using an external actuator. The wind-

induced loads are measured at supports by comparing the results from the no wind 

condition to the condition that wind is blowing. The flutter derivatives are obtained from 

the forced vibration method by identifying the phase lag between the model displacement 

time history and the aerodynamic load time history and using the data in the relevant 

algorithms. The evaluation of flutter derivatives is simpler from the forced vibration 

method compared to the free vibration method. However, due to the complexities 

associated with building a test setup to force the model motion, the free vibration 

technique is preferred.  
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The free vibration method was first used by Scanlan and Tomko (1971) to 

experimentally obtain the flutter derivatives. In free vibration methods, the sectional 

model is usually suspended by a series of elastic springs to permit the sectional model to 

move with specified vertical and torsional modal frequencies. The sectional model is 

displaced to an initial position and is released to vibrate freely at a fixed wind speed for a 

given time period while the displacements are measured. Extracting the flutter derivatives 

from free vibration methods requires implementing a system identification process on the 

displacement time histories that are recorded at a number of wind speeds. Several 

methods have been proposed by different researchers during the years to improve the 

system identification procedure (Brownjohn and Jakobsen, 2001; Chowdhury and Sarkar, 

2004; Gu et al, 2000; Sarkar et al, 1994).  

Sectional model testing can also be used to study the self-limited vibrations 

caused by vortex induced vibration (VIV) (Laima et al, 2013; Larsen and Wall, 2012) in 

addition to finding the flutter derivatives for evaluating stability. Due to the limitations in 

the size and the maximum wind speeds that conventional wind tunnels can generate, wind 

tunnel tests are often performed at  100 to 1000 times smaller than the prototype . 

Recent literature (Larsen et al, 2008; Schewe and Larsen, 1998) showed that results from 

conventional wind tunnel testing at low Reynolds number ( ) can be different from 

what is expected on the prototype at higher . It is therefore of interest to conduct wind 

effect experiments in a higher  regime which is closer to the prototype  range. 

In this chapter, the requirements to develop a large scale testing facility are 

examined with a view to using sectional model tests at higher . A design approach for 

an experimental setup which is capable of performing free vibration sectional model 
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model should be representative of the prototype structure dynamic behavior, i.e. damping 

and stiffness.  

To ensure that the observed response on the model is representative of the 

prototype structure, several non-dimensional parameters should be equal between the 

model and the prototype.  Froude number (Fluid inertia force/Gravity force), Cauchy 

number (Elastic force/Fluid inertia force), Reynolds number (Fluid inertia force/Fluid 

viscous force), Density parameter (Inertia force of structure/Fluid inertia force) and 

Damping ratio (Damping/Critical damping) are the non-dimensional parameters that need 

to be equal between the scaled model and prototype so that the results from wind tunnel 

testing can be representative of the actual response of the prototype. Wind loads and 

resulting dynamic responses measured from sectional model testing, satisfying the 

scaling rules, can be analytically extended to predict the response of the prototype 

structure. 

With sectional models, gravitational forces do not affect the model dynamics.  

Therefore velocity scaling can be selected arbitrarily rather than by respecting the Froude 

Number (Wardlaw, 1980). Table 1 gives a summary of the parameters that need to be 

equal between the model and prototype for sectional model testing. 

Table 1: Table 1 Scaling rules for sectional model testing 
Geometry Cross-sectional shape and detailing 
Mass parameter  ,  

Elastic parameter  ,  

Structural damping  ,  
Frequency parameter 
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Where,  is the wind speed (m/s),  is air density (kg/m3),  is the width of 

bridge deck (m);  and  are vertical and torsional frequencies (Hz);  and  are mass 

and mass moment of inertia per unit length (kg.m2/m);  ,  are vertical and torsional 

damping ratios.  

Scruton number (Sc), is an important non-dimensional parameter for vibration 

problems which controls the amplitudes of vibration generated due to vortex induced 

vibration (Wardlaw et al, 1983). Scruton number is a joint function of the mass parameter 

and structural damping and can be obtained from the following equation: 

= 4
 (1)

The response of the prototype deck due to vortex induced vibration can be 

estimated from sectional model testing as long as the similarity requirements are satisfied 

and the simulated wind flow is representative of the actual wind flow that the prototype 

deck experiences. In order to study vortex induced vibration using a scale model, the 

testing wind speed, frequency of the motion and model width should be selected so that 

the reduced velocity ( ⁄ ), corresponding to vortex induced vibration in the prototype, 

can be achieved in the experiments. In the context of bridges, vortex induced vibration 

usually occurs at low to moderate wind speeds on the prototype.  In a wind tunnel study, 

either the testing wind speed should be very small or the frequency of the motion should 

be very large so that the range of small reduced velocities needed for vortex induced 

vibration studies can be achieved.  
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Self-exited forces generated due to the structural motion in a wind flow can be 

obtained from the following equations along the vertical and torsional degrees of freedom 

(Scanlan, 1978): = ∗( ) + ∗( ) + ∗( ) + ∗   (2)

= ∗( ) + ∗ ( ) + ∗( ) + ∗   (3)

where,  is the reduced frequency (2 / ), ℎ and  are the vertical and 

torsional displacements, over-dot indicates the derivatives with respect to time and ∗ 
and ∗(  = 1 to 4) are flutter derivatives. 

To acquire the flutter derivatives, used in the stability analysis of the bridge 

decks, free vibration sectional model testing is often performed in a smooth flow 

condition. Flutter derivatives are normally obtained over a wide range of non-

dimensional reduced velocity ( ⁄ ). The maximum testing wind speed should be 

higher than the critical velocity for the studied aerodynamic instability phenomenon (i.e. 

critical flutter velocity). The desired natural frequency of the system for the vertical and 

torsional degrees of freedom can be obtained from the highest reduced velocity that needs 

to be generated for a particular experiment. The required vertical and torsional stiffness 

of the system can be evaluated from the following equation: =  (4)

where  is the stiffness resulted from the springs,  is the desired circular 

frequency in rad/sec, and  is the participating mass or mass moment of inertia for a 

particular degree of freedom. It is to be noted that  denotes the total mass over the 

entire span while  is the mass per unit length ( = /span length). 
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Figure 4: S-shaped load cell 
 

In order to perform static (motionless) tests on sectional models, the springs can 

be removed from the test rig. Figure 5 shows an overview of the test rig for performing 

static tests. Four L-shaped steel beams are added to the test setup to provide a support for 

a fixed connection. A pair of JR3 multi-axis load cells are installed on top of the L-

shaped beams on each side as shown in Fig. 5. Finally, the I-beams on the two ends of the 

models are rigidly fixed to the load cells so that the wind-induced loads can be measured 

on the sectional model. 
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The span length of the model was limited to 3 m based on the dimensions of the 

test section and to ensure a uniform wind flow across the span length. According to the 

literature (Laima et al, 2013; Piña and Caracoglia, 2009), aspect ratios (ratio of the span 

length to model width) as low as 1.6 are adequate to ensure a 2-D airflow along the 

section model length which can be representative of the aerodynamic response of the 

prototype. Requirements of the minimum aspect ratio and limitations in the maximum 

span length resulted in the selection of the model width to be equal to 1.9 m, equivalent 

to 1/36 scaling factor for the studied bridge deck. 1/36 scaled model was therefore the 

largest model of this particular bridge deck that could be tested using WOW. However, 

models with smaller dimensions could also be studied using the current setup, keeping in 

mind the lower  regime that they would represent.  

Scaling rules require the equality of the mass parameters between the model and 

the prototype. Based on the information on the mass, mass moment of inertia and 

dimensions of the prototype, the mass parameters ⁄  and ⁄  are calculated to be 

equal to 9.6 and 1.1 respectively. Therefore, the mass per unit length for a 1/36 scaled 

model should be equal to 47.2 kg/m. In order to make a model which satisfies the mass 

scaling requirement, the rigid model was made out of a wooden frame and was covered 

by Plexiglas plates to produce the final cross sectional shape (see Fig. 8). The total mass 

of the sectional model with the inclusion of the connecting equipment (The two I-beams 

connecting the sectional model to the springs) was measured to be equal to 163 kg, 

meaning that ⁄ 	was equal to 11.9 on the model which is higher than the targeted 

value. However, the damping of the vibrating system can be adjusted to meet the target 
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Figure 9: Strouhal number as a function of Re 
 -6°  -3°  0°  +3°  +6° 

 

Due to the alternating shedding of vortices, periodic forces are generated that 

result in structural motion in a plane normal to the direction of wind flow. Significant 

vibration can occur when the frequency of vortex shedding approaches one of the natural 

frequencies of the structure. These cross-wind vibrations have a strong organizing effect 

on the vortex shedding pattern which can increase the strength of the vortices and couple 

the vortex shedding frequency to the natural frequency of the structure. This phenomenon 

is known as lock-in. The critical wind speed ( ) at which lock-in occurs can be 

estimated using the Strouhal number relation: =   (6)

where  is the natural frequency of the structure in the heaving (vertical) 

direction. 

From eq. (4), the total stiffness of the springs in the vertical direction should be 

equal to . It is known that circular frequency in the vertical direction is equal to: = 2  (7)
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The springs’ total stiffness can be calculated from the combination of eqs. (4) to 

(7), as: 

=   
(8)

 is a factor of the cross-section shape and the  at which the tests are 

performed. For the given bridge deck, the   value is adopted as 0.15, based on the 

measurements on the static tests. In order to reduce the stiffness of the required springs 

and use softer springs, one option is to perform tests on larger scaled models (increasing 

). It would also be possible to use softer springs either by decreasing the model weight 

or performing the tests at smaller wind speeds. For the current test setup, the minimum 

wind speeds simulating a uniform flow along the span length using WOW was taken as 

around 10 m/s. The scale factor of the largest sectional model which can be tested in 

WOW for the given section was found to be 1/36 ( =0.15 m). The total mass of the 

1/36 scaled model without the inclusion of the moving part of the springs was also 

measured to be equal to 163 kg. From eq. (8) and the given data, the total stiffness of the 

springs that can be used to study the vortex induced vibration on the given cross-sectional 

shape should be larger than 643498.2 N/m. As a result, the stiffness of each spring should 

be larger than 20110 N/m if a total number of 32 springs is used to suspend the model. It 

is clear that the stiffness of each spring should be larger than this value as the weight of 

the moving part of the springs was not included in the calculations. The information on 

the properties of an extension spring made by 	 	 . .  is given here to 

demonstrate the spring weight effects on the calculations: 
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Table 3: Properties of an extension spring made by Sterling Sprigs L.L.C  
Wire diameter (mm) 9.2  
Spring rate (N/m) 18038 
Mean diameter (mm) 33.5  
Spring index 3.6409 
Initial free length (m) 1.0  
Maximum deflection (m) 0.18  
Weight (kg) 5.6  

 

From table 3, the total weight of the springs would be equal to 179.2 kg (for 32 

springs) and if only 1/3 of the springs’ weight gets involved in the motion, the total mass 

that needs to be considered for the spring calculations would be around 222.7 kg. A 

second iteration on the required stiffness of springs from eq. (8) results in 879316 N/m 

for the total of 32 springs, meaning that the stiffness of each spring should be larger than 

27478.6 N/m. One alternative to use softer springs is to reduce testing wind speeds. For 

example, by reducing the range of testing wind speed by a factor of 2, springs which are 

4 times softer can be used. WOW is an open jet facility and such condition can be 

achieved by performing the tests at times of the day that natural winds are small enough 

so that they don’t interfere with the test results. 

A similar procedure can be followed to obtain the required spring stiffness to 

perform tests for flutter derivative identification. The only difference is that for this 

purpose, the maximum reduced velocity that needs to be simulated is the factor that 

determines the stiffness. From the reduced velocity equation: = ×   (9)

From Eq. (9) it is seen that the frequency of motion is a factor of the testing wind 

speed. A larger testing wind speed is of interest to capture the effect of . For example, 
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observed that vortex shedding was more pronounced around the downstream deck and at 

a larger frequency compared to the upstream deck. 

The effect of the deck furniture including the traffic barriers and an attached bike 

path was studied by including these features in the model with the smallest gap width. 

The results showed that the mean pressure distribution was significantly influenced by 

the inclusion of the traffic barriers. The traffic barriers not only changed the local 

pressures on the top surface, but also they increased the negative pressure over the 

bottom surface, due to the blockage effect on the top surface.  The pressure modifications 

due to the traffic barriers and the direct effect of the wind on the barriers resulted in the 

formation of a larger lift and drag. Between the aerodynamic coefficients, only the 

derivative of the drag coefficient with respect to the angle of attack showed sensitivity to 

the inclusion of the traffic barriers. The mean pressure distribution and the measured 

loads showed little sensitivity to the inclusion of the bike path and appendages in the 

simulation of the cross sectional shape. It was observed that with the addition of the 

traffic barriers and the bike path to the bare deck section, vortex shedding was not greatly 

affected. 
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CHAPTER VII 

RECOMMENDATIONS FOR FUTURE RESEARCH  
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length scale of the approaching flow. In order to better capture the spatial distribution of 

wind-induced loads and compare the results to spatial distribution of the approaching 

flow, it is recommended that tests be performed for a larger number of separation lengths 

with a wider range of lengths including very short to very large separation lengths. Also, 

the tests could be repeated for dynamic condition in which the motion-induced effects on 

buffeting loads can be captured. This would help to identify differences between 

stationary and oscillating body buffeting forces. 
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