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ABSTRACT 

In this study, the effect of turbulence length scale on vortex induced vibration 

(VIV) and buffeting response of a twin deck bridge section was evaluated by wind 

tunnel experiments. Utilized bridge section was a 1/100 scale model based on an 

actual twin deck bridge section. The target wind power spectra was generated based 

on actual topographic conditions. Several wind turbulence conditions were generated 

by the use of active turbulence generator (ATG). At lock-in wind speed, the root-

mean-square (RMS) amplitudes of the vortex-induced vibration (VIV) of the bridge 

section were determined under laminar condition and at different turbulent wind 

conditions. For the buffeting response, RMS amplitudes were recorded at two wind 

speeds under different turbulent wind conditions.  

Experimental results show that for the given twin-deck section, the turbulent 

wind decreases the RMS amplitude of the VIV as compared to laminar flow. And as 

the turbulence intensity increases, response RMS amplitude decreases. However for 

a given constant intensity, the turbulence length scale did not show any effects on the 

VIV RMS amplitude.  

Wind tunnel test results demonstrated that the buffeting response of the bridge 

for a given wind speed and turbulence intensity is influenced by the turbulence length 

scale. And an increase in turbulence length scale decreases the buffeting response of 

the bridge. This result was verified in the numerical analysis by the use of in-house 

buffeting program.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Research Context 

For slender, lightweight and flexible structures such as suspension bridges, the 

natural frequency and the damping are relatively low which make these structures 

susceptible to action of wind. This wind action can result to either damage or 

destruction of the bridge. Wind action may stem from vortices shed on the surface and 

into the wake of the body which is known as vortex shedding and/or pressure 

fluctuations in the oncoming flow or known as buffeting (Strommen 2010). 

On-site wind conditions suggest that wind is almost always in turbulent flow 

rather than laminar or smooth. It is therefore reasonable to evaluate the vortex-induced 

vibration and of course the buffeting response of the bridge under turbulent wind 

condition. The results of published wind-tunnel and full-scale studies of suspension 

bridges show that their aerodynamic behaviour is different in smooth and turbulent 

flow. For vortex-induced vibration response, for some bridge sections, evaluating the 

bridge under laminar flow would give conservative results (M. Kawatani et al. 1992).  

Turbulent wind is expressed in turbulent spectra with two given parameters: 

turbulence intensity and turbulence length scale. It has been generally accepted that 

turbulence intensity is an important parameter controlling the bridge response to 



2 

 

turbulent wind loading. The other principal parameter i.e. turbulence length scale is 

not widely studied because of difficulties in modelling of turbulence with relatively 

long integral scales, especially for bridge section model studies in small wind tunnel. 

Experimental methods were developed to produce turbulent winds in the wind tunnel 

that can target not only turbulence intensity but also the turbulence length scale, 

consequently the target turbulent wind spectra.  

Generally in wind tunnel test, there are two methods of generating turbulent 

wind, the passive and active wind generation. The passive wind generation includes 

stationary wind barriers such as bars, blocks and spires that block the flow of the wind 

which results to turbulent wind flow downstream. In small wind tunnels, bars 

positioned in a grid formation is widely used due to its simplicity and inexpensiveness. 

However it can only achieve the target turbulence intensity and produce relatively 

small turbulence length scale. On the other hand, the active wind generation utilizes 

plates and airfoils that are driven by motor and move in a pseudorandom vibration. It 

can redirect the wind flow vertically and horizontally which in turn generate vertical 

and horizontal wind fluctuations. This turbulent wind generation method is a complex 

procedure and requires relatively expensive equipment but can achieve both the target 

turbulence intensity and the target turbulence length scale.  

With the known advantages and disadvantages of passive and active turbulence, 

it is important to determine when to use the two turbulent wind generating methods 

in testing the bridge response under turbulent condition particularly in vortex-induced 

vibration and buffeting response. Since the main difference of these two methods is 
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their capacity to achieve the target turbulence length scale, determining the effects of 

turbulence length scale on vortex-induced and buffeting response gives an idea 

whether a passive grid method or an active turbulence wind generation method is 

suitable for evaluating the bridge response under turbulent wind condition.  

In this study, wind tunnel tests were conducted with the use of an active 

turbulence generator. Different turbulent wind conditions were generated, mainly 

winds with constant turbulence intensity and with various turbulence length scale. 

Moreover, twin deck bridge model was tested and results were gathered. The 

suitability of the use of a grid-generated turbulence and/or an active turbulence 

generator in determining the bridge response under turbulent wind conditions depends 

on the influence of the turbulence length scale based on the experimental results. 

Although this study focuses on the experimental results, numerical analysis for 

buffeting response was additionally performed using in-house software in order to 

verify the results of the experiment.  

 

1.2 Related Literatures 

The vortex-induced vibration of bridges has been well investigated and 

demonstrated in the wind tunnel tests. The bridge deck sections are scaled down and 

subjected to controlled wind typically at laminar flow. Past studies showed that for 

most sections, the vortex-induced vibration is at maximum at laminar flow (M, 

Kawatani, et al.). For a wind tunnel test, subjecting a bridge section under a laminar 

flow most likely gives conservative results. However it is important to understand and 
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illustrate the aerodynamic behaviour of the bridge section under the natural wind that 

is a turbulent wind flow.  

Field measurements done by Hui Li et al. 2011 of an actual suspension bridge 

with two separated steel box girders suggested that turbulence intensity is a key factor 

impacting the oscillation amplitude and lock-in region. If the turbulence intensity 

remains at low value for a long time (<2%), large amplitude oscillations can occur. 

This notion was also in agreement with wind tunnel experiments done by M. Kawatani 

et al. 1992, wherein most of the bridge model sections tested had amplitudes lower 

when bridge model was subjected to turbulent flow as compared to laminar flow. As 

turbulent intensity increased, the response amplitude decreased. However several 

tested streamlined bridge sections demonstrated higher amplitudes in the turbulent 

wind condition.  

M. Kawatani et al. 1992 also demonstrated the effects of turbulence length 

scales on the bridge sections and results showed turbulence length scale has little or 

no effects on the vortex induced response of the bridge. This experiment case was 

analysed in the numerical analysis of Daniels, S. (2016). A rectangular section with 

aspect ratio of four (B/D=4) was considered. Findings has showed that an increased 

in turbulence length scale slightly decreases the response amplitude. 
The influence of turbulence length scale on the bridge’s buffeting response is 

affected by turbulence length scale. Numerical analysis done by Xiao, Y.Q. et al. 2012 

suggested that buffeting responses do not change with turbulence integral scale 

linearly and when turbulence integral scale increases to one value, buffeting responses 
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reach a peak. In addition, turbulence integral scale corresponding to peak value of 

buffeting responses rise with growth of wind speed. Similarly, buffeting responses 

were studied by Li, L.X. et al. 2012, indicated that buffeting responses decreased with 

increase of integral scale at lower wind speed; while at higher wind speed, buffeting 

responses increased first and then decreased.  
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CHAPTER 2 

THEORETICAL BACKGROUND 

 

2.1 Vortex-Induced Vibration  

When the air flow is met by a solid bridge, flow separation will occur on the 

surface of the structure causing vortices to be shed alternately on either side of the 

structure. The properties of the shedding frequency are characteristic to the cross 

section of the bridge. It is proportional to the mean wind velocity V and inversely 

proportional to the across wind width D. Thus  

s
Vf St
D

=                                                      (1) 

where St is the Strouhal number, which is available for a good number of typical 

structural cross sections in the literature [11]. 

 

Fig 1. Vortex shedding on bridge section 
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For suspension bridges, vortex shedding excitation usually occurs at low wind 

speeds. Harmful vortex-induced vibrations may particularly occur in cases of 

resonance which is the shedding frequency is approximately the same as the natural 

frequency of the bridge. This excessive vibration is also commonly known as “lock-

in” phenomenon. The vortex-induced vibrations may not be important for ultimate 

limit state designs, but the serviceability requirements should specify maximum 

vibration amplitudes for typical wind velocities relevant for vortex-induced vibrations. 

In addition, large vibration of the bridge becomes an important source of fatigue 

damage. Therefore, the amplitude of vortex-induced vibrations should be restrained 

to a certain limit in bridge design.  

Observations show that during lock-in the amplitude of the oscillations attain 

some fraction of the across-wind dimension of the bridge. The effect of lock-in upon 

vortex shedding is presented in Fig 2, which shows that in the lock-in region the vortex 

shedding frequency is constant rather than being a linear function of wind velocity, as 

suggested by Eq. 1. 
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Fig 2. Lock-in phenomenon in vortex-induced vibration 

  

2.2 Buffeting 

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

bridge is subjected to static and dynamic wind forces caused by mean and fluctuating 

wind speeds, respectively. Buffeting action on a long-span bridge is a random 

vibration caused by fluctuating winds that appear within a wide range of wind speeds. 

In wind resistance design of a long-span bridge, consideration of the buffeting 

responses is normally dominant in order to determine the size of structural members. 

In addition to buffeting action, the self-excited forces induced by wind-structure 

interaction is also important for predicting the buffeting response of long-span bridges, 

as the additional energy injected into the oscillating structure by self-excited forces 

increases the magnitude of vibrations. To model the action of buffeting wind load, the 

Vortex Shedding Frequency 

Lock-in Region 

Structural Natural 
Frequency 

Frequency 

Flow Velocity 
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buffeting forces resulting from turbulent wind and the self-excited forces due to the 

wind-bridge interaction should be taken into account. The buffeting response 

prediction can be performed in both the frequency domain and in the time domain 

[13].  

The quasi-steady buffeting theory assumes that the wind loads are fully 

correlated along the bridge span. Such an assumption can only be satisfied when the 

turbulence has a larger scale than the bridge width, otherwise the incomplete span-

wise correlation should be taken into account when modelling buffeting forces. 

Davenport used aerodynamic admittance functions to represent the span-wise 

correlation of wind loads. The buffeting lift force can be written as: 

2 '1 2 ( )
2 u wb L L L D L

u wL V B C C C
V V

ρ χ χ = + +  
                       (2) 

where ρ  is the air density, V  is the mean velocity, B is the deck width, u and w are 

the wind horizontal and vertical turbulence component as a function of space and time. 

CL and CD are the lift and drag static coefficients respectively. CL’ is the derivative of 

the lift coefficient with respect to angular displacement. 
uLχ  and 

wLχ  are the 

aerodynamic admittance functions, which are functions of the reduced frequency and 

dependent on the geometrical configuration of the cross section of the bridge deck. To 

determine the aerodynamic admittance function, one conventional way is to compare 

measured wind spectra and buffeting force spectra and then obtain the empirical 

aerodynamic admittance functions. However, for numerical analysis without actual 

test measurements, Sear’s function can be adopted.  
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 In calculation for the bridge displacement response for a single-mode 

buffeting, basic assumptions are drawn. The eigen-frequencies are well spaced out on 

the frequency axis; the cross sectional shear center is assumed to coincide with the 

centroid; and there are no other significant source of mechanism or flow induced 

coupling between the three displace components (horizontal, vertical or torsional). 

 The response spectra is given by  

223
'

2

( )( , ) ( ) ( ) ( )
2z

w
r r z R L w z z

z z w

SB VS x x C I H J
m B

ωρω ϕ ω ω
ω σ

  
 =  
   

 



     (3) 

Integrating across the entire frequency domain, the response standard 

deviation is obtained: 

1 223 2' 2
2

0

( )( ) ( ) ( ) ( )
2z

w
r r z R L w z z

z z w

SB Vx x C I H J d
m B

ωρσ ϕ ω ω ω
ω σ

∞  
=   

   
∫
 



  (4) 

where  ( )z Rxϕ is the mode shape function;  

            zm  is the modal mass;  

            Iw is the turbulence intensity;  

zω is the frequency;  

( )zH ω


is the frequency response function;  

2

( )w

w

S ω
σ

is the turbulent wind autospectral density; and   
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2 ( )zJ ω


is the non-dimensional joint acceptance function which is a function of 

root coherence which defines the statistical dependency between the turbulent wind 

components at two different points.  

  exp xfcoh C
V
∆ = − 

 
  where C is the decay factor.              (5) 

 

2.3 Turbulent Wind 

Wind velocity fluctuations can significantly influence the wind flow around a 

structure and therefore the wind-induced forces. The flow fluctuations produce 

dynamic effects in flexible structures such as long span bridges. Wind turbulence is 

expressed in turbulence spectra, and it has two parameters, the turbulence intensity 

and the integral length scale. 

At a certain reference point, usually the point at which the structure under 

investigation is located, it is assumed that ( ) ( )U t V u t= + , V is the mean wind 

velocity and that the turbulence components ( )u t , ( )v t and ( )w t are stationary and 

have zero mean values.  

 

Fig 3. Wind component 

 

w(t) 

u(t) 

v(t) 

V 

- 
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2.3.1 Turbulence Spectral Density 

Spectral densities represent the frequency properties for the turbulence 

components. There are two widely used spectra, the Kaimal and the Von Karman 

Spectra. For this research, the latter is utilized. According to Petersen et al. (1998), 

the Von Karman spectrum gives a good description for turbulence in wind tunnels, 

although the Kaimal spectrum may give a better fit to empirical observations at 

atmospheric turbulence. Nevertheless the Von Karman spectrum is often used for 

consistency with analytical expressions for the correlations. Von Karman Spectra 

contains the length scale that require fitting to the relevant data. 

( )
( )

2

11 62 2

4 1 755.2( )

1 283.2

w ww

w w

f ff S f

fσ

× × + ××
=

+ ×

 

                         (6) 

w wf f L V= ×


                                            (7) 

2
nσ  is the wind variance, nL  is the turbulence length scale and V is the wind velocity. 

 

2.3.2 Turbulence Intensity 

Turbulence intensity is perhaps the simplest descriptor of atmospheric 

turbulence. Turbulence intensity is the standard deviation of the wind speed 

component divided by average wind speed over some time period, typically over 10-

minute period. If the wind fluctuates rapidly, then the turbulence intensity will be high. 
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Near laminar wind flows give low turbulence intensity. The average wind speed is 

defined as: 

0

1lim
T

T
V Vdt

T→∞
= ∫                                                  (8) 

and the turbulence intensity: 

w
wI

V
σ

=                                                      (9) 

 

2.3.3 Turbulence Length Scale 

The velocity fluctuations in a flow passing to a certain point may be considered 

to be caused by a superposition of conceptual eddies transported by the mean wind. 

Integral length is a physical quantity describing the size of the large energy-containing 

eddies.  

The auto covariance functions and corresponding auto covariance coefficients 

of the wind signal in Fig 1 is defined by 

( ) ( ) ( ) ( ) ( )
0

1 T

wCov E w t w t w t w t dt
T

τ τ τ=  +  = +  ∫        (10) 

( ) ( )
2

ovw
w

w

C τ
ρ τ

σ
=                                    (11) 

where τ is an arbitrary time lag.  

The time scale may be interpreted as the average duration of a u, v or w wind 

gust. 
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0

( )w wT dρ τ τ
∞

= ∫                                                (12) 

The corresponding length scale  

( )
0

w wL V dρ τ τ
∞

= × ∫                                          (13) 

The combination of turbulence intensity and length scale determine the shape 

of the power spectral densities. 
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CHAPTER 3 

METHODOLOGY 

 

3.1 Structural Design Laboratory 

This research study was performed at Seoul National University, College of 

Engineering, Department of Civil and Environmental Engineering’s structural design 

laboratory, under the supervision of Professor Kim Ho-Kyung.  

 

3.1.1 Research Field 

Our laboratory covers a wide variety of research fields that aims to better 

understand the behaviour of structures particularly long span bridges. One of the main 

scopes of the laboratory is the wind engineering for long span bridges. This field is 

consists of several past and current research topics such as the following: 

- Frequency/time-domain buffeting analysis 

- Study on extraction methodology of aeroelastic parameters 

- High Reynolds number wind tunnel tests 

- Flow measurement by PIV 

- Design and estimate aerodynamic safety of full model 

- Evaluation of wind environment and design wind speed 

- Estimation of vehicle runnability on a bridge 
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- Active turbulence generator for simulating wind 

The other fields of study are the planning and design of cable-supported bridges 

which covers the development of the analysis design methods and guidelines; 

structural health monitoring and evaluation which concerns about the current status 

of an existing bridge; and lastly the extreme engineering which its main focus is to 

evaluate the performance of materials in extreme conditions. 

 
Fig 4. Seoul National University Wind Tunnel Facility 

 

3.1.2 Wind Tunnel Facilities 

The wind tunnel is a Le Cachalot type with sample section dimensions of width 

1.0m x height 1.5m x length 4.0m and maximum wind speed of 23m/s. The wind 

tunnel is located in the first floor of building 35. The wind tunnel facility is composed 

of multiple sub-parts capable of performing different experiments such as the cable 

supported system, harmonic motion exciter, PIV system and the active turbulence 

generator. 
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3.2 Wind Generation 

The wind tunnel facility can produce wind up to 23m/s, with less than one 

percent turbulence at laminar flow. In this study, turbulent winds were simulated in 

the wind tunnel. There are two ways of producing turbulent wind: passive and active 

turbulence wind generation.  

 

3.2.1 Grid-Produced Turbulence (Passive) 

For small wind tunnel, a grid-produced turbulence is used under passive method. 

This method utilizes metal bars arranged in grid formation. The grid-generated 

turbulences have been conveniently utilized in many cases by simulating various 

levels of turbulence intensities. The dominant factors affecting the generated 

turbulence intensities are the size of grid elements, gap distance between elements and 

the distance of the testing point from the grid. Aside from its convenience in usage 

and its inexpensiveness, it can easily be modified to achieve the target intensity. 

Although the target turbulent intensity is achievable, the target turbulent length scale 

and spectra is almost impossible to satisfy all the time. Turbulent length scales are 

relatively very small when using grid.  
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Fig 5. Grid set-up 

 

3.2.2 Active Turbulence Generator (ATG) 

An active turbulence generator (ATG) is composed of active airfoils driven by 

motor. They move in seemingly random vertical motion to produce vertical 

fluctuations. Unlike wind turbulence generated by grid, ATG is very effective in 

producing wind turbulence with target intensity, length scale and spectra. However 

the procedure is not straight forward and equipment are relatively expensive. The 

procedure in producing turbulence wind with the use of ATG has been developed by 

previous students in the laboratory. 

To generate wind turbulence using ATG, target power spectra was determined. 

This was done by knowing the target turbulence intensity and turbulence length scale 

based on actual bridge site conditions. The target wind velocity was also determined 
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by preliminary tests. Having these target parameters and following Von Karman 

spectra (Eq 6), a target curve was generated. The next step was the generation of 

simulated wind time history by the use of Eq 14 and Eq 15. In the process, a random 

phase angle was considered, therefore for each certain target spectra, it could generate 

infinite number of distinct wind time histories.  

2

( )
2

k
w k

cS ω
ω

=
∆                                                (14) 

1
( ) cos( )k k k

k
x cτ ω τ θ

∞

=

= +∑  where kθ is set as random      (15) 

The generated time history was converted into motor angle signal for airfoil 

motion. Due to the limitation of the wind tunnel facility, plates that generate horizontal 

turbulence was not available. For this research, there was no arbitrary value for 

turbulence parameters along horizontal direction. In addition, it did not follow the Iu 

= 0.5Iw relation. However, the values of the parameters (e.g. Iu and Lx,u) were found 

to be relatively constant. 

After the motor signal was inputted to ATG for airfoil’s vertical motion, wind 

time history was measured with manometer for mean wind speed and hot-wire 

anemometer for wind fluctuations. Consequently, the power spectral density of the 

measure wind was calculated and compared to the target spectra. For unmatched cases, 

modification function, Eq 16, was multiplied to the wind power spectral density and 

then inverse FFT was performed to get the modified wind time history.  Also, the wind 

time history was again converted into motor angle for airfoil’s motion. The process 
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was repeated for several cycles (usually around 7-8 times) until the wind spectra 

matched the target. To better illustrate this process, a flow chart is shown in Fig 7. 

target
measured

w

w

SMF S=                                    (16) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig 6. ATG set-up 
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Fig 7. Wind generation by ATG 
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CHAPTER 4 

EXPERIMENT SET-UP 

 
4.1 Bridge Model 

The target bridge is a continuous asymmetric cable-stayed bridge. It adopts a 

single pylon and a single plane of stay cables. The girder of the bridge consists of twin 

steel deck for the center span and two separated pre-stressed concrete decks for 

approaching spans. Although the current constructed section does not exhibit 

excessive vortex-induced vibration due to bridge modifications (Hwang, et al. 2016), 

during the early stage of the design, the initial section exhibited a very significant VIV 

when subjected to wind. For the purpose of this research study, the original section 

was utilized. 

The initial bridge section’s dimensions are 41 meters width (17.5 meters for 

each deck and 6 meters gap) and 4 meters in height. The bridge’s elevation and section 

are shown in Fig 8 and Fig 9. The first vertical and torsional mode of the bridge has a 

natural frequency of 0.64 Hz and 1.30 Hz respectively. Other bridge property details 

are shown in Table 1 in the next section. 
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Fig 8. Bridge Elevation 

 

 

Fig 9. Deck Section 

 

4.2 Test Set-up 

The 1/100 scale section model was made of balsa and with the length of 0.900 

meters and width of 0.410 meters and aspect ratio (length over width) of 2.2. The 

model was mounted on spring as its support. Spring frequency was adjusted to target 

vertical frequency value of 6.0 Hz and torsional frequency of 12.00 Hz. The large gap 

in the frequencies was intentional to avoid coupling of two modes.  

- Bridge scale model = 1/100 

- Bridge natural vertical frequency (prototype) = 0.64 Hz 
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- Bridge natural vertical frequency (model) = 5.859 Hz 

- Time scale Ts = 9.15 

Table 1. Bridge model parameters 

Parameter Prototype Model 
(Measured) 

Length 90.000 m 0.900 m 

Width (total) 41.000 m 0.415 m 

Height 4.000 m 0.041 m 

Mass 30.990 ton/m 3.064 kg/m 

Mass Moment of Inertia 4967.700 ton m2/m 0.04741 kg m2/m 

Natural Freq. Vertical 0.640 Hz 5.859 Hz 

Natural Freq. Torsional 1.299 Hz 12.150 Hz 

Frequency Ratio 2.030 2.074 

 

 For the purpose of having evident vibrations, the damping was set at 

minimum, equivalent to less than 0.18% at vortex-induced vibration vertical 

displacement range.  

Four laser pointers were installed (two on each side) and its corresponding 

target markers to determine the vertical displacement of the bridge section. The 

vertical root-mean square response displacement of the bridge section model for each 

test case was calculated. 
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Fig 10. Section model set up (downstream) 

 
Fig 11. Section model set up (side) 
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4.3 Site Specific Wind Parameters 

The nearest weather station from the site was an international airport weather 

station. The design wind velocity for the structure in completed bridge was 37.33m/s 

at the deck level of 32 meters in a marine environment in terms of 10-minute average 

wind velocity for 100-year return period. The turbulence intensity was derived to be 

equal to Iw=6.4%. For length scale calculations, two reference materials were used 

and compared. The first calculation was based from the “Theory of Bridge 

Aerodynamics” book by Einar N. Strommen. 

0
1

( )u
b

zL L
z

α= ×   1bz z≥ ,   1
12w uL L=                           (18) 

where 0 1100 , 10 , 32 , 0.3bL m z m z m α= = = =  

141.76uL m= 11.81wL m=  

The other reference material, “Wind Effects on Structures”: 

0.4wL z=  where 32z m=   therefor 12.8wL m=             (19) 

The site turbulence length scale along vertical direction was approximated to be equal 

to 13 meters with turbulence intensity of 6.4%. A range of Iw = 2% to 10% and Lw = 

6.5 m to 13 m, and with combination of these values may cover a wide range of 

turbulent properties of natural wind. 

In previous investigation done on this bridge section but in 1/50 scale, the 

vortex-induced vibration was at maximum at prototype wind speed of 23.0 m/s. 

However this value was verified again by initial testing. Following the Strouhal 
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number in Eq 1, the given prototype wind speed was equivalent to wind tunnel wind 

speed of: 

p p m m

p m

D Df f
V V

=     =>    m m
m p

p p

D
D

fV V
f

=     =>    m p s
s

1T
L

V V=     =>   2.10 m/s 

For buffeting response wind tunnel tests, response of the bridge at two wind 

speeds were examined. One was at 37.33 m/s and another at 50.00 m/s in prototype 

scale, equivalent to 3.50 m/s and 4.70 m/s, respectively in the wind tunnel.   

 

4.4 Experiment Cases 

4.4.1 Test Cases for Vortex-Induced Vibration Experiment 

4.4.1.1 Varying Turbulence Length Scale by ATG 

Turbulent winds were generated based on the computed wind parameters in 

section in the previous section. The first part was turbulent winds with constant 

intensity and varying turbulent turbulence length scale. The wind speed was set at 

2.10 m/s and turbulence intensity at 6.4%. The values for turbulence length scales 

were as follows: 4.0m, 8.0m, 13.0m, 16.5m, 27.0m, 33.0m and 40.0m. In the wind 

tunnel, these values were scaled down to 1/100. 
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Table 2. Wind case with varying turbulence length scale (ATG) 

ATG Velocity 
V 

Turbulence 
Intensity  

Iw 

Turbulence Length Scale 
(wind tunnel 

measurements) 
Lw 

ATG-Lw-40 

23.0 m/s 
(2.10 m/s) 6.4 % 

4.0 m 
(0.040 m) 

ATG-Lw-80 8.0 m 
(0.080 m) 

ATG-Lw-130 13.0 m 
(0.130 m) 

ATG-Lw-165 16.5 m 
(0.165 m) 

ATG-Lw-270 27.0 m 
(0.270 m) 

ATG-Lw-330 33.0 m 
(0.330 m) 

ATG-Lw-400 40.0 m 
(0.400 m) 

( ) – wind tunnel values 

 
Fig 12. Wind power spectral density, ATG-Lw-40 
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4.4.1.2 Varying Seed Number by ATG 

Discussed in part 3.2.2, the generation of a simulated wind time history 

considers a random phase angle, Eq 15, thus for a certain single wind spectrum can 

generate infinite number of wind time history. This experiment case, turbulent wind 

were generated with a single wind spectrum, the same turbulence intensity and 

turbulence length scale but with different random seeds for phase angle. The purpose 

of this case was to check the dependency of the bridge’s response to the randomness 

of the simulated wind for a given wind spectral density.  

Table 3. Wind case with varying random number phase angle (ATG) 

ATG Velocity 
V (m/s) 

Turbulence 
Intensity  
Iw (%) 

Turbulence Length Scale 
(wind tunnel 

measurements) 
Lw (m) 

ATG-Seed-1 

23.0 m/s 
(2.10 m/s) 6.4 % 13.0 m 

(0.130 m) 
ATG-Seed-2 

ATG-Seed-3 

ATG-Seed-4 
( ) – wind tunnel values 

4.4.1.3 Varying Turbulence Intensity by ATG 

The effects of turbulence intensity on the bridge’s response were determined 

by generating turbulence wind with constant turbulence length scale but with varying 

turbulence intensity. The turbulence length scale was set to 13m (0.130m in wind 

tunnel) while the intensity values were set to 5.2%, 6.4%, and 8.2%.  
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Table 4. Wind case with varying turbulence intensity (ATG) 

ATG Velocity 
V (m/s) 

Turbulence 
Intensity  
Iw (%) 

Turbulence Length Scale 
(wind tunnel 

measurements) 
Lw (m) 

ATG-Iw-5.2 
23.0 m/s 

(2.10 m/s) 

5.2 % 
13.0 m 

(0.130 m) ATG-Iw-6.4 6.4 % 

ATG-Iw-8.2 8.2 % 
( ) – wind tunnel values 

 

Fig 13. Wind power spectral density, ATG-Iw-5.2 

4.4.1.4 Varying Turbulence Intensity by Grid 

Past experiment cases involved wind generated turbulence by use of ATG. 

However in this case, turbulent winds were generated by the use of grid. Since grid 

method can only generate wind with target turbulence intensity and an arbitrary 
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turbulence length scale, three turbulence wind were generated with various intensity 

and the corresponding turbulence length scale were measured.   

Table 5. Wind case with varying turbulence intensity (Grid) 

Grid Velocity 
V (m/s) 

Target Measured 

Turbulenc
e Intensity 

Iw (%) 

Turbulence 
Length 
Scale 

Lw (m) 

Turbulence 
Intensity 
Iw (%) 

Turbulence 
Length 
Scale 

Lw (m) 

Grid-Iw-3.5 

23.0 m/s 
(2.10 m/s) 

3.5 % 

13.0 m 
(0.130 m) 

3.8 % 1.5 m 
(0.015 m) 

Grid-Iw-6.4 6.4 % 6.6 % 1.6 m 
(0.016 m) 

Grid-Iw-7.5 7.5 % 7.3 % 2.1 m 
(0.021 m) 

( ) – wind tunnel values 

 

 

 

 

 

 

 

 

 

Fig. 14 Wind power spectral density, Grid-Iw-6.4 
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Fig 14 demonstrates a different measured wind spectra from target spectra 

showing the disadvantage of using grid in generating turbulent wind. It can only 

achieve the target turbulence wind intensity but not the turbulence length scale. 

 

4.4.2 Test Cases for Buffeting Test 

4.4.2.1 Wind Tunnel Experiment 

Turbulent winds were generated at two wind speeds: 37.3 m/s and 50.0 m/s, 

corresponding to 3.5 m/s and 4.7 m/s in wind tunnel. For each wind speed, three 

turbulent winds were generated with constant turbulent intensity and varying 

turbulence length scales. 

 Table 6. Wind case with varying turbulence length scale (ATG) 

 Velocity 
V (m/s) 

Turbulence 
Intensity  
Iw (%) 

Turbulence 
Length Scale  

Lw (m) 

Exp-Iw37-Lw-7.5 

37.3 m/s 
(3.5 m/s) 

6.4 % 

7.5 m 
(0.075 m) 

Exp-Iw37-Lw-17.5 17.5 m 
(0.175 m) 

Exp-Iw37-Lw-40.0 40.0 m 
(0.400 m) 

Exp-Iw50-Lw-7.5 

50.0 m/s 
(4.7 m/s) 

7.5 m 
(0.075 m) 

Exp-Iw50-Lw-17.5 17.5 m 
(0.175 m) 

Exp-Iw50-Lw-40.0 40.0 m 
(0.400 m) 

( ) – wind tunnel values 
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4.4.2.2 Numerical Calculation 

In the numerical calculation, an in-house software developed by Professor Kim 

Ho-Kyung was utilized. In the input parameters such as the deck elevation, damping 

and turbulence wind, the values were matched to the experimental set-up. However, 

there were parameters that were not determined in the experiment and assumptions 

were made in the numerical analysis such as the admittance function and the 

coherence of wind fluctuations. For the purpose of having a numerical bridge response 

estimate for buffeting, the admittance function was set at unity and another case using 

Sear’s function: 

( ) ( )
2

21 2
w
L

a
a a

ξχ ξ
π ξ πξ

+
=

+ + +
   where a=0.1811, n B Uξ π=     (20) 

 The correlation decay factors considered were set at 0, which means that the 

wind along the span of the bridge was highly correlated; and set at 8 for cases of very 

low wind correlation. 
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CHAPTER 5 

EXPERIMENT RESULTS 

 
5.1 Bridge Response – Vortex-induced vibration 

5.1.1 Effect of turbulence length scale 

The bridge section model was tested for vortex-induced vibration under laminar 

and turbulent flow. Fig 15 shows the velocity in real time against displacement in real 

scale. For laminar condition, the amplitude is maximum at 21.3 m/s with RMS vertical 

displacement value of 324 mm. For turbulent condition, three turbulent winds were 

tested for a certain velocity range near the peak of laminar to determine the location 

of the peak vertical displacement. Results show the location displacement at peak 

point moved to higher velocity of around 23.5 m/s.  

 
Fig 15. Velocity – Displacement under different turbulence length scale (I) 
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The rest of the turbulent wind cases under section 4.4.1.1 were tested only at 

peak wind velocity of 23.0 m/s. Fig 16 shows the velocity-displacement graph and 

Fig 17 shows the relationship of the turbulence length scale with respect to vertical 

displacement amplitude which is expressed in terms of the ratio of RMS of the data 

and the RMS under laminar condition. 

 
Fig 16. Velocity – Displacement under different turbulence length scale (II) 

 
Fig 17. Bridge response under different turbulence length scale 
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 Bridge responses were observed to have almost similar displacement 

responses for different turbulence length scales except for turbulence length scale 

equal to 4.0 meters which had a response displacement value of 281mm which is 87% 

of the peak under laminar flow.  The rest of the length scale were clustered within the 

range of 252mm to 268mm, or 78% to 82% of the peak under laminar condition. 

 

5.1.2 Effect of random seeding 

The bridge model was subjected to wind tunnel tests under single turbulent 

wind spectra with four random wind seeds: Seed 1, 2, 3 and 4. The bridge model 

response is shown in Fig 18 in terms of velocity displacement graph and Fig 19 in 

terms of RMS ratio under turbulent and laminar wind.  

 
Fig 18. Velocity – Displacement under different random seeds 
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Fig 19. Bridge response under different random seeds 

 Bridge response’s was clustered around 80% of the peak under laminar 

condition.  

 

5.1.3 Effect of turbulence intensity by ATG 

The bridge was tested under different turbulence intensity: 5.2%, 6.4% and 

8.4%, by the use of active turbulence generator. The response of the bridge under 

these wind cases is shown in Fig 20. Fig 21 shows the relationship between turbulence 

length scale and bridge response.  
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Fig 20. Velocity – Displacement under different turbulence intensity (ATG) 

 
Fig 21. Bridge response under different turbulence intensity by ATG 
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5.1.4 Effect of turbulence intensity by Grid 

Similar with section 5.1.3, the bridge section model was tested under different 

turbulence intensity, however in this case, under grid set-up. The bridge was tested at 

turbulence intensities 3.8%, 6.6% and 7.3%. The bridge response results are shown in 

Fig 22 and Fig 23. 

 
Fig 22. Velocity – Displacement under different turbulence intensity (Grid) 

 
Fig 23. Bridge response under different turbulence intensity by grid 
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 At turbulence intensity equal to 3.8%, the bridge response was recorded 

to be equal to 310mm which is 96% of the peak response under laminar 

condition. For 6.6% and 7.3%, the bridge responses were 262mm and 248mm, 

respectively. Also the peak response under laminar wind ratio were at 81% and 

77%, respectively.   

 

5.2 Bridge Response – Buffeting 

5.2.1 Effect of turbulence length scale 

The buffeting bridge response under different turbulence length scale was 

performed. Three turbulence length scales were performed at two wind speeds 

(turbulence length scales 7.5m, 17.5m and 40.0m at wind speeds 37.3m/s and 50m/s). 

 
Fig 24. Buffeting response under different turbulence length scale 
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 Fig 24 shows the response of the bridge model with respect to velocity. At 

37.3m/s, the response amplitudes for turbulence length scales 7.5m, 17.5m and 40.0m 

were 41.6mm, 36.7mm and 29.0mm respectively; while for wind velocity of 50.0m/s, 

the response amplitudes were 79.2mm, 57.2mm and 45.6mm, respectively. 
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CHAPTER 6 

DISCUSSION 

 
6.1 Effects of turbulence length scale on vortex-induced vibration 

The experimental results showed the influence of turbulence length scale on the 

bridge response of the bridge. The test results were clustered around 80% except for 

turbulence length scale of 4.0m which was at 87%. The test results did not show clear 

trend on the displacement response indicating that turbulence length scale has 

probably no effect on the vortex-induced response of the twin-deck bridge. This result 

is consistent with the findings in M. Kawatani having several stream lined bridge 

single deck sections subjected to different turbulent wind with different vertical 

turbulence length scale.  

The randomness of the phase angle of the wind time history was a non-factor 

as the results shown in Fig 19, the displacement responses for different seeds were all 

similar. This test verified that having different wind time history but the same wind 

spectra gives similar results. 

With the initial results of having a turbulence length scale a non-factor in the 

bridge’s vortex-induced response, the bridge section model was tested with different 

turbulence intensities under active turbulence generator and grid. As discussed in 

chapter 3, the difference between these two turbulence generating methods is its 

capability to achieve target turbulence length scale. Therefore it is expected to have 
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similarities in the displacement results between the two methods. Fig 21 and Fig 23 

show a similar downward trend for the bridge’s vortex-induced response. As the 

turbulence intensity increased, the bridge response amplitude decreased. Clearly, the 

turbulence intensity had a significant effect on the bridge response. Combining the 

results under grid and ATG method, as shown in Fig 25, the results under these two 

methods demonstrated similarities in the response amplitude as well as the response 

trend. At turbulence intensity close to 6.5%, the response values were almost the same 

even with different turbulence length scale. With this wind tunnel experiment results, 

turbulence length scale did not directly affect the bridge model response.  

 
Fig 25. Bridge amplitude response, combined ATG and grid 

 

6.2 Effect of turbulence length scale on buffeting response 

The wind tunnel experiment for buffeting response demonstrated the influence 

of turbulence length scale on the bridge’s response. As the turbulence length scale 

0

0.2

0.4

0.6

0.8

1

3 4 5 6 7 8 9

RM
St

ur
b/

RM
Sl

am

Turbulence Intensity (%)

ATG Grid



44 

 

increased, bridge response decreased for both wind speeds of 37.3m/s and 50m/s. The 

difference between the bridge’s responses of these two wind speeds was the 

displacement magnitude, having the 50m/s wind speed with higher displacement 

response than that of 37.3m/s wind speed.  

 

6.2.1 Bridge buffeting response by numerical analysis 

Numerical analysis was performed by the use of an in-house program Buffet3. 

The main parameters for this analysis were the correlation decay factor and the 

admittance function. The correlation decay factor was set at zero for very high wind 

correlation along the bridge longitudinal span, and eight for long correlation. For the 

admittance function, a unit function which means the admittance function values for 

all frequencies were set to one was utilized as well as Sear’s function.  

 

Fig 26 Turbulence length scale on buffeting response, V=37.3m/s 
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Fig 27 Turbulence length scale on buffeting response, V=50.0m/s 
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wind tunnel tests must be performed to determine the more precise admittance 

function for the given twin-deck bridge section model.  

The wind tunnel tests and the numerical analysis tend to have differences in the 

resulting values. These discrepancies might be derived from the inaccuracy and 

probably some experimental impreciseness in the wind tunnel tests. Also, in the wind 

tunnel analysis, it considered the whole bridge whereas in the experiment, only a small 

portion of the deck. Regardless of the differences in the magnitudes between 

experimental and numerical for all wind cases, as the turbulence length scale increased, 

the bridge displacement response decreased. 
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CHAPTER 7 

CONCLUSION 

 
Based on the wind tunnel experiments done on the twin-deck bridge section 

model under various turbulent wind cases, the following conclusions can be made. 

1. Turbulent winds were generated with properties similar to that of natural 

wind with the use of an active turbulence generator. 

2. Turbulent winds were also generated by use of grid, however target 

turbulence length scale was not achieved demonstrating the disadvantage 

of using the grid for generating turbulent wind. 

3. Vortex-induced response of the twin deck bridge section model was not 

affected by the randomness of the phase angle of the wind time history. 

4. Vortex-induced response of the twin deck bridge section model was 

affected by the turbulence intensity. For a given constant turbulence length 

scale, as turbulence intensity was increased, the bridge vertical 

displacement response decreased. 

5. For a given constant turbulence intensity, the turbulence length scale did 

not show any effects on the vortex-induced response of the twin deck bridge 

section model. 
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6. The change in turbulence length scale influenced the buffeting response of 

the bridge model. An increased in turbulence length scale decreased the 

buffeting response amplitude of the bridge. 

7. Discrepancies between experimental and numerical results were observed. 

The numerical results were parameter-input dependent. The correlation 

decay factor and the admittance functions considered were assumptions and 

did not necessarily demonstrate the aerodynamic property of the test bridge 

section. Therefore further wind tunnel tests must be performed to determine 

these aerodynamic parameters. 

8. Based on the findings, for vortex induced vibration, the turbulence length 

scale was not the major factor, therefore both grid generated wind and wind 

produced by active turbulence generator could be used to test the bridge 

model. However buffeting response was affected by the change of length 

scale, active turbulence generator was appropriate for buffeting test. 
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