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ABSTRACT: Although vortex-induced vibration (VIV) has been the object of research for half a 10 

century, it is still a crucial phenomenon for the design of light and flexible bridges, as it can lead 11 

to discomfort for the users and even fatigue damage. This issue has been addressed in the literature 12 

mostly for either quasi-streamlined or shallow π-deck sections, typical of long-span bridges, since 13 

the latter are particularly prone to wind-induced oscillations. Although full-scale observations 14 

demonstrate that even steel-box girder bridges, usually characterized by a shorter span length if 15 

compared to suspension and cable-stayed bridges, can experience a violent VIV response, system-16 

atic studies for these bluffer cross-section geometries are less frequent. In addition, the aerody-17 

namic optimization of non-structural additions (barriers, screens, fairings) is rarely carried out for 18 

this bridge typology. Therefore, a wind tunnel investigation is carried out on a non-streamlined 19 

box-girder sectional model (inspired by the Volgograd Bridge, Russia) equipped with two typolo-20 

gies of traffic barriers giving rise to a large ratio of barrier height to deck width, considering a 21 

realistic range of angles of attack. A large and even unexpected variability in the vibration ampli-22 

tude and lock-in curve pattern is found, emphasizing the existence of competing excitation mech-23 

anisms. Indeed, low-porosity barriers create a cavity on the upper side of the deck, which is known 24 

to foster the impinging-shear-layer instability, as for instance in H-shaped sections. This vortex-25 

shedding mechanism co-exists with the dominant Kármán-vortex shedding and is responsible for 26 

a significant anticipation of the VIV onset compared to the predictions based on the Strouhal num-27 

ber measured during static tests. The intensity of the secondary excitation mechanism and its in-28 

teraction with the dominant mechanism strongly depend on the angle of attack and is largely re-29 

sponsible for profound changes in the VIV bridge response. The wind tunnel results are also 30 

reconsidered in light of the quasi-steady theory, highlighting some, even qualitative, discrepancies. 31 
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KEYWORDS: Vortex-induced vibration; Bridge decks; Wind tunnel tests; Traffic barriers; Vor-32 

tex-shedding mechanisms; Impinging shear-layer instability 33 

1 INTRODUCTION 34 

The construction of light and slender bridge structures, characterized by limited mass per unit 35 

length and low frequency of oscillation, has become more and more common over the years. For 36 

this reason, the study of vortex-induced vibrations (VIV) of bridge decks can be crucial for the 37 

structural design. Such a phenomenon is able to produce remarkable oscillations, with possible 38 

fatigue damage accumulation on structural elements and travel safety and/or comfort level reduc-39 

tion for pedestrians and road or railway users. 40 

The relevance of this phenomenon in bridge design is demonstrated by several well-known 41 

examples of bridges suffering from VIV, such as the Great Belt East Bridge in Denmark (both the 42 

suspension bridge deck and the access viaduct girder; Schewe and Larsen, 1998; Larsen et al., 43 

2000; Frandsen, 2001) or the Trans-Tokyo Bay Crossing Bridge in Japan (Fujino and Yoshida, 44 

2002). A more recent and evocative case of VIV affected the Volgograd Bridge, Russia, which 45 

showed large vertical vibrations in May 2010, just few months after completion, with a maximum 46 

peak-to-peak amplitude of approximately 80 cm. To suppress the wind-induced oscillations, semi-47 

active tuned mass dampers were designed and installed inside the girder (Weber et al., 2013). Such 48 

a VIV event had a strong echo in the media and pointed out the potentially severe effects of vortex 49 

shedding not only for cable-supported decks but also for a girder bridge with shorter span length. 50 

Finally, the vortex-induced oscillations observed on May 5th, 2020 in the Humen Pearl River 51 

Bridge, in Guangdong province in China, also deserve a mention, since this bridge had never been 52 

affected before by significant vortex-induced oscillations though it was opened in 1997. This VIV 53 

event was probably promoted by the temporary installation of water-filled barriers (Ge et al., 54 

2022), with a consequent modification of bridge aerodynamics, and it is representative of the crit-55 

ical alteration of the VIV response caused by non-structural elements installed on the deck. 56 

A large part of the literature about VIV refers to cylindrical bodies with paradigmatic and sim-57 

ple cross-section geometry, such as circle, square or rectangles with various side ratios. In the 58 

engineering practice, the circular section is representative of a multitude of different structural 59 

elements, like cables, chimneys or risers. On the other hand, square and rectangular sections are 60 
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largely studied in the context of wind action on tall and slender buildings, suspenders, etc. Elon-61 

gated rectangular sections are also considered in several studies dealing with bridge deck VIV 62 

(e.g., Ehsan & Scanlan, 1990; Matsumoto et al., 1993; Marra et al., 2011; Marra et al., 2015). 63 

Nevertheless, even for similar width-to-depth ratios, bridge sections exhibit a large variety of 64 

shapes, which are the result of structural and non-structural elements, both influencing the VIV 65 

response. 66 

The VIV behavior of a bridge deck is also strictly connected to the physical mechanism of 67 

vortex-excitation. In this respect, Shiraishi and Matsumoto (1983) classified rectangular and bridge 68 

sections in three groups based on their vortex-excited across-wind response. In particular, one of 69 

them refers to moderately elongated sections, with a side ratio between approximately 2 and 7.5 70 

(see also Matsumoto et al., 1993), where two kinds of unsteady vortices may coexist: one generated 71 

at the leading edge due to the vibration of the body, and the other shed in the wake near the trailing 72 

edge. This section typology is representative of the VIV response of elongated rectangular cylin-73 

ders and of a multitude of bridge decks, with an excitation related to the instability of the shear 74 

layer separating at the leading edge. This mechanism is called motion-induced excitation, and it is 75 

characterized by a nondimensional frequency of about 0.6, normalized with the cross-section 76 

width, constant over a wide range of side ratios (Matsumoto et al., 1993). This excitation may 77 

coexist with the Kármán-vortex shedding excitation, generated by the interaction of separated 78 

shear layers behind the body. Nakamura described the former mechanism without invoking the 79 

motion of the body (Nakamura and Nakashima, 1986). He explained the vortex excitation not 80 

attributable to the Kármán-vortex trail with the impinging shear-layer instability, according to 81 

which a single separated shear layer forms a vortex in presence of a sharp trailing edge, following 82 

the feedback effect of it. This phenomenon is supposed to rule the shedding of vortices for rectan-83 

gular cylinders with a side ratio greater than about 3, H and T-shaped cross sections, and other 84 

elongated bluff cylinders (see, e.g., Nakamura and Nakashima, 1986; Nakamura and Matsukawa, 85 

1987; Mannini et al., 2017). According to this interpretation, the Strouhal number (also for a body 86 

at rest) is constant for a wide range of side ratios and equal to about 0.6 (if normalized with the 87 

cross-section width). The impinging shear-layer instability is particularly pronounced for an H-88 

shaped geometry and for the flow past cavities (Rockwell and Naudascher, 1978); the Strouhal 89 

number identified by Nakamura and Nakashima (1986) takes values around 0.6 for a cavity width-90 

to-depth ratio ranging from 2 to 8. Similarly, vertical elements installed at both ends of a bridge 91 
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section, such as barriers or screens, may give rise to a sort of cavity on the upper side of the deck, 92 

especially if they are characterized by a low porosity. 93 

The side ratio and the bare deck geometry are critical factors for bridge aerodynamic and aero-94 

elastic behavior, but it is well known that nonstructural devices with either an aerodynamic or a 95 

service purpose may also radically affect the VIV response. Such elements are always present in 96 

bridge decks in the form of lateral traffic barriers (e.g., Kubo et al, 2002; Bai et al., 2020; Yan et 97 

al., 2022), railings or parapets for pedestrians (e.g., Larsen and Wall, 2012; Hu et al., 2018), or 98 

screens to protect from wind or noise (e.g., Honda et al., 1992). All of them exhibit a height that 99 

is non-negligible or, in some cases, even comparable to the depth of the bare deck. Besides the 100 

height, the position where these elements are installed on the bridge section (Honda et al., 1992; 101 

Kubo et al, 2002), and even more the percentage and distribution of the openings (Yan et al., 2022) 102 

are also very important. The distribution of open and sealed portions of a barrier may even be 103 

employed to mitigate vortex-induced oscillation (Bai et al., 2020). A subset of the works men-104 

tioned above (Honda et al., 1992; Kubo et al, 2002; Bai et al., 2020) also deal with the bridge VIV 105 

behavior for a certain range of wind angles of attack, since the incoming flow inclination is strictly 106 

connected to the effect of screens or barriers installed on the deck. 107 

To provide a clearer overview of the past researches about VIV of bridge decks, which may be 108 

useful not only for the present work but also as a database for future research, a collection of 109 

studies available in the literature is reported in Table 1. Therein, the typology of investigation is 110 

indicated, distinguishing between wind tunnel tests (WT), computational fluid dynamics simula-111 

tions (CFD) and full-scale measurements (FS). The typologies of bridge and deck section are also 112 

reported, along with the ratios of some relevant geometric quantities: B is the total width of the 113 

cross section, while b denotes the width of the horizontal part of the lower side of the deck; D is 114 

the depth of the bare deck; h is the height of the vertical barriers or screens installed on the bridge. 115 

A graphical comparison between the bridge sections collected in Table 1 is also provided in terms 116 

of ratios between cross-section dimensions (Fig. 1(a)) and normalized barrier height (Fig. 1(b)). In 117 

particular, the ratio h/B characterizes the geometry of the cavity created on the deck upper side by 118 

a pair of lateral barriers or screens; especially for a low porosity of them, this ratio may be crucial 119 

for the vortex-shedding mechanism associated with impinging shear-layer-instability (or motion-120 

induced excitation). The peak transverse amplitude of vibration Ypeak, normalized with D, and the 121 

corresponding mass-damping parameter, the Scruton number (Sc), are also reported in Table 1. 122 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4736816

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



The Scruton number is evaluated as Sc = 4πmζ0/ρBD, where m is the mass per unit length, ζ0 is the 123 

structural damping, and ρ is the air density. Most of the studies collected in Table 1 deal with the 124 

VIV response of elongated or quasi-streamlined bridge deck sections, typical of long-span bridges, 125 

which usually draw the attention of researchers due to their sensitivity to wind-induced excitation. 126 

Some studies dealing with π-shaped deck sections are also included in Table 1; this section typol-127 

ogy is often adopted for cable-stayed bridges and, despite the poor aerodynamic performance (es-128 

pecially in the absence of fairings), it is usually characterized by a fairly large ratio of along-wind 129 

to across-wind dimensions. The lowest B/D ratios in Table 1, lower than 4, are those associated 130 

with the Rio-Niterói Bridge (Battista and Pfeil, 2000), the Deer Isle Bridge (Kumarasena et al., 131 

1991), the approaching spans of the Great Belt East Bridge (Larsen et al., 1995; Schewe and 132 

Larsen, 1998), and the Trans-Tokyo Bay Crossing Bridge (Fujino and Yoshida, 2002). Except for 133 

the Deer Isle Bridge, which is a suspension bridge with an open section, the others are girder 134 

bridges with a non-streamlined steel box section. Their maximum span length ranges from about 135 

200 m to 250 m, and they exhibited remarkable peak transverse amplitude of vibration, between 136 

4% and 10% of D at full scale and during wind tunnel tests. A slightly larger side ratio characterizes 137 

the Volgograd Bridge, which presents a bluff trapezoidal box girder with lateral cantilevers (Cor-138 

riols and Morgenthal, 2012). This case study is meaningful, since it experienced the most violent 139 

VIV event collected in Table 1, although the deck girder is characterized by the shortest span 140 

length (155 m) among those reported there. It is also worth noting that this bridge exhibits a high 141 

ratio of the barrier height to the deck depth (h/D) and width (h/B), which is expected to have an 142 

impact on the possible excitation due to impinging shear-layer instability. The analysis of Table 1 143 

suggests that the literature lacks studies of the VIV behavior of box cross sections characterized 144 

by low side ratios and relatively high barriers, typical of girder bridges with an important span 145 

(though noticeably shorter than those of cable-supported bridges). In addition, due to the non-146 

streamlined deck profile and the relatively limited span length, the aerodynamic performances of 147 

non-structural additions like barriers or screens are frequently considered of minor importance for 148 

this bridge typology and rarely optimized from the aerodynamic point of view. Finally, most of 149 

the collected literature contributions are limited to the null angle of attack, despite the well-known 150 

importance of this parameter. 151 

Based on these considerations, in the present work a wide experimental campaign is performed 152 

on a sectional model presenting a realistic and relatively bluff geometry, inspired by the Volgograd 153 
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Bridge deck and having large traffic barriers compared to the depth and, above all, to the width of 154 

the deck section (see Fig. 1). The aerodynamic effects of two different typologies of lateral traffic 155 

barriers are evaluated by means of static force measurements and aeroelastic tests. Wake measure-156 

ments behind both the stationary and the vibrating model are also performed in some cases, to 157 

better understand the VIV response. The study is carried out over a range of angles of attack typical 158 

of practical applications. The experiments aim to shed some light on the different vortex-induced 159 

excitation mechanisms and their possible interaction or interference, which is an aspect that is 160 

usually not dealt with for bridge sections equipped with realistic additions. In particular, attention 161 

is paid to the influence of the barriers not only on the VIV response amplitude, but also on the 162 

onset and extension of the lock-in regime, always keeping in mind literature results for more ge-163 

neric and paradigmatic cross sections (e.g., rectangular and H-shaped sections). The accuracy of 164 

the quasi-steady theory in predicting potential galloping instabilities of the considered bridge 165 

model is also ascertained. 166 
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Table 1. Collection of VIV studies. 167 

 

Bridge Reference Study 
Deck 

section 

Bridge 

typology 

Span 

length 

[m] 

B/D b/D h/D h/B 
α 

[°] 
Ypeak/D Sc 

Chongqing Hechuan 
Bridge 

Bai et al. (2020) WT Streamlined box girder Suspension 400 7.6 4.1 0.4 0.05 −3 to 3 0.07 12.3 

Deer Isle Bridge Kumarasena et al. (1991) FS H-shaped section Suspension 329 3.6 3.6 0.68 0.19 - 0.02 - 

Great Belt East Bridge 

(suspended span) 
Larsen (1993) WT Streamlined box girder Suspension 1624 7 4.7 0.33 0.05 0 0.06 - 

Great Belt East Bridge 
(approaching spans) 

Larsen et al. (1995) WT 
Trapezoidal box girder Steel girder 193 3.7 1.6 0.18 0.05 

0 0.11 5.6 

Schewe and Larsen (1998) FS - 0.02 - 

Haihe Bridge Meng et al. (2011) 
WT 

Trapezoidal box girder 
Cable-

stayed 
310 8.1 4.7 0.4 0.05 0 0.10 11.9 

CFD 

Hålogaland Bridge Larsen and Wall (2012) WT Streamlined box girder Suspension 1145 6.2 2.7 0.47 0.07 0 0.04 6.2 

Hong Kong-Zhuhai-

Macao Bridge 
Chen et al. (2017) WT 

Elongated trapezoidal box 

girder with lateral cantilevers 

Cable-

stayed 
258 8.5 4.5 0.25 0.04 −5 to 5 0.12 7.7 

Humen Bridge Ge et al. (2022) FS Streamlined box girder Suspension 888 13.3 10 0.4 0.03 - 0.12 13.2 

Jindo 

Bridge 

1st bridge 

Seo et al (2013) FS Trapezoidal box girder 
Cable-

stayed 
340 

4.2 2.2 0.48 0.11 

- 0.13 - 
2nd bridge 4.8 2.3 0.46 0.10 

parallel lay-

out 
12.7 8.1 0.47 0.04 

Kessock Bridge Owen et al. (1996) WT Open π-shaped section 
Cable-
stayed 

240 6.7 6.7 0.29 0.04 0 0.05 - 

Osteroy Bridge Larsen and Wall (2012) WT Streamlined box girder Suspension 595 5.4 3 0.5 0.09 0 0.04 5.4 

Qingshan Yangtze 

River Bridge 
Li et al. (2018) WT Streamlined box girder 

Cable-

stayed 
938 10.4 4.1 0.34 0.03 −5 to 5 0.07 8.1 

Rio-Niterói Bridge Battista and Pfeil (2000) WT Rectangular box girder Steel girder 300 3.5 2.7 0.19 0.05 0 0.04 - 

Second Severn 

Crossing Bridge 
Macdonald et al. (2002) 

WT 
Open π-shaped section 

Cable-

stayed 
456 10.7 6.2 0.40 0.04 

0 0.07 1.0 

FS - 0.06 - 

Stonecutters Bridge Larose et al. (2003) WT Streamlined twin-box girder  1018 13.6 7.2 0.40 0.03 - 0.14 - 
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Larsen et al. (2008) 
Cable-
stayed 

Sunshine Skyway 

Bridge 
Ricciardelli et al. (2002) WT 

Elongated trapezoidal box 

girder with lateral cantilevers 

Cable-

stayed 
364 7.1 2.5 0.18 0.03 0 0.01 - 

Tacoma Narrows 

Bridge 
Matsumoto et al. (2003) WT H-shaped section Suspension 853 4.8 4.8 0.29 0.06 0 0.27 5.0 

Tomei Ashigara 
Bridge 

Honda et al. (1992) WT Streamlined box girder 
Cable-
stayed 

185 8 2.8 1.3 0.16 −4 to 8 0.08 0.9 

Trans-Tokyo Bay 

Crossing Bridge 

Fujino and Yoshida (2002) 
WT 

Rectangular box girder with 

lateral cantilevers 
Steel girder 240 3.8 2.8 0.14 0.03 

−3 to 3 0.09 - 

FS - 0.08 - 

Sarwar and Ishihara (2010) CFD 0 0.07 1.6 

Volgograd Bridge 
Corriols and Morgenthal 

(2012) 
CFD 

Trapezoidal box girder with 

lateral cantilevers 
Steel girder 155 4.9 2 0.43 0.08 - 0.23 - 

Xiangshan Harbor 

Bridge 
Zhu et al. (2013) WT Streamlined box girder 

Cable-

stayed 
688 9.1 5.3 0.42 0.05 0 0.09 9.1 

Yi Sun-Shin Bridge Hwang et al. (2019) FS Streamlined twin-box girder Suspension 1545 10.3 4.2 0.39 0.04 0 0.09 4.7 

Generic bridge 
sections 

Kubo et al. (2002) 

WT 

Open π-shaped section 

- - 

10 - 0.4 0.04 −6 to 6 0.15 4.7 

Larsen and Wall (2012) Streamlined box girder 7.75 3 0.3 0.04 0 0.09 7.75 

Hu et al. (2018) Streamlined box girder 10.7 6.2 0.46 0.05 0 0.07 10 

Sun et al. (2019) Streamlined box girder 8.5 4.6 0.33 0.04 0 to 5 0.12 9.3 

Wang et al. (2020) Streamlined box girder 10.5 7.2 0.52 0.05 0 to 7 0.05 5.6 

Yan et al. (2022) Hexagonal box girder 5.5 3.1 0.22 0.04 0 0.20 7.7 

Wang et al. (2023) CFD Streamlined box girder 13.4 10 0.34 0.02 −3 to 3 0.37 6 
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a) b) 

Fig. 1. Comparison between the bridge sections collected in Table 1 and the current sectional model in terms of B/D 169 
against b/d (a) and of h/B against h/D (b). 170 

 171 

2 WIND TUNNEL EXPERIMENTS 172 

2.1 Wind tunnel facility and model 173 

The tests are carried out in the open-circuit boundary layer wind tunnel of CRIACIV (Inter-174 

University Research Centre on Building Aerodynamics and Wind Engineering), located in Prato, 175 

Italy. The closed rectangular test section is 2.42 m wide and 1.60 m high. The flow is drawn by a 176 

156-kW fan, and its speed can be continuously varied in the range 0−30 m/s, with a free-stream 177 

turbulence intensity below 1%. Temperature and atmospheric pressure are constantly monitored 178 

with a probe to calculate the air density. 179 

A bridge deck sectional model is employed for both static and aeroelastic tests, with a cross 180 

section inspired by the Volgograd Bridge, in Russia. This bridge is characterized by a slightly non-181 

symmetric cross section, with two lateral cantilevers of different length jutting out from a trape-182 

zoidal steel box girder (Corriols and Morgenthal, 2012). Such a length difference comes from the 183 

presence of a walkway only on one of the two sides of the section. In contrast, the cross section of 184 

the wind tunnel model is symmetric, aiming at a more paradigmatic deck geometry and, hence, at 185 

a greater generality of the work. 186 

Fig. 2 shows a schematic representation of the model cross section. FD and FL denote respec-187 

tively the drag and lift forces, V is the wind velocity, and α is the angle of attack (positive nose 188 
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up). The sectional model is 1000 mm long (L), its upper and lower widths are respectively 246 189 

mm (B) and 100 mm (b), while the across-flow size is 53 mm (D), referring to the bare deck layout. 190 

The resulting cross-section side ratios are B/D = 4.6 and b/D = 1.9. The box girder is realized with 191 

a 1 mm-thick aluminum plate, and a 0.5 mm-thick upper horizontal plate is fixed on the top of the 192 

girder, supported by lateral ribs on both sides. Internal ribs in the trapezoidal core of the model are 193 

also employed to avoid model deformation. The model lower corners are made sharp using a two-194 

component adhesive paste (Fig. 3(a)). To promote two-dimensional flow conditions, aluminum 195 

rectangular end-plates (500 mm × 210 mm, having a thickness of 2 mm for the static tests and 1 196 

mm for the dynamic tests) are provided at both ends of the model. Including the light end-plates, 197 

the model has a mass of 2.81 kg. 198 

Two realistic typologies of bridge lateral barriers are installed on the model (Fig. 3(b-e)). They 199 

are made of aluminum and present nearly the same height but a different degree of transparency 200 

to the flow: the first one (Barrier 1) is 21 mm high, while the second one (Barrier 2) is 22 mm 201 

high; their porosity is 51 % and 23 %, respectively. The largest blockage ratio (conservatively 202 

calculated as the total depth of the model in the direction perpendicular to the wind divided by the 203 

height of the test chamber) is 6.8 %, obtained during static force measurements for the model 204 

equipped with barriers at an angle of attack of about 12°. Nevertheless, most of the tests discussed 205 

in the present paper refer to an angle of attack ranging between −3° and 3°, and in these cases the 206 

maximum blockage ratio is equal to 5.3 %, which is generally considered acceptable. 207 

Finally, it is worth remarking that Barrier 1 is quite similar to the one installed on the Volgograd 208 

Bridge on the side opposite to the walkway. On the other hand, Barrier 2 is representative of par-209 

tially sealed traffic barriers employed to increase the safety of the motorcyclists on the road, espe-210 

cially when cornering. It may also be representative of other cases in which weakly porous vertical 211 

elements or sealed up to a considerable height are installed on the deck. For example, such a geo-212 

metric condition may occur for pedestrian parapets made of glass or similar materials. 213 

 214 
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 215 
Fig. 2. Sketch of the sectional model cross section (dimensions in mm). Positive drag, lift and angle of attack are also 216 
indicated. 217 

 218 

 
a) 

  
d) 

 
b) 

 
c) 

  
e) 

 
f) 

Fig. 3. Lower corner shape variation (a), Barrier 1 (b) and Barrier 2 (c). Close-up and main dimensions (in mm) of the 219 
first (d) and the second (e) lateral barrier installed on the sectional model during the tests. Section layouts without 220 
barriers (left), with Barrier 1 (center) and with Barrier 2 (right) are also reported (f). 221 

 222 

2.2 Experimental setups 223 

Static force measurements are performed by rigidly connecting the sectional model at both ends 224 

to two ATI FT-Delta SI-165-15 six-component high-frequency force balances (Fig. 4(a)). Each 225 
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balance is fixed to an electric motor allowing the automatic rotation of the sectional model around 226 

its longitudinal axis, so as to vary accurately the value of the angle of attack. The whole mechanism 227 

is supported by two steel columns fixed to the floor of the wind tunnel. The natural frequency of 228 

the system composed by the model installed on the setup for static force measurements is about 229 

25 Hz. 230 

Aeroelastic tests are conducted by elastically suspending the model through two shear-type 231 

steel frames, connected to the longitudinal axis of the model (Fig. 4(b)). The horizontal elements 232 

of the frames work as leaf springs. Only the vertical transverse displacement of the model is al-233 

lowed, because of the very high in-plane bending stiffness of the vertical Vierendeel-type girder 234 

located between the horizontal plates and rigidly connected to the sectional model. The displace-235 

ments of the sectional model are recorded with two non-contact laser transducers Micro-epsilon 236 

OptoNCDT 1605, located below both ends of the model. The mechanical damping of the system 237 

is varied through a device based on the electro-magnetic induction principle. It consists of two 238 

aluminum thin plates (250 mm × 120 mm × 2 mm), each one fixed to the end of a plate-spring and 239 

moving between two pairs of magnetic disks with a diameter of 60 mm and a thickness of 5 mm 240 

(Fig. 4(b)). The development of eddy currents in the aluminum plates generates the viscous damp-241 

ing force in the oscillating system. The amount of damping is controlled by finely tuning the dis-242 

tance between the magnets. The frequency (n0) and the mechanical damping ratio (ζ0) of the oscil-243 

lating system are measured through free-decay tests. Dynamic system identification is repeated 244 

several times for each series of aeroelastic measurements, showing very good repeatability. The 245 

effect of still-air resistance is minimized by considering only small vibrations for damping estima-246 

tion, namely a maximum amplitude below 0.5 mm. Nevertheless, the damping ratio of the system 247 

is also evaluated for larger oscillation amplitudes, up to values comparable to those expected dur-248 

ing the aeroelastic tests (see Section 3.2). Damping is identified through the MULS method (Bar-249 

toli et al., 2009) over time windows varying from T ≈ 5 s for the lowest amplitude to T ≈ 2 s for 250 

the largest one (i.e., n0T approximately between 15 and 45) and is associated with the maximum 251 

displacement in the window. Fig. 5 compares the results for three damping identifications: increas-252 

ing the oscillation amplitude by a factor of 10, the damping ratio increases by more than a factor 253 

of two, mainly due to the still-air resistance. Since this effect does not linearly superpose to that of 254 

the airflow, in the reminder of the paper we will always refer to the damping values determined 255 

for small oscillation amplitudes, bearing in mind, however, that there is some uncertainty in the 256 
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estimation of this important set-up parameter. The effective mass of the oscillating system (M) is 257 

evaluated through the addition to the system of a set of known masses and the consequent identi-258 

fication of vibration frequencies. An effective mass of 5.9 kg is estimated for the bridge deck 259 

sectional model (excluding the aluminum plates of the dampers and the lateral barriers installed 260 

on the bridge deck model). This result is confirmed by the static measurement of the stiffness of 261 

the system (17.4 kN/m). Furthermore, the linear elastic behavior of the plate springs is verified up 262 

to the highest amplitudes observed during the experimental tests. Finally, in the experimental tests 263 

the natural frequency of the vibrating system ranges from 8 to 9 Hz, while the Scruton number, 264 

calculated as Sc = 4πMζ0/ρBDL (where ζ0 refers to the damping in still air for small oscillation 265 

amplitude), varies from about 3.5 to about 60. 266 

 267 

 
a) 

 
b) 

Fig. 4. Wind tunnel setup for static force measurements (a) and for aeroelastic tests (b). 268 

 269 
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 270 

Fig. 5. Comparison between three damping-ratio identifications for different values of the oscillation amplitude (de-271 
noted as y) in still air. 272 

 273 

Finally, flow-velocity measurements are performed through a hot-wire anemometer installed 274 

on a robotic arm, able to move in all directions inside the test chamber behind the sectional model. 275 

The measurements are carried out with the model mounted on the aeroelastic setup (Fig. 4(b)) and 276 

they are performed both in static and dynamic conditions. In particular, for the former, the two 277 

shear-type steel frames supporting the model are restrained by a diagonal aluminum element inside 278 

the frame and by a cable connected to the floor of the wind tunnel, so preventing any vibration of 279 

the system. Fig. 6 provides the layout of the setup for the wake measurements; the probe is placed 280 

in two different positions, either at a distance of 2.9D downstream of the model (position P1) or 281 

much closer to the leeward barrier, at a distance of 0.75D from it (position P2). In both cases, the 282 

probe is located about 0.85D above the upper side of the deck. 283 

 284 

 285 

Fig. 6. Sketch of the bridge deck sectional model with the indication of the positions P1 and P2, where the hot-wire 286 
probe is placed to perform wake measurements. 287 
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3 RESULTS 288 

3.1 Static force measurements 289 

The static force measurements are carried out with the purpose of describing the aerodynamic 290 

behavior of the bridge deck section and supporting the discussion of the VIV response in the aero-291 

elastic tests. In a first phase, the mean values of drag (FD) and lift (FL) forces are measured. Aero-292 

dynamic drag (CD) and lift coefficient (CL) are obtained, respectively, from FD and FL divided by 293 

1/2ρV2LD, where ρ is the air density. Fig. 7 shows drag and lift coefficients as functions of the 294 

angle of attack, for the sectional model with and without lateral barriers, for a Reynolds number 295 

(Re = VD/ν) of about 100,000. As expected, the clearest effect of the barriers is a marked growth 296 

of the drag coefficient over the whole range of angles of attack. For positive angles, both barriers 297 

give rise to similar drag curves, while for negative angles the different porosity and distribution of 298 

the openings produce different trends of the coefficient. The peculiar drag coefficient pattern for 299 

the three deck layouts between 0° and 10° (exhibiting a bump between 5°) has been explained by 300 

flow visualizations through wool tufts attached to the sectional model (Nicese, 2021). For the bare 301 

deck, the lift coefficient (Fig. 7(b)) exhibits a positive slope up to about α = 4°, followed by a 302 

marked decreasing trend. The installation of Barrier 1 causes a decrease of the maximum lift value, 303 

and the peak is shifted towards lower values of α. With Barrier 2, the peak value of CL is larger 304 

than for Barrier 1, and it is reached for an even lower angle of attack, very close to zero. Overall, 305 

the presence of the barriers makes more linear and steep the lift curve prior to the stall. 306 

a) b) 

Fig. 7. Mean drag (a) and lift (b) coefficients for the sectional model with and without barriers (Re = 100,000). 307 
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Moreover, the lift fluctuations are investigated in terms of Strouhal number (St) and dimension-308 

less amplitude of the vortex-shedding force (CL0), for the purpose of making a first estimate of the 309 

proneness of the bridge section to vortex-induced vibration. The Strouhal number (St = nsD/V) is 310 

determined from the frequency ns associated with the dominant peak in the lift force spectrum. 311 

Fig. 8 shows the power spectral density of the lift coefficient at null, −3° and 3° angle of attack for 312 

the three cross-section layouts considered. These angles of attack are usually considered repre-313 

sentative of a multitude of realistic cases, in absence of extreme orographic features of the bridge 314 

site. The Strouhal frequency reduces in presence of the lateral barriers (in particular, for Barrier 2) 315 

and both the broadness and the height of the peak are remarkably affected by the presence and the 316 

typology of the traffic barrier. 317 

a) b) 

 
c) 

Fig. 8. Power spectral density of the lift coefficient at 0°, −3° and 3° flow angle of attack with and without lateral 318 
barriers (Re = 19,000). The spectral peaks corresponding to the Strouhal frequency are indicated. 319 

 320 
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The coefficient CL0 is obtained as sinusoidal equivalent amplitude based on the integration of 321 

the lift coefficient spectrum in a narrow frequency band fully embedding the Strouhal peak. An 322 

issue is the amplification of the measured fluctuating force close to the natural frequency of the 323 

static test setup. For this reason, CL0 is measured keeping the Strouhal frequency sufficiently below 324 

the resonance condition; moreover, the mechanical admittance function of the system is estimated 325 

with the purpose of removing any possible amplification effects on CL0 (see Nicese, 2021, for 326 

further details). Table 2 reports the obtained values of the Strouhal number and CL0 coefficient for 327 

the three configurations and for the three angles of attack. The same values are also presented 328 

graphically by Fig. 9 and they refer to a fairly low value of the Reynolds number (about 19000), 329 

close to that at which aeroelastic tests are carried out. It is apparent that the presence of the barriers 330 

enhances vortex shedding. CL0 is particularly large for Barrier 1 at α = 0° and −3°, and for Barrier 331 

2 at α = −3°. In contrast, vortex shedding is only slightly stronger than for the bare deck when 332 

Barrier 2 is installed at α = 0°. 333 

 334 
Table 2. Strouhal number and amplitude of the vortex-shedding force for each configuration considered and for vari-335 
ous angles of attack (Re = 19,000). 336 

 
α 

[°] 

St 

[-] 

CL0 

[-] 

Bare deck 

0 0.145 0.24 

−3 0.148 0.23 

3 0.130 0.19 

Barrier 1 

0 0.122 0.38 

−3 0.119 0.36 

3 0.121 0.34 

Barrier 2 

0 0.098 0.28 

−3 0.096 0.36 

3 0.097 0.33 

 337 
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 338 

Fig. 9. Amplitude of the vortex-shedding lift coefficient against Strouhal number for the tested layouts at different 339 
angle of attack values (Re = 19,000). 340 

3.2 Aeroelastic tests 341 

Aeroelastic tests are performed to determine the transverse VIV response of the bridge sectional 342 

model with and without lateral barriers at different angles of attack. The sectional model is let free 343 

to oscillate for increasing values of the wind velocity. In some cases, the measurements are also 344 

performed by decreasing the flow velocity to identify possible hysteresis effects in the lock-in 345 

range. Fig. 10 shows the response curves obtained for the lowest Scruton number tested, between 346 

about 3 and 4. For the bare deck, larger positive values of the flow angle of incidence are also 347 

tested, even if not reported in the present work (see Nicese, 2021). Results are plotted in terms of 348 

non-dimensional vibration y10/D, where y10 is evaluated as the mean value of the 10%-highest 349 

peaks in the transverse displacement time history, against reduced flow velocity U = V/n0D. Vor-350 

tex-resonance reduced velocity based on static tests (1/St) is also indicated in the figure, along with 351 

the theoretical reduced velocity of motion-induced excitation/impinging shear-layer instability, 352 

calculated as U* = (B/D)/0.6. In addition, secondary resonances and hysteresis effects, where rel-353 

evant, are highlighted. 354 

The bare deck gives rise to moderate vibration amplitudes and synchronization ranges for −3° 355 

≤ α ≤ 3° (Fig. 10(a)). In particular, the lock-in curves at 0° and −3° are very similar to each other, 356 

with a narrow and nearly symmetric shape around the resonance velocity 1/St. For α = 3°, the lock-357 

in range slightly expands, and the peak response decreases from about 0.025D to 0.015D. 358 

 359 
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a) 

 
c) 

 
b) 

Fig. 10. Response curves at low Scruton number (3 ≤ Sc ≤ 4) for the bare deck (a), the deck equipped with Barrier 1 360 
(b) and Barrier 2 (c) at different angles of attack (0°, −3°, 3°). 361 

With the barriers, the variability of the VIV response markedly increases for the investigated 362 

angles of attack. In the case of Barrier 1 (Fig. 10(b)), the growth of the vibration amplitude is 363 

apparent. For a null angle of attack, the synchronization range slightly widens, while the oscillation 364 

amplitude increases up to 0.07D, which is almost three times the one experienced by the bare deck. 365 

For α = −3°, the maximum oscillation amplitude reaches a value of 0.05D, with a hysteresis loop 366 

at the lower bound of the lock-in range. For α = 3°, the lock-in range becomes much wider, and 367 

the peak amplitude exceeds 0.1D. A certain increase in oscillation amplitude compared to the bare 368 

deck configuration was expected based on the measured coefficient CL0 (Table 2); nevertheless, 369 

other aeroelastic effects must clearly come into play to justify the severe intensification of the 370 

response. 371 
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Barrier 2 produces wide lock-in ranges (Fig. 10(c)), but the peak vibration amplitudes are lower 372 

than for Barrier 1 for α = 0° and α = 3°. In contrast, the results dramatically change for α = −3°: a 373 

very large response is observed, with a wide hysteresis loop and an upper branch reaching almost 374 

0.2D. Nevertheless, such a high response is found only for low Scruton numbers, as the hysteresis 375 

loop and the upper branch already disappear for Sc = 6.3 (Fig. 11). Once again, static tests revealed 376 

that vortex shedding is strongest for α = −3°, but the measured value of CL0 (Table 2) does not 377 

justify such a large response increase. In addition, Barrier 2 promotes a peculiar shape of the lock-378 

in curve for α = 0° and α = −3°; indeed, a local peak in the response is evident before the growth 379 

to the maximum value. It is also worth noting that the lock-in onset for all the curves associated 380 

with Barrier 2 occurs for a reduced velocity which is significantly lower than 1/St (based on static 381 

tests) and close to U*. Finally, with Barrier 2 a weaker secondary resonance response occurs around 382 

U*/2, as is typical for the impinging shear-layer instability excitation mechanism at low Scruton 383 

number (Schewe, 1989; Marra et al., 2015). 384 

Fig. 12 summarizes the results for all the bridge section layouts for −3° ≤ α ≤ 3° and various 385 

Scruton numbers (see Table 3). The impact of the Scruton number on vibration amplitude and 386 

lock-in range slightly changes from one layout to another; the sharpest impact of the Scruton num-387 

ber is observed for Barrier 2 at α = −3°, for which, as previously said, the oscillation amplitude 388 

does not decrease gradually with Sc but sharply drops for a slight change of the mass-damping 389 

parameter from 4.9 to 6.3 (Fig. 11). In addition, except for this latter case, the lock-in curve pattern 390 

changes with the barrier type and with the flow angle of incidence, but it does not exhibit notice-391 

able qualitative modifications due to the Scruton number. 392 

 393 
Fig. 11. Response curve for the deck equipped with Barrier 2 at α = −3° for three different Scruton numbers. 394 
 395 
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Table 3. Scruton numbers related to the curves reported in Fig. 12 for each geometric layout and angle of attack. 396 

 
α 

[°] 

Sc 

[-] 

Sc1 

 

Sc2 

 

Sc3 

 

Sc4 

 

Bare deck 

0 3.2 7.7 19.6 53.6 

−3 3.0 8.2 19.5 51.8 

3 3.3 7.5 17.5 50.6 

Barrier 1 

0 3.5 7.2 18.9 59.2 

−3 3.8 6.7 20.7 58.7 

3 3.4 12.2 29.5 62.2 

Barrier 2 

0 3.8 7.9 20.5 65.2 

−3 3.9 4.9 12.7 60.7 

3 3.5 12.5 28.2 59.9 

 397 

 398 
Fig. 12. Response curves for the bare deck and for the deck equipped with lateral barriers for the angles of attack 0°, 399 
−3° and 3° and four Scruton number values tested (see Table 3 for the values and the markers). The vortex-resonance 400 
reduced velocity based on static test results, 1/St, is indicated by the red dashed line. 401 
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3.3 Wake-velocity measurements 402 

Flow-velocity measurements are carried out to examine in depth the vortex-shedding charac-403 

teristics for the deck equipped with Barrier 2, which showed the most peculiar VIV features. Wind 404 

velocity fluctuations are measured through a hot-wire anemometer in a plane perpendicular to the 405 

bridge model axis, while the latter is held fixed. 406 

Fig. 13 shows the power spectral density of the velocity fluctuation for the probe located at 407 

position P1 (Fig. 6) for the angles of attack 0°, −3° and 3° and different Reynolds numbers. The 408 

Strouhal peak, corresponding to the one detected through force measurements, is indicated in the 409 

figures, and no other narrow-band excitation at higher frequencies can be observed for α = 0° and 410 

−3° at both low and high Re. In contrast, two different narrow-band contributions can be identified 411 

for α = 3°. The first peak corresponds to the Strouhal frequency found with force measurements 412 

(named St), while the second, less energetic, peak occurs at a higher normalized frequency (named 413 

n*). They are both clearly visible for low Reynolds numbers (Fig. 13(e)), while they are less sharp 414 

for high Reynolds numbers (Fig. 13(f)). The nondimensional frequency n* is equal to 0.124 if 415 

normalized with the bare deck depth D, but it becomes 0.58 if the deck width B is used for the 416 

normalization. 417 

For α = 3°, the tests are repeated with the probe in the position P2, close to the leeward barrier 418 

(Fig. 6). In this case, the Strouhal peak is visible neither at low nor at high Re, while n* can still be 419 

observed (Fig. 14). Therefore, coherent structures at the nondimensional frequency St does not 420 

occur in the flow field very close to the deck upper-side, where only the mechanism related to n* 421 

develops. 422 

In conclusion, wake measurements suggest the coexistence of two vortex-excitation mecha-423 

nisms for the deck equipped with Barrier 2 at an angle of attack of 3°. The peak detected at the 424 

nondimensional frequency n* can reasonably be associated with impinging shear-layer instability, 425 

since n* = 0.58 (normalized with B) is close to a value of about 0.6, observed by Nakamura and 426 

Nakashima (1986) for an H-shaped section, a T-shaped section and rectangular cylinders over a 427 

wide range of side ratios. On the other hand, the spectral peak related to the dimensionless fre-428 

quency St might be associated with a Kármán-vortex excitation, probably promoted by the inter-429 

action behind the bridge deck of the shear layer separating from the lower side of the section and 430 

the vorticity overpassing the leeward traffic barrier. 431 

 432 
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a) b) 

c) d) 

e) f) 

Fig. 13. Power spectral density of the flow-velocity measurements at position P1 (see Fig. 6) for the sectional model 433 
equipped with Barrier 2 and for an angle of attack of 0° (a, b), −3° (c, d) and 3° (e, f). Results refer to the model held 434 
stationary at two different Reynolds numbers. 435 
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a) b) 

Fig. 14. Power spectral density of the flow-velocity measurements at position P2 (see Fig. 6) for the sectional model 436 
equipped with Barrier 2 and for an angle of attack of 3°. Results refer to the model held stationary at two different 437 
Reynolds numbers. 438 

4 DISCUSSION 439 

4.1 Competing VIV excitation mechanisms 440 

An increase of the susceptibility to VIV of a bridge section is usually expected reducing the 441 

porosity of the barriers (see, e.g., Yan et al., 2022). In this study, the decrease in porosity from 442 

Barrier 1 to Barrier 2 also led to dramatic qualitative changes in the response patterns and to several 443 

interesting features (Fig. 10(c)), such as a noticeable anticipation of the lock-in onset compared to 444 

the reduced velocity 1/St associated with the Strouhal number measured during static tests. A no-445 

ticeable peculiarity in the lock-in curve generated by Barrier 2 is shown in Fig. 15 for angles of 446 

attack of −3° and 0°. The trends highlighted by the arrows, exhibiting a secondary peak response 447 

in the first part of the synchronization range, suggest the possible coexistence of two excitation 448 

mechanisms. Nevertheless, the wake measurements for the stationary body discussed in Section 449 

3.3 demonstrated the presence of two excitation mechanisms only for α = 3°. Therefore, to examine 450 

this feature more in depth, wake measurements are repeated for the bridge model free to vibrate 451 

and inspected based on vibration results. 452 
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 453 

Fig. 15. Close up of the response curve between U = 7.5 and U = 12 for the deck equipped with Barrier 2 and angles 454 
of attack of 0° and −3°. 455 

Fig. 16 shows the power spectral density of both flow-velocity fluctuations (PSDv) measured 456 

in the wake of the model (position P1) and transverse vibrations (PSDy), for a reduced velocity 457 

slightly lower than the lock-in onset. For α = 3°, the coexistence of two contributions to the trans-458 

verse excitation observed for the stationary model (Fig. 13(c)) is confirmed in Fig. 16(a, b). The 459 

values of St and n* are the same as for the stationary case. The normalized natural frequency of the 460 

system (n0
*) is also indicated in the transverse vibration spectrum (Fig. 16(b)). The lock-in curve 461 

exhibits a monotonic increase up to the peak response, with the abovementioned noticeable antic-462 

ipation of the onset compared to the resonance velocity associated with the frequency St. The in-463 

spection of the response spectra suggests that this can be ascribed to the synchronization between 464 

the system and the vortex-excitation at frequency n*, when the alleged Kármán-vortex shedding 465 

frequency St is still quite far from the natural frequency; this is also the reason why in Fig. 16(b) 466 

the peak corresponding to n* is much higher than that associated with St. Therefore, two vortex-467 

excitation mechanisms clearly interact in the VIV response of the bridge. 468 

For a null angle of incidence, flow-velocity measurements in the wake of the model before the 469 

lock-in onset (Fig. 16(c)) allow identifying a dominant peak St and a minor contribution at n* = 470 

0.122 (which becomes 0.57 if normalized with B). Both peaks are also visible in the transverse 471 

displacement spectrum (Fig. 16(d)). In a similar way to what stated for α = 3°, the excitation at a 472 

higher frequency n* causes the clear anticipation of the lock-in onset compared to the Kármán-473 

vortex resonance reduced velocity 1/St inferred from static test results. The presence of two dif-474 

ferent excitation mechanisms also explains the lock-in pattern (Fig. 15), where two response curve 475 

portions can clearly be distinguished in the synchronization range. 476 
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 477 

a) b) 

c) d) 

e) f) 

Fig. 16. Comparison between the power spectral density of the flow velocity at position P1 in the wake of the model 478 
equipped with Barrier 2 (a, c, e) and of the transverse vibration (b, d, f) for the considered angles of attack and a 479 
reduced velocity slightly lower than the lock-in onset (the Scruton number is between 3 and 4). The amplitude-velocity 480 
curves measured for the considered configurations are reported in the top-right box, where the dotted red line indicates 481 
the reduced velocity corresponding to the reported spectra. 482 
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 483 

Finally, for the negative angle of attack α = −3°, the wake flow velocity spectrum exhibits only 484 

a clear narrow-band peak at the frequency St (Fig. 16(e)), which is much more pronounced that in 485 

the previous two cases (as confirmed by the results reported in Table 2 and Fig. 13). Nevertheless, 486 

another small excitation contribution is visible in the displacement spectrum (Fig. 16(f)) at a re-487 

duced frequency of about 0.115 (0.53 if normalized with the deck width), indicated again as n* in 488 

the figure. Fig. 17 shows that a weak synchronization regime occurs when n* is very close to the 489 

natural frequency n0
*, with the Kármán-vortex shedding peak still far from the resonance condi-490 

tion. Therefore, the small first part of the lock-in curve, over a reduced velocity range between 8.5 491 

and 9.5 (Fig. 10(c), Fig. 11 and Fig. 15), is not promoted by the alleged Kármán-vortex shedding 492 

mechanism observed during static tests, but by a secondary excitation mechanism. 493 

 494 

 495 

Fig. 17. Power spectral density of the transverse displacement of the model equipped with Barrier 2 at α = −3° for a 496 
reduced velocity slightly higher than the onset of the first weak synchonization range, as indicated in the top-right 497 
box. 498 

Therefore, when the model is free to vibrate, two vortex-shedding excitation mechanisms in-499 

teract for all the three angles of attack considered, and not just for α = 3° as one may have inferred 500 

from the results of static tests. As mentioned in Section 3.3, the secondary n*-peaks are ascribable 501 

to impinging shear-layer instability, since its values are compatible with those reported by Naka-502 

mura and Nakashima (1986) and Naudascher and Wang (1993) for this phenomenon. This seems 503 

reasonable if one considers how the second typology of barriers modifies the bridge section ge-504 

ometry, with the solid lower portion of the barrier that promotes a sort of H-shape of the cross 505 

section. While for α = 3° the intensity of the impinging shear-layer instability is sufficiently strong 506 
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to be observed even in stationary conditions, for α = 0° and α = −3° a slight vibration of the body 507 

is necessary to trigger this secondary excitation mechanism. In this regard, it is worth noting that 508 

Naudascher and Wang (1993) identified two different behaviors for stationary rectangular prisms: 509 

for a side ratio between 2 and 8, the vortex formation is controlled by a mechanism equivalent to 510 

the impinging-shear layer instability of flow past cavities (Rockwell and Naudascher, 1979), while 511 

between 8 and 16 the same phenomenon is usually too weak to be identified without an external 512 

trigger, such as a sound field (Stokes and Welsh, 1986) or a slight motion of the leading edge of 513 

the body. Interestingly, in the present case study the ratio between the deck width and the solid 514 

lower portion of the barrier is about 15.5. 515 

According to Shiraishi and Matsumoto (1983), when Kármán-vortex excitation and impinging 516 

shear-layer instability coexist, the onset of the lock-in curve is no longer strictly correlated with 517 

the resonance reduced velocity 1/St. By introducing a certain level of turbulence in the flow or a 518 

splitter plate in the wake of a 4:1 rectangular cylinder and a hexagonal bridge section, Matsumoto 519 

et al. (1993) demonstrate that the two mechanisms mutually disturb. In this way, the Kármán-520 

vortex shedding is reduced or suppressed, and the wind-induced vibration, driven only by the im-521 

pinging shear-layer instability, becomes larger. Based on this concept of competing mechanisms, 522 

it seems reasonable in the present case that the largest oscillation amplitude occurs for α = −3°, 523 

when the Kármán-vortex shedding mechanism is strongest and the impinging shear-layer instabil-524 

ity mechanism weakest (Fig. 13(c) and Fig. 16(e, f)). However, in this case, the dramatic drop of 525 

the response for a slight increase in the Scruton number (Fig. 11) remains unexplained. In addition, 526 

the presence of competing vortex-excitation mechanisms alone is not able to explain why the os-527 

cillation amplitudes are higher for α = 3° than for α = 0°, since the strongest contribution from 528 

impinging shear-layer instability is observed in the former case (Fig. 16(e)) but the peak oscillation 529 

amplitude is also slightly larger. Nevertheless, this is not too surprising, considering the remarka-530 

bly different aerodynamics for the two angles of attack with Barrier 2 installed (Fig. 7) and the 531 

higher intensity of Kármán-vortex shedding revealed by static tests for α = 3° (see CL0 values in 532 

Table 2). 533 

Finally, the identification of two clear portions in the response curve, as in the current work for 534 

α = 0° and α = −3°, to the Authors' best knowledge, has been documented only in very few cases 535 

in the literature. An example is provided by Matsumoto et al. (1993, 1999) for the torsional re-536 

sponse of a 4:1 rectangular cylinder: two local peak responses are identified at reduced velocities 537 
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corresponding to motion-induced and Kármán-vortex excitations, while only the peak associated 538 

with the former mechanism is detected after installing a splitter plate, which also significantly 539 

enhances the maximum response amplitude. Another example is represented by the low-speed 540 

small response found by Mannini et al. (2016) for a 3:2 rectangular cylinder at low Scruton number 541 

and ascribed to a weak resonance with a secondary mechanism of impinging shear-layer instabil-542 

ity. 543 

4.2 Quasi-steady theory galloping predictions 544 

The transverse aerodynamic coefficient (CFy) for different angles of attack points out that, ac-545 

cording to the quasi-steady theory, some of the test cases considered are expected to exhibit gal-546 

loping instability in the velocity range explored during aeroelastic tests. In this regard, the trans-547 

verse force coefficient is reported in Fig. 18, evaluated based on static force measurements in the 548 

following way: 549 

         sec tanFy L DC C C         (1) 

As expected, the effect of the lateral barriers on CFy is noticeable. In particular, for Barrier 2 and 550 

α = 3° the slope of the force coefficient is largely positive, suggesting a marked proneness to 551 

galloping instability according to the Den Hartog criterion (Den Hartog, 1956). Transverse insta-552 

bility is here predicted, for the lowest mechanical damping tested, at a reduced velocity of about 553 

U = 2, which is much lower than the vortex-resonance reduced velocity 1/St. In this case, quench-554 

ing of the galloping instability may be expected up to the vortex-resonance velocity, followed by 555 

the onset of a divergent instability (Parkinson and Wawzonek, 1981; Mannini et al., 2014, 2018). 556 

In contrast, such instability was not observed during the aeroelastic tests (not even beyond the 557 

wind speed range shown in Fig. 9(c)). Another example of mismatch with the quasi-steady theory 558 

is encountered for the bare deck at α = 8.5° (see Nicese, 2021), even if these results are not included 559 

here for the sake of brevity. 560 

 561 
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 562 
Fig. 18. Quasi-steady transverse force coefficient at different angles of attack for the sectional model with and without 563 
barriers (Re = 100,000). The positive slope related to Barrier 2 at α = 3° is indicated. 564 

For a deeper investigation of this issue, experimental measurements of the aerodynamic damp-565 

ing (ζaero) are carried out by means of specific free-decay tests. The model installed on the aeroe-566 

lastic setup (Fig. 4(b)) is released from an initial condition of transverse displacement, and the 567 

following oscillation time history is recorded. The aerodynamic damping is determined by the 568 

difference between the total damping measured under wind and the mechanical damping in still 569 

air. The tests are performed outside the lock-in range, both at low and at high reduced velocities, 570 

since in the latter case the quasi-steady theory is expected to be more accurate. The measured 571 

aerodynamic damping is then compared to the values predicted by the quasi-steady theory, evalu-572 

ated as follows: 573 

2

8

FyQS

aero

dCD L
U

M d




 
     (2) 

Fig. 19 reports a selection of representative results, starting from the abovementioned case of 574 

the deck with Barrier 2 at α = 3°. The experimental values are almost everywhere positive, in clear 575 

contrast to the negative quasi-steady predictions (Fig. 19(a)). A similar result is obtained for the 576 

deck equipped with Barrier 2 at null angle of attack (Fig. 19(b)), although in this case the negative 577 

trend of the quasi-steady aerodynamic damping is very weak and instability is not predicted within 578 

the reduced velocity range tested in the wind tunnel. In contrast, Fig. 19(c, d) reports two config-579 

urations (bare deck and deck equipped with Barrier 1, for an angle of attack of −3°), for which the 580 

measurements exhibit a satisfying agreement with the quasi-steady theory, or at least an asymptotic 581 
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convergence is envisaged at very high reduced velocity. Interestingly, in these cases the quasi-582 

steady predictions are reasonable even at low reduced velocity. 583 

 584 

a) b) 

c) d) 

Fig. 19. Aerodynamic damping measured via free-decay tests for the deck equipped with Barrier 2 at α = 3° (a) and at 585 
α = 0° (b), for the bare deck at α = −3° (c), and for the deck equipped with Barrier 1 at α = −3° (d). 586 

The qualitative discrepancy between the quasi-steady theory and the experimental evidence has 587 

already been observed in the literature for other geometries, such as for a square cylinder at an 588 

angle of attack of 12° (Carassale et al., 2015), and for a bridge trapezoidal open section at α = −4° 589 

(Chen et al., 2020), but a clear explanation for that has not been provided yet. Such an issue will 590 

deserve due attention in the future, even from a VIV response modeling perspective, since the 591 

quasi-steady theory is also employed in several VIV mathematical models to account for the aer-592 

odynamic damping not associated with the vortex shedding (e.g., Tamura and Shimada, 1987; 593 

Marra et al., 2017; Mannini et al., 2018). 594 
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4.3 Comparison with the Volgograd Bridge response 595 

A comparison between the experimental response of the sectional model considered in the pre-596 

sent work and that of the Volgograd Bridge, by which it is inspired, may be of interest. The infor-597 

mation about the incoming flow during the famous VIV event in 2010 is limited and mostly pro-598 

vided by Corriols and Morgenthal (2012), Weber et al. (2013), and Corriols (2015). The Volgograd 599 

Bridge exhibited a violent lock-in for a wind velocity between 11.6 m/s and 15.6 m/s, which, for 600 

a first bending frequency of 0.45 Hz and a cross-flow size of the bare deck of 3.61 m, leads to an 601 

estimate of the Strouhal number between 0.104 and 0.140. The value of St for the sectional model 602 

equipped with the Barrier 1 (fairly similar to that installed on the real bridge), is about 0.12 for an 603 

angle of attack ranging from −3° to 3° (Table 2). The maximum vibration amplitude exhibited by 604 

the bridge in May 2010 is about 40 cm, corresponding to 0.11 in dimensionless form (being nor-605 

malized with the deck depth). Fig. 20 reports the maximum vibration amplitude against the Scruton 606 

number for the wind tunnel model, while the triangular marker refers to the Volgograd Bridge 607 

prototype; for the latter, the estimate of the Scruton number is based on the data available in the 608 

literature and on an assumed value of the structural damping of 0.003 according to EN 1991-1-4 609 

(2010), since no information is available about this parameter. The peak response of the Volgograd 610 

Bridge lays between the results obtained in the wind tunnel for α = 0° and α = 3°. 611 

However, as mentioned in Section 2.1, the wind tunnel model has a symmetric cross-section, 612 

while the prototype bridge presents a pedestrian walkway only on one side. Moreover, the latter is 613 

inclined of about 1°. Therefore, assuming a horizontal incoming flow, the relative angle of attack 614 

would be equal to −1°. In addition, during the violent VIV event in 2010, the Volgograd Bridge 615 

was exposed to a skew wind with respect to the bridge axis. All these uncertainties, along with 616 

those affecting the Scruton number of the prototype, must be considered in the comparison re-617 

ported in Fig. 20. Despite this, the current wind tunnel campaign provides results that reasonably 618 

comply with the full-scale observations. 619 
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 620 

Fig. 20. Dimensionless peak vibration amplitude against Scruton number for the sectional model equipped with Barrier 621 
1 and comparison with the estimate for the VIV event occurring in May 2010 for the Volgograd Bridge. 622 

5 CONCLUSIONS 623 

The present work deals with the VIV response of a non-streamlined box section, typically 624 

adopted for girder bridges, equipped with realistic traffic barriers and presenting a high ratio of 625 

barrier height to deck width and depth. The collection of literature works reported by Table 1 not 626 

only remarks the limited number of studies for this bridge family, but it also provides an extended 627 

and detailed database, which may be useful for further research dealing with bridge VIV response 628 

and effects of screens or barriers. 629 

The current experimental study showed that the typology of barriers, along with small varia-630 

tions in the angle of attack, can dramatically change the VIV response, not only in terms of vibra-631 

tion amplitude, but also in terms of lock-in pattern. Partially solid traffic barriers or low-porosity 632 

pedestrian parapets (for instance, those realized in glass-like materials for aesthetic purposes) may 633 

even completely overturn the behavior of a non-streamlined section geometry, giving rise to a 634 

violent VIV response, incompatible with the bridge usage. This is particularly meaningful in view 635 

of the uncommon aerodynamic optimization of barriers other than for long-span cable-stayed and 636 

suspension bridges. 637 

Low-porosity barriers, especially in presence of a continuous solid portion in contact with the 638 

deck surface (generating a cavity on the deck upper side), may promote impinging shear-layer 639 

instability. The interaction between the two mechanisms of excitation may not be detected through 640 

static tests, commonly employed to determine the Strouhal number of a bridge section. From the 641 
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engineering practice point of view, this may result in a significant anticipation of the lock-in onset 642 

compared to the predictions based on the Strouhal number. Kármán-vortex shedding and imping-643 

ing shear-layer instability seem to interfere and disturb each other; indeed, the largest VIV re-644 

sponse with the less-porous barrier is observed for the angle of attack for which the second mech-645 

anism is weakest. In some cases, multiple excitation mechanisms are even inferable from the lock-646 

in curve morphology. 647 

Finally, the current results highlight the failure of the quasi-steady theory in predicting trans-648 

verse divergent instabilities for some of the considered test cases, as confirmed by the direct meas-649 

urement of the aerodynamic damping at high reduced wind speed. Such a behavior, already en-650 

countered in the literature for other bluff cross sections, has not been explained yet and represents 651 

an important open issue, even from the perspective of VIV modeling. 652 
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