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Abstract  15 

A butterfly web girder is a box girder with discretely distributed side-surface openings. Owing 16 

to these openings, butterfly web girders show better aerodynamic performance than conventional 17 

box girders. This study aims to investigate the effects of the side-surface openings on the 18 

aerodynamic instability of a box girder when it is placed in tandem with another girder. Another 19 

aim is to investigate whether the aerodynamic instability of one girder is affected by the side-20 

surface openings of an adjacent girder. A series of wind tunnel tests was carried out on a butterfly 21 

web girder and conventional box girder, with another rigidly supported butterfly web girder or 22 

conventional box girder, respectively, at its upstream/downstream side. The fixed downstream 23 
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girder increased the galloping instability of the upstream girder, while the fixed upstream girder 24 

amplified the vortex-induced vibration of the downstream girder. The side-surface openings of the 25 

upstream girder stabilized its galloping and vortex-induced vibration, irrespective of the type of 26 

girder downstream. The side-surface openings of the downstream girder stabilized its vortex-27 

induced vibration independent of the type of girder upstream.  28 

Keywords: butterfly web bridge; vortex-induced vibration; galloping; tandem; wind tunnel test. 29 

Introduction 30 

One of the main concerns with the construction of long-span bridges is optimizing the balance 31 

between the girder weight and its wind resistance capability. Kasuga (2017) recently introduced 32 

the butterfly web girder, which is a box girder with discretely distributed openings on the side 33 

surface (Fig. 1). Our recent study (Wang et al., 2020a) confirmed that the side-surface openings 34 

stabilized the vortex-induced vibration and galloping in a butterfly web girder with a side ratio, 35 

B/D, of 3.24, where B is the girder width and D is the girder depth. To accommodate an increase 36 

in traffic, a new bridge is sometimes constructed adjacent to an existing bridge (Honda et al., 1990; 37 

Meng et al., 2011; Kim et al., 2013; Argentini et al., 2015). Compared with the aerodynamic 38 

performance of a single stand-alone bridge, the aerodynamic performance of two bridges in 39 

tandem is more complicated and even more unstable (Honda et al., 1990; Kimura et al., 2008; 40 

Meng et al., 2011; Kim et al., 2013; Seo et al., 2013; Argentini et al., 2015; Park and Kim, 2017a; 41 

Park et al., 2017b). This raises the question of whether butterfly web girders can exhibit good 42 

aerodynamic performance in a tandem arrangement. Furthermore, by introducing side-surface 43 

openings in the box girder, the approaching flow can access the inner space of the box girder, 44 

thereby altering the flow field (Wang et al., 2020a). Subsequently, when two girders are placed in 45 

tandem, the side-surface openings of each girder may not only affect the flow field around the 46 



 

   3 

 

girder itself, but may also potentially affect the flow field around the adjacent girder. Therefore, 47 

this study also intends to investigate the relationship between the side-surface openings of two 48 

girders in tandem and the resulting aerodynamic performance (i.e. the vortex-induced vibration 49 

and galloping). 50 

As reported in our previous study (Wang et al., 2020a), the B/D = 3.24 conventional box girder 51 

showed the motion-induced vortex vibration. Vortex-induced vibrations are divided into two 52 

types: Kármán-vortex and motion-induced types (Matsumoto et al., 2008a). Kármán-vortex 53 

vibration occurs at a reduced wind velocity of 1/St (St is the Strouhal number), while vertical 54 

motion-induced vortex vibration occurs at a reduced wind velocity of 1.67B/D. The side-surface 55 

openings reduced the amplitude of the vertical motion-induced vortex vibration by 50%, but had 56 

no effect on the critical wind velocity (Wang et al., 2020a). By simplifying the B/D = 3.24 butterfly 57 

web girder as a B/D = 2 rectangular cylinder, a recent study (Wang. et al., 2020b) showed that 58 

increasing the total openings area resulted in a continuous decrease in the amplitude of the vortex-59 

induced vibration. Furthermore, similar to the side-surface openings of the butterfly web girder, 60 

the spanwise periodic passive slits on the windward and leeward surfaces also stabilized a B/D = 61 

7.75 box girder against the vortex-induced vibration (Chen et al., 2019a; Yang et al., 2020). Owing 62 

to these slits, the approaching flow passed through the box girder into the wake, reducing the 63 

“vortex strength” around the box girder (Chen et al., 2019b). This reduction in the “vortex strength” 64 

was assumed the reason for the stabilizing effect of the side-surface openings or slits on the vortex-65 

induced vibration. When two girders were placed in a tandem arrangement, the vertical vortex-66 

induced vibration of the upstream girder exhibited an amplified amplitude as a result of the 67 

presence of the downstream girder (Seo et al., 2013; Park et al., 2017a, b). The vertical vortex-68 

induced vibration of the downstream girder was amplified as a result of the periodic turbulent flow 69 
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from the upstream girder (Okajima et al., 1990; Takeuchi and Matsumoto, 1992; Kimura et al., 70 

2008; Meng et al., 2011; Park and Kim, 2017a). Free vibration tests have been widely utilized to 71 

observe these aerodynamic interferences. It has been suggested in several studies (Kimura et al., 72 

2008; Honda et al., 1990) that both girders should be elastically supported to accurately evaluate 73 

the aerodynamic interference. However, according to Park and Kim (2017a), when two girders 74 

were elastically supported in tandem, the vertical vortex-induced vibration of the upstream girder 75 

had nearly the same magnitude regardless of whether the downstream girder vibrated or not. 76 

Conversely, the amplitude of the vertical vortex-induced vibration of the downstream girder 77 

reached a maximum value when the two girders in tandem shared a similar frequency (Park and 78 

Kim, 2017a). Compared with this maximum value, when the upstream girder was rigidly supported, 79 

the maximum amplitude of the vortex-induced vibration of the downstream girder showed a 80 

similar value. Furthermore, the aerodynamic interferences shared a similar mechanism when both 81 

girders were elastically supported and when one girder was rigidly supported while the adjacent 82 

girder was elastically supported. Therefore, for simplicity, this study intends to observe the vertical 83 

vortex-induced vibration of one girder by rigidly supporting the adjacent girder. This study also 84 

intends to investigate the effects of the side-surface openings on the vertical vortex-induced 85 

vibration of girders in a tandem arrangement.  86 

Galloping instability is a self-excited one degree-of-freedom vibration in the direction normal 87 

to the oncoming wind (Parkinson, 1989). The side-surface openings stabilized the galloping by 88 

increasing the critical wind velocity (Wang et al., 2020a, and b). Recent researches (Wang et al., 89 

2020a, and b) have shown that the side-surface openings stabilized the galloping by promoting the 90 

reattachment of the separated shear layer on the upside/downside surface. When two girders were 91 

placed in tandem, the galloping of the downstream girder was stabilized by the turbulent flow from 92 



 

   5 

 

the upstream girder regardless of whether or not the upstream girder was rigidly supported 93 

(Takeuchi and Matsumoto, 1992; Honda et al., 1990). This result coincided with past studies 94 

(Parkinson, 1989), which reported that an increase in the turbulence intensity stabilized the 95 

galloping. However, the upstream girder occasionally exhibited more unstable galloping due to 96 

the presence of the downstream girder (Takeuchi and Matsumoto, 1992; Honda et al., 1990). This 97 

coincided with previous research (Nakamura et al., 1991; Yagi et al., 2013), which reported that 98 

the galloping was more unstable if the splitter plate was located in the wake in order to suppress 99 

the vortex shedding. Thus, for simplicity, this study intends to observe the galloping of one girder 100 

while the adjacent girder is rigidly supported. Furthermore, this study intends to investigate the 101 

effects of the side-surface openings on the galloping instability of two girders in tandem. 102 

The aerodynamic interference of two girders in tandem is dependent on their center distance 103 

(Sakamoto et al., 1987; Okajima et al., 1990a and b; Kimura et al., 2008; Liu et al., 2009, 2010 104 

and 2015; Ma et al., 2020; Takeuchi and Matsumoto, 1992; Park et al., 2017b; Zhou et al., 2017; 105 

Núñez et al., 2018). The aerodynamic force coefficients working on the two girders in tandem 106 

varied significantly with the center distance (Okajima et al., 1990a; Liu et al., 2009 and 2015; 107 

Zhou et al., 2017). Furthermore, the Strouhal number of two girders in tandem also varied with the 108 

center distance (Sakamoto et al., 1987; Okajima et al., 1990a; Park et al., 2017). The maximum 109 

amplitude of the vertical vortex-induced vibration of the two girders in a tandem arrangement 110 

increased with their center distance, and increasing the center distance above a certain value 111 

resulted in a continuous decrease in the maximum amplitude with center distance (Okajima et al., 112 

1990b; Kimura et al., 2008; Liu et al., 2010; Park et al., 2017b; Ma et al., 2020). However, 113 

discussions on the effect of center distance on the aerodynamic interference are out of scope for 114 

the current research. The aerodynamic performance of a box girder with a side ratio, B/D, of 3.24 115 
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is characterized by that of a B/D = 3 rectangular cylinder. The Strouhal number of the B/D = 3 116 

rectangular cylinders in tandem decreased with the center distance, achieving an extreme value at 117 

about the center distance of twice the girder width (i.e., 2B), and then increased with the center 118 

distance. For B/D = 3 rectangular cylinders in a tandem arrangement, in wake of a fixed upstream 119 

cylinder, the vertical vortex-induced vibration of the downstream cylinder was amplified most 120 

substantially at a center distance of 2B (Okajima et al., 1990). Therefore, the center distance 121 

between the two girders was set to 2B. 122 

To investigate the effects of the side-surface openings on the aforementioned aerodynamic 123 

interference, the B/D = 3.24 butterfly web girder used in our recent study (Wang et al., 2020a) was 124 

duplicated in the current study. By covering its openings, a conventional box girder was essentially 125 

created. As the B/D = 3.24 butterfly web girder was a bluff girder, this study mainly focused on 126 

the aerodynamic interference in the vertical direction, and the torsional vibration was not 127 

considered. Aerodynamic force tests, vertical one-degree-of-freedom (1DOF) free vibration tests, 128 

and vertical 1DOF forced vibration tests were carried out for one girder while the adjacent girder 129 

was rigidly supported at the upstream/downstream side. This B/D = 3.24 butterfly web girder was 130 

designed for the main girder of a 365 m extradosed bridge with a main span of 180 m. Even though 131 

a 365 m extradosed concrete bridge would not suffer from severe vortex-induced vibration and 132 

galloping owing to its high mass-damping parameter, for the free vibration tests, the mass-damping 133 

parameter was minimized as much as possible to facilitate the observation of the effects of side-134 

surface openings on the vibration.  135 

To begin, the effects of the side-surface openings on the aerodynamic forces of the stationary 136 

girders in tandem are investigated. Then, the aerodynamic performance of the upstream girder is 137 

evaluated with consideration for the effects of the downstream conventional box girder. The effects 138 
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of the side-surface openings of the upstream and downstream girders on the aerodynamic 139 

performance of the upstream girder are also evaluated. Furthermore, the effects of the upstream 140 

conventional box girder on the aerodynamic performance of the downstream girder are explained. 141 

Then, the effects of the side-surface openings of the two girders in tandem on the aerodynamic 142 

performance of the downstream girder are illustrated. This research confirms the good 143 

aerodynamic performance of butterfly web girders in a tandem arrangement and provides a new 144 

method for controlling aerodynamic instability. 145 

Details of the wind tunnel tests  146 

The relationship between the side-surface openings of the upstream/downstream girder and the 147 

aerodynamic interference was investigated via a series of wind tunnel tests that included 148 

aerodynamic force tests, spring-supported free vibration tests (vertical one-degree-of-freedom 149 

(1DOF)), and forced vibration tests (vertical 1DOF). These tests were carried out in a room-circuit 150 

Eiffel-type wind tunnel with a working section 1.8 m high and 1.0 m wide. The wind tunnel was 151 

located at Kyoto University, and the details of the wind tunnel tests are explained in this section.  152 

Model details 153 

Two sectional butterfly web girder models were evaluated in this study. The models were 154 

constructed at a geometric scale of 1:80 and had a side ratio (B/D) of 3.24, where B and D are the 155 

width and height of the girder, respectively. The cross-section and detail of the side-surface 156 

openings are shown in Fig. 2. As shown in Fig. 3, the open girder was designated as the butterfly 157 

web girder (Fig. 3 (a)), and the butterfly web girder where the side-surface openings were covered 158 

by acrylic plates (1 mm thick) was designated as the closed girder (Fig. 3 (b)). 159 

Free vibration test 160 
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This study mainly focused on the effects of the side-surface openings on the aerodynamic 161 

interference in the vertical direction. To avoid the coupling effects between the vertical and 162 

torsional vibration, the girder was only elastically supported in the vertical 1DOF direction by 163 

eight coil springs. The vertical 1DOF displacement of the girder in smooth flow was measured by 164 

laser gages. While one girder was being measured, the other was rigidly supported (Fig. 4). A 165 

center distance of 2B (Fig. 4) was set to analyze the relationship between the side-surface openings 166 

and aerodynamic interference. The single B/D = 3.24 butterfly web girder showed the vortex-167 

induced vibration at angles of attack of 0°, –3°, and +3°, and the galloping instability at the angle 168 

of attack of +3° (Wang et al., 2020a). To further investigate the vortex-induced vibration and 169 

galloping of the girders in a tandem arrangement and the effect of side-surface openings on these 170 

aerodynamic instabilities, the angle of attack (α) of the 1DOF free vibration tests was set as 0° and 171 

+3° for the two girders in a tandem arrangement (Fig. 5). The characteristic parameters for the 172 

upstream and downstream girders are listed in Table 1 and Table 2, respectively. They were set 173 

equal to the characteristic parameters of the single girders (i.e., closed girder (0°, +3°): m = 2.40 174 

kg/m, f = 4.55 Hz, δη = 0.0026, Scη = 4.2; open girder (0°, +3°): m = 2.36 kg/m, f = 4.60 Hz, δη = 175 

0.0029, Scη = 4.5) (Wang et al., 2020a) for the convenience of comparison. The mass and structural 176 

damping were assigned low values to facilitate observation of the aerodynamic response (see Table 177 

1 and Table 2).  178 

The Scruton numbers for the vertical direction are defined as follows: 179 

𝑆𝑐𝜂  =  
2𝑚𝛿𝜂

𝜌𝐷2
                                                                                             (1) 180 

where m is the mass per unit (kg/m), δη is the vertical structural damping as quantified by 181 

logarithmic decrement, and ρ is the air density (kg/m3). 182 
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The reduced wind velocity, Ur, is given by: 183 

𝑈𝑟  =  
𝑈

𝑓𝐷
                                                                                                  (2) 184 

where f is the natural frequency of the system, and U is the approaching wind velocity (m/s). 185 

Aerodynamic force test 186 

The model was rigidly connected to load cells, and the aerodynamic forces were measured 187 

through the load cell. While one girder was being measured, the other model was rigidly supported 188 

at the upstream or downstream side (Fig. 5). The lift (CFy) and drag (CFx) force coefficients, 189 

fluctuating lift force coefficient (CFy’), and Strouhal number (St) are defined on the structural axis 190 

as follows: 191 

𝐶𝐹𝑦  =  
𝐹𝑦

1
2 𝜌𝑈2𝐵𝑙

 (3) 𝐶𝐹𝑥  =  
𝐹𝑥

1
2 𝜌𝑈2𝐷𝑙

 (4) 

𝐶𝐹𝑦
′  =  

𝐹𝑦
′(𝑡)𝑠𝑡𝑑

1
2 𝜌𝑈2𝐵𝑙

  (5) 𝑆𝑡 =  
𝑓𝑠𝑡𝐷

𝑈
 (6) 

where Fy, Fx are the lift force (N) (upward direction is positive) and drag force (N) (streamwise 192 

direction is positive) (see Fig. 6), respectively; l is the span length (m); fst is the frequency (Hz) of 193 

the Kármán-vortex shedding; and Fy’(t)std is the standard deviation of the lift force component 194 

(Fy’(t)) that fluctuates in the frequency of fst. The fluctuating lift force coefficient, CFy’, is the 195 

Kármán vortex shedding intensity, which indicates the strength of the vortex shedding. 196 

Based on the quasi-steady theory, the instantaneous lift force acting on the single oscillating 197 

girder with a velocity of 𝜂̇ is assumed to be equal to that acting on the single stationary girder 198 

under the relative angle of attack (α0 = arctan(𝜂̇/U), where U is the approaching wind velocity). 199 

However, this assumption cannot work for the oscillating girder with another adjacent stationary 200 

girder at the upstream and downstream sides. As the velocity of girder oscillation depends on the 201 
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girder position, other than the relative angle of attack, the relative position between the oscillating 202 

girder and adjacent stationary girder must be considered for measuring the lift force acting on the 203 

two stationary girders in tandem. The aerodynamic forces acting on these girders in tandem 204 

substantially depend on their relative vertical position (Zhou et al., 2017). Hence, the quasi-steady 205 

theory is difficult to be applied to the two girders in tandem, owing to the uncertainty in the 206 

relationship between the velocity of girder oscillation and the relative position between the 207 

oscillating girder and adjacent stationary girder. Therefore, the aerodynamic forces were only 208 

investigated at α = 0° and 3°. 209 

Forced vibration test 210 

Vertical 1DOF forced vibration tests were carried out to identify the linear aerodynamic 211 

derivatives to evaluate the effects of the side-surface openings on the aerodynamic damping. The 212 

aerodynamic self-excited forces working on a girder are expressed by the following aerodynamic 213 

derivatives according to Scanlan and Tomko (1971): 214 

𝐿se =  
1

2
𝜌(2𝑏)𝑈2 {𝑘𝐻1

∗
𝜂̇

𝑈
+ 𝑘𝐻2

∗
𝑏𝜑̇

𝑈
+ 𝑘2𝐻3

∗𝜑 + 𝑘2𝐻4
∗

𝜂

𝑏
}                                        (7) 215 

𝑀se  =  
1

2
𝜌(2𝑏2)𝑈2 {𝑘𝐴1

∗
𝜂̇

𝑈
+ 𝑘𝐴2

∗
𝑏𝜑̇

𝑈
+ 𝑘2𝐴3

∗ 𝜑 + 𝑘2𝐴4
∗

𝜂

𝑏
}                                     (8) 216 

where Lse is the lift force per unit span (N/m), Mse is the pitching moment per unit span (N·m/m), 217 

η is the vertical displacement (m), φ is the torsional displacement (°), (·) indicates the time 218 

differentiation, b is the half-length of the girder width (m), k is the reduced frequency (bω/U), and 219 

ω is the angular frequency (rad/s). 220 

The aerodynamic self-excited forces were measured by load cells rigidly connected to the 221 

model under vertical 1DOF forced vibration conditions in smooth flow. The displacement of the 222 

model was recorded by laser gages simultaneously with the self-excited forces. Based on the 223 
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displacement and aerodynamic self-excited force time series, the aerodynamic derivatives were 224 

calculated. The aerodynamic derivative H1
* represents the linear aerodynamic damping in the 225 

vertical direction, and a positive H1
* indicates instability in the vertical direction (Scanlan and 226 

Tomko, 1971; Matsumoto et al., 1996). While one girder was being measured, the other girder was 227 

rigidly supported at the downstream or upstream side (Fig. 5). Corresponding to the vertical 1DOF 228 

free vibration tests, the vertical 1DOF forced vibration tests were performed at α = 0° and +3°. To 229 

improve the accuracy of the aerodynamic derivatives, the vertical amplitude and frequency were 230 

set to 10 mm and 2 Hz, which were the same values as those of the single girders in our previous 231 

study (Wang et al., 2020a).  232 

Aerodynamic force coefficients of stationary girders in tandem 233 

To begin, the aerodynamic force coefficients of the upstream girder is investigated in terms of 234 

the effects of the side-surface openings on both the upstream and downstream girder. Additionally, 235 

the aerodynamic force coefficients of the upstream girder are compared with those of a single 236 

girder (Wang et al., 2020a) to explain the aerodynamic interference. Then, the effects of the side-237 

surface openings on both girders in tandem on the aerodynamic force coefficients of the 238 

downstream girder are illustrated. Finally, the aerodynamic interference is discussed by comparing 239 

the aerodynamic force coefficients of the downstream girder and single girder. 240 

Aerodynamic force coefficients of the upstream girder 241 

The aerodynamic force coefficients of the upstream girders at α = 0° and +3° are shown in Fig. 242 

7, which also includes those of the single girder for a comparison. According to Fig. 7, when the 243 

downstream girder changed from a closed girder to an open girder, the values of CFx, CFy, and CFy’ 244 

for the upstream closed/open girder exhibited similar values. Therefore, the values of CFx, CFy, and 245 

CFy’ for the upstream girder were not affected by the side-surface openings of the downstream 246 
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girder. The upstream closed and open girders showed almost the same CFx value (Fig. 7(a)). 247 

However, the CFy value for the upstream closed girder was larger than that for the open girder (Fig. 248 

7(b)). Even though the value of CFy’ was small for all upstream girders (Fig. 7(c)), the CFy’ value 249 

of the upstream closed girder was larger than that of the open girder. The smaller value of CFy’ for 250 

the upstream open girder indicated that the vortex shedding from the upstream girder was 251 

suppressed owing to its side-surface openings. The reduction in the CFy and CFy’ values of the 252 

upstream girder owing to the side-surface openings coincided with the result obtained for the single 253 

girder (Wang et al., 2020a). The reduction in the CFy and CFy’ values was caused by the promotion 254 

of the reattachment of the separated shear layer on the girder owing to the side-surface openings 255 

(Wang et al., 2020a and b). Therefore, the side-surface openings of the upstream girder promoted 256 

the reattachment of the separated shear layer on the upstream girder and suppressed the vortex 257 

shedding from the upstream girder irrespective of the type of downstream girder. 258 

The effects of the downstream girder on the aerodynamic force coefficients of the upstream 259 

girder were also evaluated. The upstream closed/open girder showed smaller CFx and CFy’ values 260 

than those of the single closed/open girder at α = 0° and +3°, respectively (Fig. 7). This coincided 261 

with the previously reported results (Matsumoto et al., 2006) that the splitter plate in wake of the 262 

rectangular cylinder reduced its CFx and CFy’ values. Further, extant research (Okajima et al., 1990a) 263 

indicates that the adjacent girder in wake of the upstream girder resulted in recovery in the base 264 

pressure of the upstream girder, and subsequently, reduced the CFx values of the upstream girder. 265 

The splitter plate or the downstream girder disturbed the flow entrainment in wake of the upstream 266 

girder and promoted the detachment of the separated shear layer from the upstream girder 267 

(Okajima et al., 1990a; Matsumoto et al., 2006). Probably owing to the detachment of the separated 268 
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shear layer from the upstream girder, the upstream closed/open girder showed larger CFy values 269 

than those of the single closed/open girder (Fig. 7(b)). 270 

The Strouhal number (St) of the upstream girder was also analyzed. According to Table 3, the 271 

upstream closed girder displayed almost the same St irrespective of the type of downstream girder. 272 

Meanwhile, the St of the upstream closed girder was slightly smaller than that of the upstream 273 

open girder. Subsequently, the side-surface openings of both the upstream and downstream girders 274 

did not affect the St of the upstream girder. Furthermore, the St of a single girder (Wang et al., 275 

2020a) is shown in Table 4. By comparing Table 3 and 4, it can be seen that the St of the upstream 276 

girder was smaller than that of the single girder. The vortex-shedding frequency from the upstream 277 

girder was reduced as a result of the presence of the downstream girder, which blocked the vortex 278 

formation in the wake of the upstream girder and led to a longer distance for the vortex formation 279 

(Gerrard, 1966; Bearman and Trueman, 1972; Sakamoto et al., 1987). Consequently, the 280 

downstream girder reduced the St of the upstream girder. However, it was not affected by the side-281 

surface openings of the two girders in tandem.  282 

In summary, the side-surface openings of the downstream girder did not affect the aerodynamic 283 

force coefficients of the upstream girder. However, as indicated by the aerodynamic force 284 

coefficients, the downstream girder and side-surface openings of the upstream girder both altered 285 

the time-averaged flow around the upstream girder and suppressed its vortex shedding. The 286 

downstream girder blocked the flow entrainment in the near wake of the upstream girder, thereby 287 

directly suppressing the vortex shedding and, subsequently, promoting the detachment of the 288 

separated shear layer from the upstream girder. The blockage also potentially reduced the 289 

frequency of the vortex shedding from the upstream girder. On the other hand, the side-surface 290 

openings promoted the reattachment of the separated shear layer on the upstream girder and 291 
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effectively reduced its bluffness, which was a direct result of the flow through the inner space of 292 

the box girder (Wang et al., 2020a and b). 293 

Aerodynamic force coefficients of the downstream girder 294 

The relationship between the side-surface openings (of both the upstream and downstream 295 

girders) and aerodynamic force coefficients of the downstream girder (Fig. 8) at α = 0° and +3° 296 

was evaluated first. The aerodynamic force coefficients of the single girder are also included in 297 

Fig. 8. According to the figure, in wake of the closed girder, the CFx, CFy, and CFy’ values for the 298 

closed girder were almost the same as those of the open girder. In wake of the open girder, the CFx, 299 

CFy, and CFy’ values for the closed girder were almost the same as those of the open girder. 300 

Therefore, the side-surface openings of the downstream girder did not affect its time-averaged 301 

flow and vortex shedding. They were affected, however, by the turbulent flow from the upstream 302 

girder. The values of CFx, absolute CFy, and CFy’ for the downstream girder decreased when the 303 

upstream girder was changed from a closed girder to an open girder at α = 0° (e.g., the CFx of the 304 

downstream closed girder was reduced by 25% when the upstream girder was changed from a 305 

closed girder to an open girder). Consequently, the flow field around the downstream girder was 306 

affected by the side-surface openings of the upstream girder. 307 

The effects of the upstream girder on the aerodynamic force coefficients of the downstream 308 

girder were analyzed next. The CFx values of the downstream closed/open girder were smaller than 309 

those of the single closed/open girder at α = 0° and +3° (Fig. 8). The reduction in the CFx values 310 

of the downstream girder resulted from the small wind velocities of the wake flow of the upstream 311 

girder (Wang et al., 2020a) and the subsequent reduction in the windward-surface pressure of the 312 

downstream girder (Okajima et al., 1990a). Furthermore, extant research (Okajima et al., 1990a) 313 

indicates that the turbulent flow from the B/D = 2 rectangular cylinder promoted the reattachment 314 
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of the separated shear layer on the downstream B/D = 2 rectangular cylinder. Probably owing to 315 

the promotion of the reattachment of the separated shear layer on the downstream girder, the lift 316 

force of the downstream girder was in the downward direction, while the single girder showed an 317 

upward lift force at α = 0°. Additionally, according to the past researches (Chen et al., 2014; Ma 318 

et al., 2020), the pressure fluctuation coefficients of the upside/downside surface of the 319 

downstream girder were significantly larger than those of the upstream girder. Probably owing to 320 

the increase in the pressure fluctuation of the upside/downside surface of the downstream girder, 321 

the CFy’ value of the downstream girder was larger than that of the single girder (Fig. 8(c)). 322 

Finally, the St of the downstream girder (Table 5) was assessed. According to Table 5, the 323 

closed girder and open girder had almost the same St in the wake of the closed girder and in the 324 

wake of the open girder at α = 0°. The St of the girders in the wake of the closed girder was slightly 325 

smaller than that of the girders in the wake of the open girder. By comparing Table 3 and Table 5, 326 

it can be seen that the St of the downstream and upstream girder was almost the same for the same 327 

arrangement. A comparison of Table 4 and Table 5 revealed that the St of the downstream girder 328 

was slightly smaller than that of the single girder. According to Sakamoto (1987), the same vortex-329 

shedding frequency of the downstream girder and upstream girder was related to the 330 

synchronization between the vortex shedding from the upstream girder and the vortex formation 331 

of the downstream girder.  332 

In summary, the flow around the downstream girder was significantly affected by the turbulent 333 

flow from the upstream girder. The synchronization between the vortex shedding from the 334 

upstream girder and the vortex formation of the downstream girder led to their having the same St. 335 

The aerodynamic force coefficients of the downstream girder were not affected by its side-surface 336 

openings, but were slightly affected by the side-surface openings of the upstream girder. 337 
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Aerodynamic instability of the upstream girder 338 

In this section, the effects of a stationary downstream closed girder on the aerodynamic 339 

performance of the upstream girder are discussed by comparing the results of the upstream girder 340 

with that of the single girder presented in our past research (Wang et al., 2020a). Then, the effects 341 

of the side-surface openings (in both the upstream and downstream girders) on the aerodynamic 342 

instability of the upstream girder are discussed. 343 

Effects of a fixed downstream girder  344 

A comparison of the aerodynamic response of the upstream girder and single girder at α = +3° 345 

is shown in Fig. 9. According to Fig. 9 (a), at 4 < Ur < 8, the motion-induced vortex vibration of 346 

the upstream closed girder exhibited almost the same maximum magnitude as that of a single 347 

closed girder. The upstream open girder and single open girder also displayed almost the same 348 

maximum amplitude of motion-induced vortex vibration (Fig. 9 (b)). Therefore, with a center 349 

distance of 2B, the motion-induced vortex vibration of the upstream girder was not affected by the 350 

downstream girder. According to Fig. 9, another noticeable result was that the reduced critical 351 

wind velocity for galloping (Urc0) of the upstream girder was smaller than for the single girder. 352 

According to Fig. 9 (a), the value of Urc0 (= 25) for the upstream closed girder was smaller than 353 

that (Urc0 = 47) for the single closed girder. According to Fig. 9 (b), the upstream open girder 354 

showed galloping from Urc0 = 40, whereas the single open girder did not show galloping until Ur 355 

= 70. Therefore, the downstream closed girder caused the upstream girder to be more unstable 356 

from the perspective of galloping. This conclusion was supported by a comparison between the 357 

aerodynamic derivative, H1
*, of the upstream girder and single girder (Fig. 10). The H1

* based on 358 

the quasi-steady theory is also included in Fig. 10. The H1
* based on the quasi-steady theory is 359 

calculated as  360 
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 𝐻1
∗ = −

1

𝑘

𝑑𝐶𝐹𝑦

𝑑𝛼
 (9) 

where dCFy/dα is the lift slope. The H1
* identified from the forced vibration gradually approached 361 

that calculated based on the quasi-steady theory for the single girder at high wind velocities (Fig. 362 

10). Hence, H1
* can provide sufficient information, such as the value of aerodynamic damping and 363 

corroborative evidence of critical wind velocity of galloping, to discuss the galloping instability. 364 

The value of H1
* for the upstream closed/open girder was larger than the value for the single 365 

closed/open girder at Ur > 30 (Fig. 10), which indicated that the upstream girder had a larger 366 

aerodynamic damping than the single girder. In addition, H1
* turned positive at Urc_for = 40 for the 367 

upstream closed girder, and Urc_for = 60 for the single closed girder (Fig. 10 (a)). The value of 368 

Urc_for (= 52) for the upstream open girder was smaller than the value of Urc_for (= 80) for the single 369 

open girder (Fig. 10(b)). This also supports conclusion that the critical wind velocity for galloping 370 

in the upstream girder was smaller than for the single girder. According to past studies (Matsumoto 371 

et al., 2008b; Yagi et al., 2013), the galloping of the upstream girder was more unstable owing to 372 

the suppression of the vortex shedding, which was indicated by the small fluctuating lift 373 

coefficients of the upstream girder (Fig. 7 (c)). Therefore, the motion-induced vortex vibration of 374 

the upstream girder was unaffected by the downstream closed girder. However, the downstream 375 

girder made the upstream girder more unstable in galloping by reducing its critical wind velocity. 376 

Effects of the side-surface openings  377 

The aerodynamic response of the upstream girders at α = +3° is summarized in Fig. 11, and the 378 

aerodynamic derivative, H1
*, at α = +3° is summarized in Fig. 12. First, the side-surface opening 379 

effects of the downstream and upstream girders on the motion-induced vortex vibration of the 380 
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upstream girder are discussed. Then, the side-surface opening effects of the downstream and 381 

upstream girders on the galloping are discussed.  382 

According to Fig. 11, the upstream girders displayed motion-induced vortex vibration at 4 < 383 

Ur < 8. According to Fig. 11 (a), the largest reduced double amplitude of the motion-induced vortex 384 

vibration (2Aηmax/D) was 0.42 irrespective of the type of girder downstream (i.e., closed girder or 385 

open girder). In addition, the value of 2Aηmax/D for the upstream open girder was 0.28 irrespective 386 

of the type of girder downstream (Fig. 11 (b)). Consequently, the value of 2Aηmax/D (= 0.42) for 387 

the upstream closed girder was approximately 1.5 times as much as that (2Aηmax/D = 0.28) of the 388 

upstream open girder. Therefore, introducing side-surface openings to the downstream girder did 389 

not affect the motion-induced vortex vibration of the upstream girder. However, the side-surface 390 

openings of the upstream girder stabilized its motion-induced vortex vibration by reducing the 391 

largest amplitude by 33%. 392 

The effects of the side-surface openings in the downstream girder on the galloping instability 393 

of the upstream girder were further evaluated based on the aerodynamic response (Fig. 11) and 394 

H1
* (Fig. 12). According to Fig. 11 (a), when the downstream girder changed from a closed girder 395 

to an open girder, the upstream closed girder exhibited almost the same vibration amplitude for 396 

each wind velocity. The upstream closed girder showed galloping at the reduced critical wind 397 

velocity (Urc0) of 25. According to Fig. 11 (b), the upstream open girder showed galloping at Urc0 398 

= 40 with a closed girder at the downstream side and at Urc0 = 50 with an open girder at the 399 

downstream side. Despite the difference between the Urc0 value for these two cases (Fig. 11 (b)), 400 

the upstream open girder in both cases achieved a reduced double amplitude larger than 45 at Ur 401 

= 55. Therefore, the galloping instability of the upstream girder was not obviously affected by the 402 

side-surface openings of the downstream girder. This conclusion was also supported by the H1
* 403 
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values of the upstream girder (Fig. 12). The H1
* values of the upstream closed girder were nearly 404 

identical irrespective of the type of girder downstream (Fig. 12 (a)). According to Fig. 12 (b), the 405 

same conclusion was reached for the H1
* values of the upstream open girder. In summary, the side-406 

surface openings of the downstream girder did not obviously affect the galloping instability of the 407 

upstream girder. 408 

A comparison of Fig. 11 (a) and (b) revealed that the upstream closed girder exhibited a smaller 409 

reduced critical wind velocity for the galloping (Urc0 = 25) than the upstream open girder (Urc0 = 410 

40/50). Furthermore, according to Fig. 12, the H1
* of the upstream closed girder turned positive at 411 

Urc_for = 40, which was smaller than the Urc_for (= 52/56) of the upstream open girder. Therefore, 412 

the side-surface openings of the upstream girder stabilized its galloping instability by increasing 413 

the critical wind velocity. 414 

In summary, the side-surface openings of the downstream girder had almost no effect on the 415 

aerodynamic performance of the upstream girder. However, the side-surface openings of the 416 

upstream girder stabilized it against motion-induced vortex vibration and galloping. 417 

Aerodynamic instability of the downstream girder 418 

The effects of the turbulence from the upstream closed girder on the aerodynamic performance 419 

of the downstream girder were evaluated by comparing the results of the downstream girder with 420 

a single girder. The data for the single girder were from our recent study (Wang et al., 2020a). 421 

Then, the effects of the side-surface openings in both the upstream and downstream girders on the 422 

aerodynamic instability of the downstream girder were analyzed.  423 

Effects of a fixed upstream girder 424 

A comparison of the aerodynamic response of the downstream and single girders at α = +3° is 425 

shown in Fig. 13, while a comparison between their aerodynamic derivative, H1
*, at α = +3° is 426 
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shown in Fig. 14. As shown in Fig. 13 (a), the downstream closed girder did not show galloping 427 

instability, whereas the single closed girder showed galloping at Urc0 > 47. Furthermore, as shown 428 

in Fig. 14 (a), the H1
* of the downstream closed girder was negative until Ur = 100, while the single 429 

closed girder turned positive at Urc_for = 60. The H1
* of the downstream open girder was negative 430 

until Ur = 100, while the single open girder turned positive at Urc_for = 80 (Fig. 14 (b)). Therefore, 431 

the turbulent flow from the upstream closed girder stabilized the galloping of the downstream 432 

girder. This phenomenon was attributed to the fact that the turbulent flow from the upstream girder 433 

caused intermittent reattachment of the separated flow on the side surface of the downstream girder 434 

(Takeuchi and Matsumoto, 1992; Parkinson, 1989).  435 

According to Fig. 13, another noticeable characteristic was the larger amplitude of the vortex-436 

induced vibration of the downstream girder compared to the single girder. This was further 437 

analyzed based on Fig. 15, which provides a comparison of the vortex-induced vibration of the 438 

downstream girder and single girder at α = 0°. The largest reduced double amplitude of the vortex- 439 

induced vibration (2Aηmax/D = 0.75) of the downstream closed girder was larger than the 2Aηmax/D 440 

(= 0.40) of the single closed girder (Fig. 15 (a)). The 2Aηmax/D (= 0.59) of the downstream open 441 

girder was larger than the 2Aηmax/D (= 0.22) of the single open girder (Fig. 15 (b)). Therefore, 442 

owing to the presence of the upstream closed girder, the amplitude of the vortex-induced vibration 443 

of the downstream girder was amplified by a factor of almost two. According to Fig. 15, the 444 

reduced critical wind velocity of the vortex-induced vibration of the downstream girder was 445 

approximately 6, which was larger than that of the single girder (approximately 4). This difference 446 

may have been caused by the increase of 1/St in the downstream girder from that of the single 447 

girder (Table 4 and Table 5). Furthermore, the 1/St value for the upstream and downstream girders 448 

in the same arrangement were nearly the same (Table 3 and Table 5). The amplification of the 449 
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vortex-induced vibration may have been related to the synchronization between the vortex 450 

shedding from the upstream girder and the vortex formation of the downstream girder (Sakamoto 451 

et al., 1987; Meng et al., 2011; Argentini et al., 2015; Park and Kim, 2017a). As previously 452 

discussed, the fluctuating lift force coefficients of the downstream girder were obviously larger 453 

than those of the single girder (Fig. 8 (c)). Therefore, the vortex-induced vibration of the 454 

downstream girder could be regarded as a ‘forced vibration’ or ‘resonance buffeting’ owing to the 455 

periodic turbulent flow from the upstream girder (Takeuchi and Matsumoto, 1992; Argentini et al., 456 

2015). 457 

In summary, the turbulent flow from the upstream closed girder stabilized the galloping of the 458 

downstream girder and amplified the amplitude of the vortex-induced vibration by approximately 459 

two times. The vortex-induced vibration of the downstream girder was regarded as a ‘forced 460 

vibration’ or ‘resonance buffeting’.  461 

Effects of the side-surface openings  462 

The effects of the side-surface openings on the vortex-induced vibration of the downstream 463 

girder were evaluated based on the aerodynamic response at α = +3° (Fig. 16). As shown in Fig. 464 

16 (a), for the downstream closed girder, the largest reduced double amplitude of the vortex-465 

induced vibration (2Aηmax/D) was 0.7, independent of the type of girder upstream (i.e., a closed 466 

girder or open girder). As shown in Fig. 16 (b), the 2Aηmax/D of the downstream open girder was 467 

the same as for the different upstream girders. Furthermore, the 2Aηmax/D (= 0.7) of the 468 

downstream closed girder was approximately 1.3 times as much as the 2Aηmax/D (= 0.55) of the 469 

downstream open girder (Fig. 16). Therefore, the side-surface openings of the downstream girders 470 

stabilized its vortex-induced vibration by reducing the largest amplitude by approximately 21%, 471 

irrespective of the type of girder upstream.  472 
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According to Fig. 16, the downstream girders did not show galloping. According to Fig. 17, 473 

H1
* showed a continually negative magnitude at Ur < 100, indicating that the galloping of the 474 

downstream girder was stabilized. In addition, all cases showed almost the same H1
* value at high 475 

wind velocities, indicating that the side-surface openings of both the upstream and downstream 476 

girders did not affect the aerodynamic damping of the downstream girder at high wind velocities. 477 

In summary, the side-surface openings of the upstream girder did not affect the vortex-induced 478 

vibration of the downstream girder. However, the side-surface openings of the downstream girder 479 

stabilized its vortex-induced vibration by reducing the largest amplitude by approximately 21%. 480 

Conclusion  481 

To investigate the effects of side-surface openings on the aerodynamic interference of two box 482 

girders in tandem, two butterfly web girders with a side ratio, B/D, of 3.24, where B is the girder 483 

width and D is the girder depth, were evaluated through a series of wind tunnel tests. The following 484 

conclusions were drawn: 485 

(1) The presence of the fixed downstream girder increased the lift force coefficient (CFy) and 486 

reduced the drag force coefficient (CFx), the fluctuating lift force coefficient (CFy’) and Strouhal 487 

number (St) of the upstream girder. The side-surface openings of the fixed downstream girder did 488 

not affect the CFx, CFy, and CFy’ values of the upstream girder. In contrast, the side-surface openings 489 

of the upstream girder minimized its CFy and CFy’ values.  490 

(2) The CFx, CFy, and CFy’ values of the downstream girder were substantially affected by the 491 

turbulent flow from the fixed upstream girder. The upstream and downstream girders showed the 492 

same St value. While the CFx, CFy, and CFy’ values of the downstream girder were not affected by 493 

its openings, they were slightly affected by the side-surface openings of the fixed upstream girder.  494 
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(3) The fixed downstream closed girder did not affect the motion-induced vortex vibration of 495 

the upstream girder, but did make it more unstable in terms of the galloping instability. The side-496 

surface openings of the fixed downstream girder did not affect the vibration amplitude or 497 

aerodynamic damping (H1*) of the upstream girder. In contrast, the side-surface openings of the 498 

upstream girder stabilized its motion-induced vortex vibration and galloping instability.  499 

(4) The turbulent flow from the fixed upstream girder amplified the amplitude of the vortex-500 

induced vibration of the downstream girder, which was regarded as a “forced vibration”, and 501 

completely stabilized the downstream girder against galloping instability. The side-surface 502 

openings of the fixed upstream girder did not affect the aerodynamic response of the downstream 503 

girder, while those of the downstream girder stabilized its vortex-induced vibration. 504 

The incorporation of side-surface openings is a promising method for achieving a light box 505 

girder with suitable aerodynamic performance. However, questions still remain regarding the 506 

effects of side-surface openings on the aerodynamic interference between two elastically supported 507 

box girders in tandem. As this study was based on the center distance of 2B, further investigation 508 

of the effects of side-surface openings on the aerodynamic interference of two adjacent girders 509 

with different center distances is required. Additionally, a careful examination of the flow field 510 

around two girders in tandem is necessary to further reveal the mechanism related to the effects of 511 

side-surface openings on the aerodynamic interference of two girders in tandem. 512 
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Table 1. Characteristic parameters for the upstream girder used in the free vibration experiments 605 

(vertical 1DOF, smooth flow) 606 

Upstream girder Downstream girder (fixed) α (°) m (kg/m) f (Hz) δη Scη 

Closed girder Closed girder 

0° 

2.40 4.57 0.0027 4.3 

Closed girder Open girder 2.36 4.61 0.0027 4.2 

Open girder Closed girder 2.40 4.57 0.0027 4.4 

Open girder Open girder 2.36 4.61 0.0027 4.3 

Closed girder Closed girder 

+3° 

2.40 4.57 0.0027 4.4 

Closed girder Open girder 2.36 4.61 0.0027 4.2 

Open girder Closed girder 2.40 4.57 0.0027 4.3 

Open girder Open girder 2.36 4.61 0.0027 4.3 

Table 2. Characteristic parameters for the downstream girder used in the free vibration 607 

experiments (vertical 1DOF, smooth flow) 608 

Upstream girder (fixed) Downstream girder  α (°) m (kg/m) f (Hz) δη Scη 

Closed girder Closed girder 

0° 

2.40 4.57 0.0027 4.4 

Closed girder Open girder 2.36 4.61 0.0029 4.5 

Open girder Closed girder 2.40 4.57 0.0027 4.4 

Open girder Open girder 2.36 4.61 0.0027 4.4 

Closed girder Closed girder 

+3° 

2.40 4.57 0.0027 4.3 

Closed girder Open girder 2.36 4.61 0.0027 4.4 

Open girder Closed girder 2.40 4.57 0.0026 4.3 

Open girder Open girder 2.36 4.61 0.0028 4.4 

Table 3. St of the upstream girder (α = 0°, U = 6 m/s)  609 

Upstream girder Downstream girder St 1/St 

Closed girder Closed girder 0.129 7.77 

Closed girder Open girder 0.130 7.71 

Open girder Closed girder 0.142 7.03 

Open girder Open girder 0.147 6.80 

  610 
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Table 4. St of the single girder (Data is from Wang et al., 2020a, α = 0°, U = 6 m/s) 611 

Single girder St 1/St 

Closed girder 0.165 6.07 

Open girder 0.164 6.10 

 612 

Table 5. St of the downstream girder (α = 0°, U = 6 m/s) 613 

Upstream girder Downstream girder Strouhal number 1/St 

Closed girder Closed girder 0.131 7.65 

Closed girder Open girder 0.129 7.76 

Open girder Closed girder 0.146 6.83 

Open girder Open girder 0.148 6.78 

  614 
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Fig. 1. Butterfly web bridge  615 

Fig. 2. Model section and side-surface opening detail (mm) 616 

Fig. 3. Models used in the experiment: (a) open girder, and (b) closed girder 617 

Fig. 4. Free vibration system for: (a) upstream girder, and (b) downstream girder 618 

Fig. 5. Dispositions of the two girders: (a) upstream girder is under measurement, and (b) 619 

downstream girder is under measurement 620 

Fig. 6. Definitions of the aerodynamic forces on the structural axis 621 

Fig. 7. Aerodynamic force coefficients of the upstream girder (U = 6 m/s, smooth flow) for (a) 622 

drag force CFx, (b) lift force CFy, and (c) fluctuating lift force CFy’. 623 

Fig. 8. Aerodynamic force coefficients of the downstream girder (U = 6 m/s, smooth flow) for (a) 624 

drag force CFx, (b) lift force CFy, and (c) fluctuating lift force CFy’. 625 

Fig. 9. Comparison of the aerodynamic response of the (vertical one degree-of-freedom [1DOF], 626 

α = 3°, smooth flow): (a) upstream and single closed girders, and (b) upstream and single open 627 

girders 628 

Fig. 10. Comparison of H1
* of the (vertical 1DOF, α = 3°, f = 2.0 Hz, 2Aη = 20 mm, smooth flow) 629 

(a) upstream and single closed girders and (b) upstream and single open girders. 630 

Fig. 11. Aerodynamic response of the (vertical 1DOF, α = +3°, smooth flow): (a) upstream closed 631 

girder with fixed downstream closed and open girders, and (b) upstream open girder with fixed 632 

downstream closed and open girders 633 

Fig. 12. H1
* of the (vertical 1DOF, α = 3°, f = 2.0 Hz, amplitude = 10 mm, smooth flow): (a) 634 

upstream closed girder with fixed downstream closed and open girders, and (b) upstream open 635 

girder with fixed downstream closed and open girders 636 
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Fig. 13. Comparison of the aerodynamic response of the (vertical 1DOF, α = 3°, smooth flow): (a) 637 

downstream and single closed girders, and (b) downstream and single open girders 638 

Fig. 14. Comparison of H1
* of the (vertical 1DOF, α = 3°, f = 2.0 Hz, 2Aη = 20 mm, smooth flow) 639 

(a) downstream and single closed girders and (b) downstream and single open girders. 640 

Fig. 15. Comparison of the vortex-induced vibration of the (vertical 1DOF, α = 0°, smooth flow): 641 

(a) downstream and single closed girders, and (b) downstream and single open girders 642 

Fig. 16. Aerodynamic response of the (vertical 1DOF, α = +3°, smooth flow): (a) downstream 643 

closed girder with fixed upstream closed and open girders, and (b) downstream open girder with 644 

fixed upstream closed and open girders 645 

Fig. 17. H1
* of the (vertical 1DOF, α = 3°, f = 2.0 Hz, amplitude = 10 mm, smooth flow): (a) 646 

downstream closed girder with fixed upstream closed and open girders, and (b) downstream open 647 

girder with fixed upstream closed and open girders 648 
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