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1. Introduction 
 

Many innovative long-span cable-stayed and suspension 

bridges have been built or planned in recent years. These 

long span bridges are usually related to bridges with a main 

span length of approximately 1000 m or longer. The 

maximum span cable-stayed bridge that has been reached, 

up to now, is Russky Island Bridge with a main span of 

1104 m located in Vladivostok in Russia, while the 

maximum span suspension bridge that was ever built is the 

Akashi Kaikyo Bridge in Japan, with a mains span of 

1990m. For these long-span bridges, the flexibility is high, 

and the first natural frequency is about 0.1 Hz or lower. In 

this regard, these long-span bridges are sensitive to the wind 

action and the wind action becomes the major problem in 

their overall design. Buffeting is an important stochastic 

vibration induced by the wind and it is indispensable for the  
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wind resistance design of long-span bridges (Chen et al. 

2009). Scientists and engineers are thus playing more and 

more attention to the accuracy prediction of the buffeting 

response.   

The traditional buffeting analysis of long-span bridges 

has been performed for almost 50 years. Davenport first 

presented the framework for buffeting analysis of long-span 

bridges by introducing the theory of statistics and stochastic 

vibration (Davenport 1962). Scanlan then introduced flutter 

derivatives into the buffeting analysis to account for the 

self-excited forces (Scanlan 1978). After the endeavors of 

the predecessors for decades, the effects of multi-modes and 

inter-mode coupling can now be analyzed with fully-

coupled 3D buffeting analysis methods (Jain et al. 1996, Xu 

et al. 2000, Chen and Kareem 2002, Tubino and Solari 

2007). In the recent decades, some new models of 

aerodynamic admittances, used to consider the unsteady 

effect of buffeting forces, were proposed and some new 

understandings about the aerodynamic admittances were 

achieved, i.e., the concept of 3D aerodynamic admittances 

(Costa 2007, Han et al. 2010, Ma et al. 2019, Li et al. 

2019). The non-stationary buffeting responses of long-span 

bridges can be predicted or evaluated based on the force 

parameters from stationary wind (Hu and Xu, 2013; Chen, 

2019). In order to analyze the fatigue of long-span bridges 

induced by buffeting response, the characteristics of 

distributed aerodynamic forces on bridge decks were  
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Abstract.  In the traditional buffeting response analysis method, the spanwise incomplete correlation of buffeting forces is always 

assumed to be same as that of the incident wind turbulence and the action of the signature turbulence is ignored. In this paper, three typical 

bridge decks usually adopted in the real bridge engineering, a single flat box deck, a central slotted box deck and a two-separated paralleled 

box deck, were employed as the investigated objects. The wind induced pressure on these bridge decks were measured via a series of wind 

tunnel pressure tests of the sectional models. The influences of the wind speed in the tests, the angle of attack, the turbulence intensity and 

the characteristic distance were taken into account and discussed. The spanwise root coherence of buffeting forces was also compared with 

that of the incidence turbulence. The signature turbulence effect on the spanwise root coherence function was decomposed and explained by 

a new empirical method with a double-variable model. Finally, the formula of a sum of rational fractions that accounted for the signature 

turbulence effect was proposed in order to fit the results of the spanwise root coherence function. The results show that, the spanwise root 

coherence of the drag force agrees with that of incidence turbulence in some range of the reduced frequency but disagree in the mostly 

reduced frequency. The spanwise root coherence of the lift force and the torsional moment is much larger than that of the incidence 

turbulence. The influences of the wind speed and the angle of attack are slight, and they can be ignored in the wind tunnel test. The spanwise 

coherence function often involves several narrow peaks due to the signature turbulence effect in the high reduced frequency zone. The 

spanwise coherence function is related to the spanwise separation distance and the spanwise integral length scales, and the signature 

turbulence effect is related to the deck-width-related reduced frequency. 
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investigated via a series of pressure measurement wind 

tunnel tests (Argentini et al. 2012, Zhu and Xu 2014). Thus, 

the stress-level buffeting analysis framework was proposed 

according to the distributed pressure around the bridge deck 

(Zhu and Xu 2016). In addition, buffeting response analysis 

of the long-span bridges under the construction stage was 

conducted and validated by the wind tunnel tests (Choi and 

Kim 2008, Won et al. 2008, Li et al. 2014). 

However, in the traditional buffeting analysis approach, 

only the action of the incident wind turbulence is taken into 

account, and the behavior of the spanwise incomplete 

correlation of the buffeting forces is always assumed to be 

the same as that of the incident wind turbulence. In fact, 

many recent fruits and test results obtained by various 

researchers show that the spanwise correlation of the 

buffeting forces are much better than that of the incident 

wind turbulence (Jakobsen 1996, Larose 1997, Xu 2006). 

Some empirical formulas have been fitted and proposed via 

the wind tunnel tests and field measurements (Irwin 1977 

Davenport et al. 1992, Hjorth-Hansen et al. 1992, Sankaran 

and Jancauskas 1993, Miyata et al. 2002). Moreover, in 

order to develop the framework of the stress-level buffeting 

analysis, the spanwise root coherences of the wind-induced 

pressures on the surface of bridge decks were reconstructed 

based on the method of POD (Tan et al. 2018). 

Nevertheless, the research regarding spanwise incomplete 

correlation of buffeting forces is still unclear and 

incomplete. This is especially true for the influence of 

signature turbulence on the spanwise correlation behaviors 

of buffeting forces on bluff body bridge girders, which has 

rarely been investigated and reported up to now.  

In connection to this, the single flat box deck employed 

in the third Nanjing Bridge over the Yangtze River, the 

central slotted box deck adopted in the Shanghai Bridge 

over the Yangtze River, and the two-separated paralleled 

box deck used in the Tanggu Bridge over the Hai River 

were taken as examples to investigate the characteristics of 

the spanwise correlation of the buffeting forces in this 

study. A series of wind tunnel pressure tests were conducted  

 

 

 

via the sectional model in order to measure the wind-

induced pressure on the bridge girders. In the wind tunnel 

tests, some possible influence factors were taken into 

account, such as the wind speed, the angle of wind attack, 

the wind turbulence intensity and the distance between 

cross sections of bridge girder. Afterward, by comparing the 

measurement results, the spanwise coherence characteristics 

of the buffeting forces were carefully analyzed and 

discussed. Finally, the signature turbulence effect was 

explained and discussed within a new analysis empirical 

model, and a double-variable model for the spanwise 

coherence of buffeting force was proposed. 
 

 

2. Information of selected bluff body decks 

 

2.1 The third Nanjing Bridge over the Yangtze River 
 

The third Nanjing Bridge over the Yangtze River, 

located in Nanjing, Jiangsu province, China, is a two cable-

plane cable-stayed bridge with a single flat box deck 

carrying dual three-lane highway traffic. The bridge is with 

a main span of 688 m and the typical cross section of the 

bridge deck in the main span is shown in Fig. 1. In this 

article, the cross section of the third Nanjing Bridge in main 

span, taken as the first investigated sample, is a typical 

single flat box deck which with 37.2 m in width and 3.2 m 

in height. 

 

2.2 Shanghai Bridge over the Yangtze River 
 

The Shanghai Bridge over the Yangtze River, located in 

Shanghai, China, is also a two cable-plane cable-stayed 

bridge carrying dual three-lane highway traffic. The bridge 

has a main span of 730 m, and its bridge deck in the main 

span is a central slotted box, which is shown in Fig. 2. The 

cross section of Shanghai Bridge in main span, taken as the 

second investigated sample, is with 51.5 m in width and 4.0 

m in height. 

 
Fig. 1 Typical cross section of the third Nanjing Bridge in the main span (Unit: m) 

 
Fig. 2 Typical cross section of Shanghai Bridge in the main span (Unit: m) 
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2.3 Tanggu Bridge over the Hai River 
 

The Tanggu Bridge over the Hai River, located in 

Tianjin, China, is composed of an existing bridge and a new 

constructed bridge. Both are two cable-plane cable-stayed 

bridges with single main towers and with main spans of 310 

m. The layout of the old and new Tanggu Bridges is 

depicted in Fig. 3. The two bridges are similar in layout, 

including a semblable tower, the relatively same elevation 

of the bridge deck in the main span, the closely breadth of 

cross sections, etc. The typical cross section of the old 

bridge is a full-closed box and that of the new bridge is a 

semi-closed box. The distance between the two centers of 

main girders is about 35 m which is close to the width of 

two decks. The typical cross sections of the Tanggu Bridge 

are shown in Fig. 4, which are taken as the third 

investigated sample for the two-separated paralleled box 

girders. 

 

 
 
3. Description of wind tunnel tests 

 

3.1 Pressure-tapped sectional deck models 
 

The spanwise correlations of the buffeting forces acting 

on the bridge decks were investigated with pressure 

synchronous measurement technique via the wind tunnel 

tests. All pressure measurements were conducted on a serial 

of motionless sectional deck models that represented the 

three typical deck geometries of the bridge girders 

mentioned above. As for the single flat box deck, the 

sectional model was 2.5 m in length with a length scale of 

1:70 (see Fig. 5(a)). There were 67 pressure taps installed 

on the surface of the bridge deck and distributed uniformly 

in each section of the sectional model, and there were 469 

pressure taps in the whole model in total. 

The central portion of the model, which was 0.487 m  

 

Fig. 3 Layout of the old and new Tanggu Bridges (Unit: m) 

 
Fig. 4 Typical cross sections of the Tanggu Bridge in the main spans (Unit: m)) 

 
(a) Position and number of pressure-taps 

 
(b) Distribution of pressure-tapped strips 

Fig. 5 Pressure strips and taps on the single flat box girder (Unit: mm) 
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away from both end plates of the sectional model on each 

side, was installed with seven pressure-tapped strips in 

order to measure time-histories of the surface pressures 

acting on the deck. The distribution of the pressure-tapped 

strips on the sectional deck model is depicted in Fig. 5(b). 

The strips were spaced at 1/8, 1/4, 1/2, 1/2, 1/2 and 1 times 

the chord length of the box, which was 0.531 m. In all, there  

 

 

 

were 12 kinds of representative distances considered in the 

test, namely, 1/8, 2/8, 3/8, 4/8, 6/8, 7/8, 8/8, 10/8, 12/8, 

16/8, 20/8, and 23/8 times the chord length of the box. 

Fig. 6 shows the position of the pressure taps and the 

distribution of the pressure-tapped strips for the central 

slotted box deck model. This motionless sectional model 

was 2.872 m in length with a length scale of 1:70. There 

 
(a) Position and number of pressure-taps 

 
(b) Distribution of pressure-tapped strips 

Fig. 6 Pressure strips and taps on the central slotted box girder (Unit: mm) 

 
(a) Position and number of pressure-taps 

 
(b) Distribution of pressure-tapped strips 

Fig. 7 Pressure strips and taps on the two-separated paralleled box girder (Unit: mm) 
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were 49 pressure taps in the windward portion and another 

49 pressure taps in the leeward portion in every section of 

the sectional deck model. In order to measure the surface 

pressure precisely, more pressure taps were disposed at the 

corner of the box (see Fig. 6(a)). The central portion of the 

model, which was 0.379 m away from both end plates of 

the sectional model, was installed with seven pressure-

tapped strips. In the same way as the single flat box 

sectional deck model, the strips were spaced at 1/8, 1/4, 1/2, 

1/2, 1/2 and 1 times the chord length of the box, which is 

0.735 m. Therefore, there were also 12 kinds of typical 

distances considered in the test, which were the same as 

those of the single flat box sectional deck model. 

Fig. 7 shows the position of the pressure taps and the 

distribution of the pressure-tapped strips for the two-

separated paralleled box deck model. This sectional model 

was composed of a full-closed box and a semi-closed box,  

 

 

 

both of which were 2.830 m in length with a length scale of 

1:60. There were 60 pressure taps in every section of the 

full-closed box model and 84 taps in every section of the 

semi-closed box model. The details of the pressure tap 

distribution can be found in Fig. 7(a). The distance between 

the central of the windward and leeward boxes was kept at 

0.583 m. The central portion of the model, 0.880 m away 

from the left end plate of the model and 0.886m away from 

another side, was 1.064 m in length and 8 pressure-tapped 

strips were installed in that portion. The strips were spaced 

at intervals of 1, 1, 2, 4, 8, 16, and 24 times characteristic 

width. It is usually considered that the correlation 

coefficient of buffeting forces equals to 1 when the distance 

is less than the integral length scale of the wind turbulence. 

According to this, the spanwise distance between two 

nearest pressure-tapped strips was designed as small as 

possible. In this test, the smallest spanwise distance was  

  
(a) Open ocean fetch (T.I. =6%) (b) Inshore or lakeshore fetch (T.I. =10%) 

  
(c) Rural or suburb area (T.I. =15%) (d) Urban or downtown area (T.I.=20%) 

Fig. 8 Wind tunnel simulation of turbulent fields (Unit: mm) 

  
(a) Testing along the Z direction (b) Testing along the Y direction 

Fig. 9 Spanwise coherence measurements of incoming turbulent winds in TJ-2 
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0.019 m in which two strips could be installed and selected 

as the characteristic width. Therefore, there were 14 kinds 

of separated distances considered in the test, which were 1, 

2, 3, 4, 6, 7, 8, 12, 14, 16, 24, 40, 48, and 56 times 

characteristic width. 
 

3.2 Simulation of turbulence wind field 
 

Turbulent wind flow fields were simulated with 

horizontal and vertical wood fences at 4.2 m upstream of 

the model (see Fig. 8). Four uniform turbulent flow fields 

were simulated, and they represented the four sites at which 

the real bridge could be located. The target values of the 

turbulence intensities (T.I.) were calculated according to 

atmospheric boundary layer at the heights of 50-70 m. The 

field with a T.I. of 6% represents an open ocean fetch, the 

field with a T.I. of 10% represents an inshore or lakeshore 

fetch, the field with a T.I. of 15% represents a rural or 

suburb area and the field with a T.I. of 20% represents a 

crowded downtown area. More details of the simulated 

turbulent fields are summarized in Section 5.1. 

 

 
 

3.3 The measurement setup of incoming turbulent 
winds 
 

The spanwise correlation measurements of incoming 
turbulent winds were conducted by the 2D Streamline 
Hotwire system which is produced by DANTEC company, 
Denmark. Two separate 2D hotwire probes, which can be 
used to measure the wind speed components of u and v or u 
and w at one record, were employed to measure the wind 
speeds of two positions simultaneously. Probe No.1 was 
fixed at a constant position in a test and probe No.2 changed 
its positions in each measurement and kept different 
distances to the fixed probe No.1.  

The distances between two probes during the wind 

tunnel tests were illustrated in Table 1. Considering that the 

models of wind pressure tests might be vertically and 

horizontally installed in different cases, the wind speeds of 

vertical and horizontal profiles were investigated separately. 

While testing the vertical profile, probe No.1 was at the 

position, with a height of 68.8 cm to the wind tunnel bottom 

and a distance of 150 cm to one side wall of the wind 

Table 1 Distances between two hotwire probes and wind tunnel walls (Unit: cm) 

Between two probes 10 15 20 30 40 50 100 

To the bottom wall 58.6 53.6 48.6 98.6 108.6 118.6 168.6 

To the side wall 55.5 50.5 45.5 95.5 105.5 115.5 165.5 

  
(a) Model for the single flat box deck (b) Model for the central slotted box deck 

 
(c) Models for the two-separated paralleled box deck 

Fig. 10 Sectional deck models in TJ-2 wind tunnel 
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tunnel, and probe No.2 had the same coordinates at X and Y 

axes as those of the fixed probes. While testing the 

horizontal profile, probe No.1 was at the position, with a 

height of 125 cm to the wind tunnel bottom and a distance 

of 65.5 cm to one side wall, and the probe No.2 had the 

same coordinates at X and Z axes as those of the fixed 

probes. The experimental data of incoming wind speeds had 

a sample length of 34,816, and a sampling frequency of 400 

Hz. The setup of two hotwire probes in the wind tunnel are 

depicted in Fig. 9. 

 

3.4 Information of wind tunnel tests 
 

Fig. 10 shows the pressure-tapped sectional model 

mounted in TJ-2 wind tunnel in Tongji University and the 

location of the Pitot tube and cobra probe that were used to 

calibrate the mean wind speed and record the transient 3D 

turbulences, respectively. Two metal fixation systems were 

used to mount the sectional model. One system mounted the 

sectional model vertically which was used for the wind 

tunnel test of the single flat box deck (see Fig. 10(a)). The 

bottom end of the model was connected to a circle steel 

plate that was fixed on the rotatable plate to change the 

angle of wind attack. A rotatable steel axis and square steel 

were installed in the top end of the model. Therefore, the 

model can rotate but not move. 

Another metal fixation system mounted the sectional 

model horizontally. This system was used for the wind 

tunnel test of the central slotted box deck and the two-

separated paralleled box deck (see Fig. 10(b) and 10(c)). 

Two aluminum plates were fixed at the two ends of the 

sectional model and allowed to rotate by fixing different 

screws to the square steel. All the models were further 

stabilized with guy wires to avoid vibration. 

Pressure tests were conducted in four types of turbulent 

wind flow fields at two wind speeds of 8 and 12 m/s with -

3°,0°, and 3°wind attack angles. Additional tests were 

conducted in a smooth flow field at wind speed of 12 m/s 

with -3°,0°and 3°wind attack angles. The time-histories of 

the aerodynamic pressures from the pressure-taps were 

acquired and collated simultaneously. The time-histories of 

the buffeting forces were obtained by integration of the 

aerodynamic pressures. The time-histories of 3D wind 

speeds were also simultaneously recorded by the cobra 

probes along with the pressure measurements. 

 

 

4. Aerodynamic force on a bridge deck 
 

4.1 Formulation of the quasi-steady aerodynamic 
force 

 

In the pressure tests, the pressure on the surface of 

bridge deck was measured through the pressure-taps. 

Therefore, the aerodynamic force can be obtained from the 

integration of wind pressure. The aerodynamic force per 

unit length can be calculated as the integration of the 

distributed aerodynamic pressures on a pressure-tapped 

strip as  

 

Fig. 11 Wind axes and pressures on the section outline 
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(3) 

where Fk,b(t) (k=L, D, and M) are the time-histories of the 

aerodynamic lift force, aerodynamic drag force, and 

aerodynamic lift moment, respectively. pi(t) is the time-

history of the wind pressure on the ith surface point of the 

bridge deck. δi is the characteristic length on the deck 

section outline for the aerodynamic pressure pi. βi is the 

angle between pressure and the vertical structural axis z (see 

Fig. 11). α is the wind attack angle of incidence. li is the 

distance between the ith surface point and the center of the 

bridge deck, and N is the total number of wind pressure 

points on the section where the pressures are measured. 

 

4.2 Spanwise coherence function 
 

The auto-spectrum of aerodynamic forces can be 

obtained based on Eqs. (1)-(3) through Fourier 

transformation. According to the theory of stochastic 

vibration, spanwise coherence function of aerodynamic 

forces can be defined and calculated as 

 
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where 
1 2

R   is the root coherence function of the 

aerodynamic forces. α1 and α2 are either the aerodynamic 

forces acting on the two sections of the bridge deck or the 

wind turbulence components at the two locations in the 

wind field. K f U    is the reduced frequency with 

respect to the spanwise distance between two sections of the 

bridge deck or two locations.
1

S and 
2

S are the auto-

spectrum of α1 and α2, respectively. 
1 2

crS   is the cross-

spectrum between α1 and α2, which can be calculated as 

     
1 2 1 2 1 2

cr C QS K S K iS K        
 

(5) 

where 
1 2

CS  is the co-spectrum of α1  and α2, 1 2

QS  is the  

orthogonal spectrum of α1 and α2, and i is the symbol of 

imaginary unit, defined as i2 = −1. 
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5. Results and discussions 
 

5.1 Characteristics of the simulated turbulent field 
 

The measured turbulence intensity of the four simulated 

turbulent flow fields is defined as  

;u w

u wI I
U U

 
 

 
(6) 

where σu and σw are the standard deviations of u and w, 

respectively. U  is the mean wind speed. 

Since the vertical fluctuation is usually more dominant in 

the buffeting response, the turbulence intensities mentioned 

below are the vertical turbulence intensities. The measured 

turbulence intensities and the integral length scales are 

listed in Fig. 12 and Table 2. Based on Taylor’s hypothesis 

which states that the vortex patterns do not change as wind 

sweeps them leeward, the integral length scales can be 

estimated as follows: 

2

0
( ) /rL U Cov d    



   
(7) 

where 
rL

is the integral length scale and r denotes the x, y, 

or z and α denotes the turbulent component such as u, v or 

w. x, y and z represent the downwind (parallel to wind 

tunnel axis), horizontal crosswind and vertical directions, 

respectively, and u and w represent the downwind and 

vertical fluctuating velocities of the turbulence wind, 

respectively. ( )Cov   is the covariance of the turbulent 

components α1 and α2 in the direction of r. 

Fig. 12 shows the dimensionless auto-spectra of the 

turbulent components u and w in different turbulent flow 

fields. It can be found that the four turbulent flow fields had  

 

 
 

a similar distribution of dimensionless auto-spectra and the 

energy of turbulence were mainly concentrated in the low 

frequency range. 
 

5.2 Correlation comparison between the buffeting 
force and the incident wind turbulence 
 

Fig. 13 shows the measured spanwise root coherence of 

the drag force (D), lift force (L), and torsional moment (M) 

on the three typical bridge decks. The measured spanwise 

root coherence functions of the fluctuating components u 

and w are also plotted in the figures together with the 

calculation of an empirical formula suggested by 

Davenport, 7KR e , where K is a kind of reduced 

frequency.  Fig. 13(a) gives an example of the measured 

spanwise root coherence of the single flat box deck at wind 

speed of 12 m/s, with a wind attack angle of 0°, under a 

turbulent wind flow field with a T.I. of 10%. For this 

example, the characteristic distance of the buffeting force is 

133 mm and the characteristic distances of the fluctuating 

components u and w are 100 mm. As shown in the figure, 

the result of the drag force was larger than the results of the 

fluctuating components u and w in most of the reduced 

frequency range except in the range of 0.15 0.3K  . The 

result of the empirical formula could not match well with 

that of drag force in the whole reduced frequency range. In 

addition, while the reduced frequency was larger than 0.3, 

the results varies dramatically which may be the effect of 

signature turbulence. The measured spanwise root 

coherence of the lift force and the torsional moment, also 

shown in Fig. 13(a), were remarkably larger than those of 

the components u and w in the entire reduced frequency 

range and the results of the empirical formula in most of the 

reduced frequency range. It is worthwhile that except the  

  
(a) Spectra of u (b) Spectra of w 

Fig. 12 Dimensionless auto-spectra of the turbulent components u and w 

Table 2 Measured turbulence intensities and integral length scales 

Turbulence Intensity Lux Lvx Lwx Luy Lvy Lwy Luz Lvz Lwz 

6% 0.138 0.047 0.047 0.066 0.085 0.055 0.078 0.044 0.080 

10% 0.167 0.063 0.059 0.084 0.099 0.068 0.088 0.066 0.102 

15% 0.214 0.086 0.079 0.117 0.110 0.088 0.103 0.070 0.107 

20% 0.511 0.127 0.153 0.185 0.132 0.139 0.167 0.119 0.189 
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reduced frequency range of 0.1 0.4K  , the calculation 

of empirical formula has an obvious difference with the 

results of the components u and w, not to mention those of 

buffeting forces. It is meant that the spanwise coherence of 

wind turbulence can instead of that of drag force just in the  

 

 

small range of the reduced frequency. Except for the 

circumstances mentioned above, the measured spanwise 

root coherences of the single flat box deck are clearly 

stronger than those of the fluctuating components u and w, 

and the empirical formula is not applicable. 

 
(a) Results for the single flat box deck 

 
(b) Results for the central slotted box deck 

 
(c) Results for the full-closed box on the windward side of the two-separated paralleled box deck 

 
(d) Results for the semi-closed box on the leeward side of the two-separated paralleled box deck 

Fig. 13 Examples of spanwise root coherence between the buffeting force and turbulent components u and w 
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Figs. 13(b) depicts an example of measured spanwise 

root coherence of the central slotted box deck at wind speed 

of 12 m/s, with a wind attack angle of 0°, under a turbulent 

wind flow field with a T.I. of 10%. For this example, the 

characteristic distance of the buffeting force is 92 mm and 

the characteristic distances of fluctuating components u and 

w are 100 mm. As shown in the figure, the result of the drag 

force was close to the results of the fluctuating components 

u in the low reduced frequency range, while the reduced 

frequency was larger than 0.2, the result of the drag force 

varied dramatically and was clearly larger than those of the 

fluctuating components u. Compared with the results of 

fluctuating components w, the results of drag force was 

remarkably larger except for the reduced frequency range of

0.06 0.2K  , which was slightly larger than the former. 

Additionally, the calculation of empirical formula was 

larger when the reduced frequency was smaller than 0.2, 

while the results of drag force was larger in the rest of 

reduced frequency range. Furthermore, the measured 

spanwise root coherence of the lift force and the torsional 

moment acting on the central slotted box deck were 

predominant larger than those of the fluctuating 

components u and w in the entire reduced frequency range, 

the characteristics of which were similar to those of the 

single flat box deck. 

Fig. 13(c) and 13(d) shows the examples of the 

measured spanwise root coherences of the two-separated 

paralleled box deck at wind speed of 12 m/s, with a wind 

attack angle of 0°, under a turbulent wind flow field with a 

T.I. of 10%. Where the characteristic distance of buffeting 

force is 114 mm and the characteristic distances of the 

fluctuating components u and w are 100 mm. Fig. 13(c) 

depicts the results of the full-closed box deck on the 

windward side and Fig. 13(d) that of the semi-closed box 

deck on the leeward side. As is shown in the figure, when  

 

 

the reduced frequency was larger than 0.04, the results of 

drag force were slightly larger than those of the components 

u and w. As for the full-closed box deck, the result of drag 

force approached that of the fluctuating components u but 

was clearly larger than that of the fluctuating components 

w, while for the semi-closed box deck, the result of drag 

force was significant smaller than those of the fluctuating 

components u and w. What’s more, the results of the lift 

force and the torsional moment were remarkable larger than 

those of the fluctuating components u and w in the entire 

reduced frequency range, which is similar to the results of 

other typical bridge decks. 

Therefore, it can be concluded that the spanwise 

coherences of buffeting forces were markedly stronger than 

the spanwise coherences of the wind turbulences. In 

addition, the empirical formula suggested by Davenport 

cannot express the spanwise coherence of the buffeting 

forces very well. 
 

5.3 Influence of the wind turbulence intensity 
 

Fig. 14 shows the examples of the measured spanwise 

root coherence of the buffeting forces acting on the typical 

bridge decks in the different turbulent wind flow fields. The 

results of the single flat box deck with a wind attack angle 

of 0°, at the wind speed of 12 m/s, in the turbulent wind 

flow fields with T.I.s of 6%, 10% and 15% are depicted in 

Fig. 14(a). As shown in the figure, the measured spanwise 

root coherences of the buffeting forces with a T.I. of 15% 

are slightly bigger than those with a T.I. of 6% but almost 

equal to those with a T.I. of 10% in almost entire reduced 

frequency range. This indicates that the turbulence intensity 

had little effect on the spanwise coherence of the buffeting 

forces on the single flat box deck. 

Fig. 14(b) gives the measured results of the central 

slotted box deck at the wind speed of 12 m/s, with a wind  

 
(a) Results for the single flat box deck 

 
(b) Results for the central slotted box deck 

Fig. 14 Examples of spanwise root coherence under different turbulence intensity wind fields 
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attack angle of 0°, in the wind flow field with T.I.s of 6%, 

10% and 15%. As shown in the figure, the measured 

spanwise root coherences with a T.I. of 6% are distinct 

smaller than the measured spanwise root coherences with a 

T.I. of 15% in the reduced frequency range from 0.0 to 0.2. 

The results in the turbulent wind flow field with a T.I. of 

10% lay between the results with a T.I. of 6% and the 

results with a T.I. of 15%. In addition, the results in the 

turbulent wind flow field with different T.I.s in the rest of 

reduced frequency range nearly overlapped. It is worth 

noting that unlike the results of a single flat box deck, the 

measured spanwise root coherence functions of the 

buffeting forces involved some notable peaks that might be  

 

 

induced by the signature turbulence, which could be named 
as the signature turbulence effect and appeared in the 
reduced frequency range from 0.2 to 0.35. Moreover, the 
results in the wind flow field with a T.I. of 6% is much 
larger than the results with T.I.s of 10% or 15% and the 
peak value reached up to 1.0 in the predominant reduced 
frequency. This was mainly because the high turbulence 
intensity may transfer the energy at the predominant 
reduced frequency induced by the signature turbulence to 
the lower or higher reduced frequency zone.  

It can be concluded that the turbulence intensity had 

little effect on the spanwise coherences of the buffeting 

forces acting on the deck without the signature turbulence 

effect, as shown as the results of the single flat box deck.  

 
(a) Results for the single flat box deck 

 
(b) Results for the central slotted box deck 

 
(c) Results for the full-closed box at windward of the two-separated paralleled box deck 

 
(d) Results for the semi-closed box leeward of the two-separated paralleled box deck 

Fig. 15 Examples of spanwise root coherences under different wind attack angles 
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However, with the signature turbulence effect, the spanwise 

coherences in the turbulent wind flow fields with different 

turbulent intensities had marked differences, especially in 

the low reduced frequency zone. 
 

5.4 Influence of the wind attack angle 
 

Fig. 15 gives the examples of the measured spanwise 

root coherences of buffeting forces acting on typical bridge 

decks under different attack angles. The measured results of 

the single flat box deck and the central slotted box deck 

were all conducted at a wind speed of 12 m/s, in the 

turbulent wind flow field with a T.I. of 10% and are shown 

in Fig. 15(a) and 15(b), respectively. The measured results 

of the two-separated paralleled box deck were obtained at a 

wind speed of 12 m/s, in the turbulent wind flow field with 

a T.I. of 15% and are given in Figs. 15(c) and 15(d), where 

the full-closed box is on the windward side and the semi-

closed box is on the leeward side. As shown in the figure, 

although there is some minor diversity, the spanwise root 

coherences under different wind attack angles almost 

approach to each other. It is indicated that the wind 

 

 
 

attack angle has only a slight effect on the spanwise 

coherence of the buffeting forces acting on the typical 

bridge deck. 

 

5.5 Influence of the wind speed 
 

Fig. 16 gives an example of spanwise root coherences of 

the buffeting forces acting on the single flat box deck at the 

wind speed of 8 m/s and 12 m/s. As the figure shows, the 

measured results at a wind speed of 8 m/s were almost 

overlapped by the results at a wind speed of 12 m/s in the 

entire reduced frequency zone. In other words, as long as 

the wind speeds do not vary dramatically, the spanwise 

coherences of the buffeting forces are almost equal to each 

other. In fact, the same conclusion can be obtained from the 

measured results of the central slotted box deck and the 

two-separated paralleled box deck. 

 

5.6 Influence of the distance between testing sections 
  

Fig. 17 shows the examples of the measured spanwise 

 

Fig. 16 Spanwise root coherences under different wind speeds 

 
(a) Results for the single flat box deck 

 
(b) Results for the central slotted box deck 

Fig. 17 Examples of spanwise root coherences with different characteristic distances 
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root coherence of the buffeting forces acting on the single 

flat box deck (see Fig. 17(a)) and the central slotted box 

deck (see Fig. 17(b)) with different characteristic distances. 

In this picture, all the measured results were obtained at a 

wind speed of 12 m/s, with a wind attack angle of 0°, in the 

turbulent wind flow field with a T.I. of 10%. As shown in 

the figure, the spanwise root coherences varied with the 

increase of the reduced frequency and the coherence values 

at the same reduced frequency but with the different 

characteristic distance, are quite different. It can be seen 

that at the range of low reduced frequency ( 0.0 0.8K   

), the measured spanwise root coherences were sensitive in 

respect to the characteristic distance. The smaller the 

distance was, the better the coherences were, and vice versa. 

Additionally, the attenuation of the coherences with the 

small characteristic distances (such as 8B  , 4B  , 

or 3 8B   in Fig. 17(a)) was much faster than the 

attenuation of the coherences with the large characteristic 

distances in the reduced frequency range from 0.0 to 0.4. 

Moreover, it can be seen that at the range of the high 

reduced frequency ( 0.8K   ), the measured spanwise 

root coherences varied around 0.2 with the different 

characteristic distances, except for some coherence peaks 

due to the signature turbulence effect. 

As shown in Fig. 17(b), the measured spanwise root 

coherences had some predominant peaks, especially in the 

RLL and RMM. These coherence peaks appeared while the 

characteristic distances were less than B/2. When the 

characteristic distance was larger than B/2, the spanwise 

root coherences decreased to around 0.15. This indicated 

that for the blunt bridge deck, the spanwise coherence was 

remarkably influenced by the signature turbulence effect, 

especially for the small distance between sections. In 

summary, the spanwise coherences with the different 

characteristic distances had an obvious difference at the 

same reduced frequency zone, and they were greatly 

affected by the signature turbulence effect at the small 

distance between sections 
 
 

6. New empirical model of the spanwise root 
coherence functions 
 

6.1 Characteristics of the spanwise root coherence 
functions 
 

In Section 5, some examples were depicted in Figs. 13-

17 and the possible influence factors were discussed. It can 

be concluded that the spanwise coherence is slightly 

affected by the wind speed and the wind attack angle. 

Therefore, the spanwise coherence of typical bridge decks 

can be investigated via a wind pressure tunnel test with a 

wind attack angle of 0° at a certain wind speed. The 

turbulence intensity has some effect on the spanwise 

coherence, especially for the blunt bridge deck such as the 

central slotted box deck. The wind tunnel pressure test 

should be conducted in the turbulent wind flow field with 

the given turbulence intensity with respect to the real bridge 

site. In addition, the characteristic distances between bridge 

sections have a great influence on the spanwise coherences 

of the typical bridge decks. As shown in the Figs. 13-17, the 

spanwise coherences often involve high frequency peaks 

due to the signature turbulence. Additionally, it can be 

found that the coherence peaks induced by the signature 

turbulence have different predominant reduced frequency, 

while the reduced frequency is expressed with the 

characteristic distance Δ. The distribution of coherence 

peaks presents a disordered law. Therefore, this paper has 

attempted to introduce a new viable to express the spanwise 

coherence and explain the rule of the signature turbulence 

effect. 

The signature turbulence induced by the flow around the 

bridge deck has some intrinsic relationship with the 

characteristic length of bridge breadth. Consequently, in the 

new empirical model of spanwise root coherence function, 

the deck-width-related reduced frequency (KB) was chosen 

for the first variable. Another variable selected for the 

coherence function was the reduced distance used to 

consider the characteristic distance effect, which can be 

expressed as a dimensionless form as 

yl L    
(8) 

where y y

y u wL L L   is the average of the integral scales 

for the turbulence components u and w. 

Fig. 18 shows an example of spanwise coherence 

coefficients of the lift force (RLL) acting on the central 

slotted box deck at a wind speed of 12 m/s, with a wind 

attack angle of 0°, and in the turbulent wind flow field with 

a T.I. of 10%. It is mentioned that the top tick label of Fig. 

18 is the deck-width-related reduced frequency (KB) and the 

bottom tick label is the distance-related reduced frequency 

(KΔ). As shown in Fig. 18, it can be found that, (1) RLL 

gradually decreased with the increasing of lΔ and the falling 

velocity was decreasing until lΔ>9.67, for which the values 

of RLL was generally smaller than 0.2. (2) For a determined 

lΔ, RLL had a markedly decreasing tendency with the 

reduced frequency approaching zero. In other words, a peak 

of RLL occurred within a very low frequency zone. 

Moreover, the peak diminished gradually with the increase 

of lΔ. (3) Under the influence of the signature turbulence, 

RLL had several narrow-band peaks in the frequency region 

of KB >2, and the peak values could exceed the value at 

close to zero. (4) With the increase of lΔ, the values of KB 

corresponding to the above peaks due to signature turbulent 

effect remained almost the same whilst the values of KΔ 

changed. This was because the eminent frequencies of the 

signature turbulence depended on the shape of deck cross 

section, and thus they were related to the characteristic 

length of the deck cross section but independent of the 

separated distance. In connection with this, the root 

coherence coefficients of the buffeting forces should be 

expressed as a function of the deck-width-related reduced 

frequency (KB) instead of the distance-related reduced 

frequency (KΔ). Of course, this also depends on the 

spanwise separation distance and the spanwise integral 

length scales of the incident wind turbulence. Therefore, it 

can be expressed as a two-variable function of KB and lΔ. 

(5) With the increase of the separated distance, the drop of  
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the root coherence peaks at the high-frequency zone due to 

signature turbulence was not evident or much slower 

compared to that at the low frequency zone due to the 

incident wind.  

Fig. 19 shows an example of the spanwise coherence 

coefficients of the drag force (RDD) acting on the semi-

closed box leeward of the two-separated paralleled box 

deck at a wind speed of 12 m/s, with a wind attack angle of 

0°, and in the turbulent wind flow field with a T.I. of 10%. 

It is clear that the spanwise coherence functions of the two- 

 

 

separated paralleled box deck expressed by the new model 

represent similar characteristics to those of the central 

slotted box deck. As shown in the figure, the coherence 

functions have some peaks at the predominant deck-width-

related reduced frequencies near 0.08 (see Figs. 19(a), 

19(c), 19 and etc.), 1.08 (see Fig. 19(a), 19(c), 19(d)), 4.57 

(see Figs. 19(d), 19(j) and 19(l)) and 5.38 (see Fig. 19(k)). 

However, the predominant distance-related reduced 

frequencies that these peaks appeared are not equal to each 

other. This proves that the signature turbulence effect 

  
(a) lΔ=1.21 (b) lΔ=2.42 

  
(c) lΔ=3.63 (d) lΔ=4.84 

  
(e) lΔ=7.25 (f) lΔ=9.67 

 
(g) lΔ>9.67 

Fig. 18 Example of the pan-wise root coherence of the central slotted bridge deck 
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(a) lΔ=0.2 (b) lΔ=0.4 

  
(c) lΔ=0.6 (d) lΔ=0.8 

  
(e) lΔ=1.1 (f) lΔ=1.3 

  
(g) lΔ=1.5 (h) lΔ=2.3 

  
(i) lΔ=2.6 (j) lΔ=3.0 

Fig. 19 Example of the spanwise coherence coefficients of the two-separated paralleled box decks 
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is related to the bridge deck breadth and that it cannot be 

properly reflected by the characteristic distance. 

 

6.2 Fitting of the root coherence functions 
 

Based on the foregoing analysis, the following model of 

root coherence function expressed with a sum of the 

rational fractions is then presented to fit the test data, with 

consideration of the peaks due to both the signature 

turbulence and the incident wind turbulence.  

 
   

1 2 2 2
141 2 3 5 6 7

1 1 1n

f f B

iBB i B i i

R K
K pp K p p p K p p

  
   


 
(9) 

where the first two rational fractions are used to reflect the 

contribution of the incident wind turbulence, while the rest 

of the rational fractions are used to reflect the contribution 

of the signature turbulence. n is the number of the peaks due 

to the signature turbulence, which is included. i represent 

the ith peak zone, and p1-p4 and p5i-p7i are the parameters to 

be fitted for every value of lΔ, these parameters thus vary 

with lΔ.  

The fitted curves of RLL of the central slotted bridge 

deck for various spanwise reduced distances are also plotted 

in Fig. 18. The fitted curves of RDD for the semi-closed box 

on the leeward side from the two-separated paralleled box 

deck are also plotted in Fig. 19. One can find from these 

figures, the proposed rational fraction model of the root 

coherence function has a good fitting effect. It should be 

pointed out that it is only necessary to include a few root 

coherence peaks within relatively low frequency region for 

the buffeting analysis because long span bridges normally 

have very low fundamental natural frequencies. Thus, their 

buffeting responses are often contributed by the low 

frequency components of buffeting forces. It is also worth  
 

 

noting that the new model is also adapted for the rest results 

of the typical bridge decks, which also have a well-fitting 

effect. 
 
 

7. Conclusions 

 

The spanwise incomplete correlation behaviors of the 

buffeting forces acting on three typical bluff bridge decks 

were investigated via a series wind tunnel tests of the 

synchronous pressure measurement. Some influence factors 

were considered in the wind tunnel test, such as the 

turbulence intensity of the turbulent wind flow, the wind 

attack angle, the wind speed and the separated distance 

between two sections. The test results were analyzed in 

detail and some major conclusions were drawn as follows: 

(1) The spanwise root coherence of the drag force agrees 

with that of incidence turbulence in some range of the 

reduced frequency but there is disagreement for the mostly 

reduced frequency. The spanwise root coherences of the lift 

force and the torsional moment are much larger than that of 

the incidence turbulence. Thus, it was proved once more 

that the spanwise correlations of the buffeting forces are 

much better than the spanwise correlations of the 

fluctuating wind speeds of the incident wind turbulence. 

(2) The influence of the wind speed on the correlations 

of the buffeting forces is slight and it can be ignored in the 

wind tunnel test as long as the signal-noise ratio is large 

enough. The influence of the wind attack angle is also 

somewhat negligible and the spanwise root coherence can 

be investigated under a wind attack angle of 0°for 

convenience.  

(3) The spanwise coherence of the single flat box deck 

  
(k) lΔ=4.0 (l) lΔ=7.5 

 
(m) lΔ>9.0 

Fig. 19 Continued 
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is only lightly affected by the turbulence intensity. 

However, for a blunt bridge deck such as the central slotted 

box deck, the higher the turbulence intensity is, the stronger 

the coherence will be. In connection with this, it is 

suggested that the wind tunnel test should be conducted in 

the corresponding wind flow field of the real bridge. 

(4) The spanwise coherence function often involves 

several narrow peaks due to the signature turbulence effect 

in the high reduced frequency zone. These peaks often 

appear, especially for the blunt bridge deck such as the 

central slotted box deck and the leeward box of the two-

separated paralleled box deck. 

(5) The spanwise coherence function is related to the 

spanwise separation distance and the spanwise integral 

length scales, and the signature turbulence effect is related 

to the deck-width-related reduced frequency. Therefore, a 

rational fraction model with two variables was suggested, 

and the model proved to be feasible and effective for fitting 

the test data including the signature turbulence effect.  
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