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Abstracts: The Vortex-Induced Vibrations (VIVs) of curved cable-stayed bridges differ from those 13 

of straight bridges due to two key factors. First, the superelevation introduces deck asymmetry and 14 

alters effective angle of attack, leading to mechanisms responsible for VIVs that remain unclear. 15 

Second, spatial curvature modifies wind yaw angles and induces coupled vertical-torsional VIVs, 16 

complicating the mode shape correlation factor (MSCF) and making it challenging to assess VIVs 17 

solely from straight sectional model. Investigating these effects through Wind Tunnel Tests (WTTs) 18 

requires costly multiple sectional models, while Fluid-Structure Interaction (FSI) simulations of in-19 

service decks demand high computational burdens due to the fine mesh required for modeling barrier 20 

configurations. In this study, the effects of superelevation are investigated by combining sectional 21 

models WTTs and FSI simulations using two-dimensional (2D) Unsteady Reynolds-Averaged 22 

Navier-Stokes (URANS) and three-dimensional (3D) Improved Delayed Detached Eddy Simulation 23 

(IDDES). Zero-thickness baffles are employed to model the barriers and accelerate simulations. 24 

Furthermore, the spatial curvature effects and MSCF are clarified by comparing sectional and full 25 

curved model WTTs. Results show that 2D URANS overestimates VIVs due to inability to capture 26 

inner recirculation regions on the deck’s lower surface, while 3D IDDES agree well with WTTs. 27 

Superelevation has unfavorable effects on VIVs by generating strong secondary vortices downstream 28 

of the central barrier at certain yaw angles, leading to conditions which might increase VIV 29 

amplitudes with respect to standard decks. The MSCF of 1.28 is recommended for coupled vertical-30 

torsional VIVs, providing practical guidance for evaluating curved bridges VIVs using simplified 31 

sectional models. 32 
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1. Introduction 35 

Curved Cable-stayed Bridges (CCBs) are increasingly important in modern transportation 36 

systems [1]. Examples include Italy’s Ponte del Mare bridge (main span 172m), Japan’s Katsushika 37 

Harp Bridge (220m), France’s Térénez bridge (285 m), and the under-construction Bjørnefjorden 38 

bridge (450 m) in Norway [2]. As the main span increases, the decrease in stiffness and damping 39 

makes these slender structures prone to large-amplitude Vortex-Induced Vibrations (VIVs) during in-40 

service conditions [3-11]. Although VIVs of straight bridges have been comprehensive studied [12-41 

19], VIV characteristics of CCBs are still unclear and require thorough investigations. 42 

The first key feature of a CCB deck that distinguishes VIVs from those of straight bridges is the 43 

implementation of superelevation on the upper deck surface. Such transverse inclination is designed 44 

to improve vehicle stability and safety by counteracting centrifugal forces experienced during curve 45 

traversal. For instance, AASHTO specifications [20] allow superelevation of up to 8% for highway 46 

bridges. However from an aerodynamic perspective, this superelevation introduces a deck asymmetry, 47 

which might act as an effective wind attack of angle (AOA) and thus impact the VIVs [21-28]. For 48 

instance, Wang et al. [29] conducted Wind Tunnel Tests (WTTs) on a bikeway-induced asymmetric 49 

deck and found significant differences in the VIV regions and amplitudes between opposite wind 50 

directions (0° and 180°). Liu et al. [30-32] studied the pressure distributions and VIV responses of a 51 

twin asymmetric separated parallel deck and documented the differences recorded under opposite 52 

inflow direction. Stoyanoff et al. [33] also found that for asymmetric cross-section arrangements, 53 

solutions for one wind direction may lead to unacceptable results for the other, so both directions 54 

need to be tested. Therefore, the influence mechanism of deck asymmetry induced by superelevation 55 

on VIVs requires systematic investigations. 56 

Given that the in-service CCB deck has not only superelevation but also barriers or railings that 57 

affect flow organizations, investigating VIVs might benefit from sectional model WTTs [34-46] and 58 

Computational Fluid Dynamics (CFD) simulations [28, 47-56]. In particular, WTTs are regarded as 59 

a reliable method for evaluating the VIVs of bridge deck with barriers [57-64]. For example, Yang et 60 

al. [65] found that wind barriers intensify vertical VIV of a triple-box girders, while railway wind 61 
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barriers and crash barriers help to mitigate it. Ge et al. [58] investigated VIV-triggering mechanisms 62 

for the Humen Bridge due to temporary water-filled barriers. Wu et al. [57] found that flow separation 63 

generated on wind barriers and railings significantly amplifies the vortex-induced forces of a triple-64 

box girder. Liu et al. [59] found that varying the height and porosity of barriers modifies the VIV 65 

characteristics of a double-deck girder. However, assessing superelevation effects using WTTs 66 

requires multiple section models with varying upper surface inclinations, leading to substantial 67 

experimental costs. For instance, Yoshimura et al. [66] used five sectional models to obtain the 68 

aerodynamic damping of a CCB deck with superelevation rate from 0% to 9% and found that accurate 69 

analysis requires results from at least three sectional models. In contrast, CFD-based Fluid-Structure 70 

Interaction (FSI) simulations, allowing to easily modify geometrical details, might prove an attractive 71 

complementary approach [57-62] to study the effect of superelevation. Nevertheless, the accuracy of 72 

CFD for in-service bridge decks are constrained by the high computational costs associated with fine 73 

grids around porous barriers [67, 68]. Liu et al. [69] found that two-dimensional (2D) Unsteady 74 

Reynolds-Averaged Navier-Stokes Simulations (URANS) perform well for VIV prediction in a 75 

bridge deck with barriers, while Huang et al. [70] and Liu et al. [71] found 2D URANS still have 76 

limitations in accurately predicting VIV amplitude and lock-in ranges. Notably, 2D FSI may not 77 

account for span-wise correlations, and research on VIVs using three-dimensional (3D) FSI 78 

simulations for in-service decks remains limited due to the tiny cells around barrier cause a sharp 79 

increase in the Courant number. To date, CFD studies on CCB decks with superelevation and barriers 80 

are still lacking, and effective strategies are required to reduce computational cost to guide 81 

preliminary wind-resistant designs. 82 

Another key feature of CCBs is that the spatial curvature increases complexity of VIVs 83 

compared to straight bridges. Such curvature creates a variation of the wind yaw angles along the 84 

bridge span [72-74], potentially affecting VIV amplitudes and lock-in regions [75-77]. Furthermore, 85 

this curvature introduces coupled bending-torsional behavior, making it difficult to determine VIV 86 

amplitudes using only straight sectional model WTTs. As a result, costly full-aeroelastic curved 87 

models for WTTs are required [78-81]. To reduce experimental costs, the Mode Shape Correction 88 

Factor (MSCF) is often adopted to convert VIV results from a straight sectional to the curved bridge 89 

[82]. However, the MSCF value depends on the adopted empirical model used to represent the vortex-90 
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induced force. Assuming perfectly correlated vortex-induced forces and a sinusoidal mode shape, the 91 

theoretical MSCF of a straight bridge is 4/π using Scanlan linear model and 2 / 3 using a non-linear 92 

empirical model [83]. Macdonald et al. [84] found that setting the MSCF value at 1.4 allows the 93 

sectional model to closely replicate the prototype VIVs of the Second Severn Crossing bridge. Zhou 94 

et al. [85] proposed a multi-supported aeroelastic model and found that the experimental MSCF for a 95 

6:1 rectangular cylinder ranges from 1.25 to 1.3. While the MSCF for straight bridges is well-studied, 96 

its value for CCBs is unknown, making it difficult to accurately estimate prototype VIVs using 97 

simplified sectional models. 98 

From the previous discussion, it clearly emerges that the evaluation of VIVs for CCBs is of great 99 

technical importance but present additional difficulties with respect to straight bridges, due to the 100 

presence of superelevation and spatial curvature. To systematically study such aspects, this study 101 

systematically investigates the VIVs of a CCB through straight section model WTTs, CFD 102 

simulations and full curved aeroelastic model WTTs. Firstly, the VIVs of a CCB deck with barriers 103 

are investigated by combining sectional model WTTs and FSI simulations based on 2D URANS and 104 

3D IDDES (Improved Delayed Detached Eddy Simulation) [86-89]. Zero-thickness baffles [90] are 105 

employed to model the porous barriers and improve FSI efficiency. Subsequently, FSI simulations at 106 

opposite inflows (0° and 180°) and varying superelevation rate from 1.5% to 6% are performed to 107 

study the influence mechanism of superelevation on VIVs. Finally, the effects of span-wise curves 108 

and MSCF are clarified by comparing the results of sectional and full curved model. 109 

This paper is organized as follows: Section 2 presents the WTTs setup for both the sectional and 110 

full curved aeroelastic models of the CCB. Section 3 details the numerical settings of the 2D URANS 111 

and 3D IDDES. Results are discussed in Section 4, and conclusions are drawn in Section 5. 112 

2. Experimental setup 113 

2.1 Overview of curved cable-stayed bridge 114 

Figure 1 presents the elevation view, plan view and cross-section of the considered CCB. The 115 

bridge has a total length of 408 m with four spans (50 m + 96 m + 192 m + 70 m), and the main span 116 

covers a distance of 192 m and presents a curved alignment with a 312.5 m radius of curvature. 117 

According to AASHTO recommendations, the maximum superelevation rate of highway bridge decks 118 

corresponds to the minimum curve radius, as reported below [91]: 119 
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where emax is the maximum superelevation rate, fmax is the maximum side friction coefficient ranging 121 

from 0.14 to 0.09 for highway bridges with design speeds (V) of 80~120 km/h [91]. Therefore, the 122 

design superelevation rate ranges from 1.5% to 6% to satisfy the curve radius requirements. To ensure 123 

driving comfort, a 1.5% superelevation is adopted, resulting in the asymmetrical design shown in 124 

Figure 1 (c). Such 1.5% super elevation can be interpreted as shifting the effective AOAs by about 125 

0.86°. To study the asymmetrical effects of superelevation, the 0° wind yaw angle is set perpendicular 126 

to the girder axis, pointing uphill of the superelevation, while the 180° wind yaw angle is in the 127 

opposite direction. Figure 1 (d) presents the detailed diagrams of barriers, where the crash barrier 128 

(Type Ⅰ) is 1.155 m high with a 42.5% porosity, and the median barrier (Type Ⅱ) is 1.205m high with 129 

a 40% porosity.  130 

  

(a)  

 

(b)  
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(c)  

 

(d)  

Figure 1. Schematic diagram of curved cable-stayed bridge (units: meters): (a) elevation view, (b) plan view, (c) steel 131 

box girder with a 1.5% superelevation, (d) details of barriers. 132 

2.2 Sectional and full curved aeroelastic model 133 

To investigate the effects of superelevation and spatial curves on VIVs, WTTs are conducted 134 

using both sectional and full aeroelastic models with the same geometric scale ratio of 1:50, 135 

minimizing potential discrepancies due to Reynolds number variations. In particular, the sectional 136 

WTTs model is tested in a smaller boundary layer wind tunnel with dimensions of 2.5 m (width) × 137 

3.0 m (height) × 17.0 m (length) at Hunan University, China, while full model WTTs are performed 138 

in a larger wind tunnel with dimension of 12.0 m (width) × 3.5 m (height) × 18.0 m (length). All 139 

WTTs are conducted under smooth flow conditions with a free-stream turbulence intensity below 140 

0.5%. The design parameters of the sectional and full model for vertical VIVs are detailed in Table 1, 141 

with maximum deviations within 7% of measured values. 142 

 143 
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Table 1 Design Parameters of the sectional and full bridge model  144 

Parameters and symbols units 
Real 

bridge 

Sectional model  Full model 

Scale 

ratio 

design 

value 

Measured 

value 
 

Scale 

ratio 

design 

value 

Measured 

value 

Width B m 29.5 1/50 0.59 0.59  1/50 0.59 0.59 

Height D m 3.0 1/50 0.06 0.06  1/50 0.06 0.06 

Equivalent mass meq kg/m 25258 1/502 10.10 10.10  - - - 

Mass of main deck 

per length m 
kg/m 19355 - - -  1/502 7.74 7.78 

1st symmetric vertical 

frequency fh 
Hz 0.5922 7.59 4.492 4.492  50  4.1875 3.906 

1st symmetric torsional 

frequency ft 
Hz 1.7154 7.59 13.012 12.890  50  12.13 12.21 

Damping ratio ξh % - 1 - 0.35, 1.05  1 - 1.08 

Figure 2 shows the free vibration system of section model WTTs. In particular, the sectional 145 

model has a width (B) of 0.59 m, a height (D) of 0.06 m and a span-length (L) of 1.54 m, with vertical 146 

blockage is less than 3% and length to height ratio of approximately 25.6. Two end plates are installed 147 

on both sides to ensure nominal two-dimensional flow [92, 93]. Two internal square steel framing 148 

systems are used to ensure overall rigidity of the model, while for the U ribs and diaphragms are 3D 149 

printed to accurately replicate the shape. The porous  barriers are made of plastic materials (ABS), 150 

with the porosity calculated by the ratio of barriers voids and the entire frontal area [94, 95]. The 151 

damping ratios ξh of the vibration system are set to 0.35% and 1.05%, resulting in the Scruton number 152 

(4πmeqξh/ρBD) of 10.2 and 30.6, respectively. 153 

  

(a)  (b)  

Figure 2. Setup of Section model WTTs: (a) spring suspension system, (b) pictures. 154 

Figure 3 shows the setup of full curved aeroelastic model WTTs (hereafter denoted as full model), 155 
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with design parameters determined using the similarity criteria and the optimization method proposed 156 

by Montoya et al. [96]. In particular, a curved aluminum alloy spine with a specially designed cross-157 

section replicates the scaled lateral, vertical and lateral stiffness of the prototype bridge. To simulate 158 

the aerodynamic shape, 34 plastic cladding modules are spaced 2 mm apart, with additional iron mass 159 

blocks in each module to match the scaled mass and moment of inertia. 160 

   

(a)  (b)  (c)  

Figure 3. Full-bridge aeroelastic model in the wind tunnel: (a) curved spine, (b) elevation view, (c) side view. 161 

  

(a)  (b)  

Figure 4. Measured modal properties of full model: (a) damping ratio, (b) 1st coupled vertical-torsional mode shape. 162 

According to the mode shape obtained by finite element analysis, six laser displacement sensors 163 

are positioned at the quarter-span (s=0.5L), mid-span (s=0.6L) and three-quarter span (s=0.7L) to 164 

capture the maximum VIV amplitude. Furthermore, four acceleration sensors are positioned at 165 

s=0.24L, 0.42L, 0.76L, and 0.91L to measure the mode shapes. Figure 4(a) shows the free decay 166 

curves of the full model at positions 0.5L, 0.6L and 0.7L, measured under artificial excitation with an 167 

amplitude approximating the maximum VIV amplitude of 0.06D. The damping ratio is determined 168 

by fitting the envelope curves at these three positions and averaging the results, yielding a value of 169 

1.08%. This matches the values obtained for the sectional model, ensuring a consistent Scruton 170 
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number. Figure 4(b) compares the 1st symmetric vertical mode shape from free decay, VIV stages 171 

and finite element model (FEM) analysis, demonstrating good agreement between experiments and 172 

FEM results. Furthermore, significant coupled vertical bending-torsion vibrations are observed, with 173 

the ratio of torsional to vertical mode coordinates reaching approximately 0.59 at the maximum 174 

response (s=0.6L). 175 

The wind speed varies from 0.3 to 14.0 m/s, corresponding to the deck width-based Reynolds 176 

number of 1.2×104 to 5.5×105. All tests focus on an AOA of +3° as the most significant VIV occurs, 177 

and at yaw angles of 0° and 180° to investigate asymmetric effects. Due to deck asymmetry caused 178 

by superelevation, section models are tested at 0° and 180° yaw angles, while the full model is tested 179 

at yaw angles from 0° to 180°. 180 

3. Numerical settings  181 

3.1 Computational domain and mesh 182 

Figure 5 shows the computational domain used to simulate the CCB deck, which follows the 183 

Benchmark on the Aerodynamics of a Rectangular 5:1 Cylinder (BARC) [97] and previous FSI 184 

simulations [50, 51]. The computational domain size is 15B×98D, with a blockage ratio of 1.02%. To 185 

better control the mesh deformation and refinement in the region of interest, the domain is divided 186 

into three sub-regions, i.e., the inner rigid with the finest mesh (4.0×10-3B in x-direction, 5.43×10-4B 187 

in y-direction), the deforming region with finer mesh (8.4×10-3B in x and 7.34×10-3B in y) and the 188 

static region with a coarse mesh (3.4×10-2B). In particular, the rigid region moves together with the 189 

deck to ensure the near-wall mesh quality, capturing the important flow separation and reattachment. 190 

The deforming region uses a dynamic mesh to accommodate the displacement of inner rigid region, 191 

while the outer static region remains fixed. Furthermore, the 3D FSI meshes are generated by 192 

extruding the 2D mesh 1.5 B along the span-wise direction and subdividing into 41 layers [98, 99], 193 

resulting in a total of 5.89 million grid cells.  194 



   

10 

  

(a)  (b)  

Figure 5. Numerical model: (a) computational domain, (b) Mesh zones (not respect real proportions). 195 

Figure 6 shows detailed meshes near the bridge deck and barriers. In particular, the meshes for 196 

superelevation rate of 1.5%, 4%, and 6% are adopted to study its effects on VIVs. Further, Figure 6(d) 197 

shows detailed meshes of the porous barriers generated using zero-thickness method proposed by the 198 

authors [90]. This approach employs the OpenFOAM CreateBaffles command to transform internal 199 

faces into boundary faces, forming a zero-volume porous baffle with a given shape. It ensures the 200 

porosity and barrier shape match the barriers adopted by the section model WTTs, while reducing 201 

excessive meshing and improving the efficiency of VIV simulations. 202 

  

(a)  (b)  

  

(c)  (d)  

Figure 6. Numerical meshes near bridge deck using different superelevation: (a) e=1.5%, (b) e=4%, (c) e= 6%, (d) 203 

Zero-thickness barriers. 204 
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3.2 Computational settings 205 

Regarding the turbulence model, 2D FSI simulations use the k-ω Shear Stress Transport (SST) 206 

turbulence model [100] to solve the RANS equations, while 3D FSI simulation employs the k-ω SST 207 

IDDES model [86, 87]. SST-IDDES applies the SST approach in the near-wall boundary layer and 208 

uses a Large Eddy Simulation, LES, based sub-gird scale model in the free shear region, taking 209 

advantage of LES’s accuracy and RANS’s efficiency. 210 

Regarding the numerical schemes, the time integration is performed using a second-order Crank-211 

Nicolson scheme with an implicitness factor of 0.9. The advective terms are approximated using the 212 

Linear Upwind Stabilized Transport (LUST) scheme, while pressure-velocity coupling is solved 213 

using the PIMPLE algorithm [101]. Regarding the boundary conditions, at the inlet a Dirichlet 214 

condition is imposed on the turbulent kinetic energy, k, and the specific dissipation rate, ω, while a 215 

Neumann condition is applied to pressure. The values of k and ω is calculated as [102]: 216 

 ( )
0.5

2

0.25

3
,  

2

k
k UI

C l

= =  (2) 217 

where U is the freestream velocity, I is the turbulence intensity (set to 0.5%), l is the characteristic 218 

eddy length scale (set to 0.03 m) and Cµ = 0.09. Wall-functions are applied to the bridge deck and 219 

barriers, and periodic conditions are applied to the top, bottom, and side surfaces. Dynamic 220 

simulations are conducted using the sixDoFRigidMotion dynamic mesh solver. The morphing mesh 221 

is updated using the Symplectic methods [103, 104] to solve the motion differential equation which 222 

can be expressed as follows: 223 

 ( ) ( ) ( )
2

2 24 4 ( ) ( )
2

h h h L
z

B
my t f y t f my t C t R z dz

U
 + + =   (3) 224 

where y denotes the displacement, and the dot symbol represents a time derivative. In accordance 225 

with WTTs, the modal mass per unit length m is 9.805 kg/m, and the modal frequency fh is 4.492 Hz. 226 

ρ is the air density, while CL(t) and R(z) are the lift coefficients and spanwise correlations.  227 

Table 2 summarizes the numerical setups used to study VIVs of the CCB deck. In Setup 1, 2D 228 

URANS simulations compare yaw angles of 0° and 180° to study the asymmetry effects. In Setup 2, 229 

3D IDDES is used to simulate the maximum VIV case at a 180° wind yaw angle, allowing a 230 

comparison of 2D and 3D FSI simulation accuracy. In Setup 3, both 2D URANS and 3D IDDES 231 
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investigate the effects of superelevation by varying it from 4% to 6%. For 2D URANS, the reduced 232 

wind speeds (U/fhB) range from 0.36 to 3, consistent with those in the WTTs, while 3D IDDES focuses 233 

on a range of 1.34 to 2.88, capturing only the second lock-in region where maximum VIVs occurs.  234 

Table 2 Numerical setups for obtaining VIVs of CCB deck 235 

Case Methods wind yaw angles superelevation (e) Reduced wind speeds(U/fhB) 

Setup 1 2D URANS 0°, 180° 1.5% 0.36~3.00 

Setup 2 3D IDDES 180° 1.5% 1.34~2.88 

Setup 3 2D URANS, 3D IDDES 180° 4%, 6% 0.36~3.00, 1.34~2.88 

All Reynolds number are consistent with WTTs, and the maximum Courant number remain 236 

below 1.25 for URANS and 1.73 for IDDES, occurring only in a few small cells. Simulations are 237 

performed using OpenFOAM-v2112 and covers 90 stable VIV periods. Due to high computational 238 

demands of FSI simulations, 2D URANS case used 24 cores on a workstation and 3D IDDES used 239 

128 cores on the National Supercomputer Center in Tianjin. 240 

3.3 Preliminary checks 241 

Table 3 details the properties used for the mesh independence study. Three different meshes 242 

using zero-thickness barrier, denoted as Coarse, Medium, and Fine, are used to assess mesh 243 

independence of the results. The size of the finest rigid mesh near the deck, Δx/B, decreases from 244 

5.96×10-3 to 3.0×10-3, while the first layer height, Δh/B, decreases from 8.63×10-4 to 3.64×10-4. The 245 

number of boundary layers nBL increase from 24 to 49, resulting in a total number of mesh ranges 246 

from 84.6k to 195.6k. The Maximum Courant number ranges from 0.79 to 1.88 and corresponding 247 

computational time for 10 stable VIV cycles is about 13.6 to 31.5 core hours. Furthermore, a modified 248 

Medium mesh with full-thickness barriers is generated to compare the accuracy of the zero-thickness 249 

barrier approach. Detailed mesh near the deck and barriers are shown in Figure 7.  250 

Table 3 Mesh properties of main girder with different mesh 251 

Barrier 

Method 
Mesh Δx/B Δh/B nBL 

Total  

cells (k) 
UΔt/B 

Maximum 

Courant number 

Core hours per 

10 VIVs  

Zero-

thickness 

Coarse 5.96×10-3 8.63×10-4 24 84.6 7.15e-4 0.79 13.6 

Medium 4.0×10-3 5.43×10-4 35 143.9 7.15e-4 1.25 24.7 

Fine 3.0×10-3 3.64×10-4 49 195.6 7.15e-4 1.88 31.5 

Full-

thickness 
Medium 4.0×10-3 5.43×10-4 35 155.8 7.15e-5 1.46 171.3 
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(a)  (b)  

Figure 7. Mesh using the traditional full-thickness methods near: (a) CCB deck, (b) barriers. 252 

Figure 8 provides 2D URANS results for pressure distributions at reduced speeds U/(fhB) of 253 

1.613 using three different meshes. The results are consistent across the meshes, except for minor 254 

differences in the standard deviation near the trailing edge of the upper surface.  255 

  

(a)  (b)  

Figure 8. Pressure coefficient distribution of the bridge deck at VIVs onset reduced speeds U/(fhB)=1.613: (a) time-256 

averaged, (b) standard deviation. 257 

  

(a)  (b)  

Figure 9. VIV displacements at maximum VIV position obtained by 2D URANS: (a) time history, (b) FFT. 258 

Figure 9 compares the VIV displacements at the maximum VIV position using zero-thickness 259 

and full-thickness barriers obtained by 2D URANS. The results show that both methods yield nearly 260 

identical VIV responses and exceeds WTTs results. Notably, with comparable Courant number, the 261 

computational time for 10 VIV cycles is 24.7 core hours for zero-thickness barriers and 171.3 core 262 
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hours for full-thickness barriers. This indicates using zero-thickness barriers speeds up the FSI 263 

simulations by 6.9 times without losing accuracy. Therefore, the medium mesh using zero-thickness 264 

barriers is chosen for the following simulations to balance efficiency and accuracy. 265 

4. Results and discussions 266 

This section presents VIV results for the CCB deck under opposite inflow directions and varying 267 

superelevation. In particular, Section 4.1 compares VIVs from sectional model WTTs and CFD 268 

simulations, while Section 4.2 provides the corresponding pressure distributions and flow fields. 269 

Finally, Section 4.3 examine the effects of spatial curvature by comparing the section and full model. 270 

4.1 Effects of superelevation on VIVs 271 

To examine the superelevation-induced asymmetry effects, Figure 10 and Figure 11 present a 272 

comparison of vertical VIV responses obtained from WTTs, 2D URANS and 3D IDDES at wind yaw 273 

angles of 0° and 180°, respectively. The limit values, specified by the Wind-Resistant of Chinese 274 

Highway Bridge Code [105], are calculated as follows: 275 

 [ ] / [0.04 / ] / 0.0675 / 3 0.0225hY D f D= = =  (4) 276 

The figures show that the CCB deck exhibits significant vertical VIVs in two distinct lock-in regions 277 

at both 0° and 180° yaw angles, with amplitudes far exceeding the limit value. For WTTs at 0° yaw 278 

angle, the first lock-in region occurs at reduced speeds of approximately 0.847~1.124 and the second 279 

at 1.676~2.320, with maximum amplitudes reaching 0.04D. The VIV onset reduced speeds are 280 

consistent with the empirical formula proposed by Shiraishi and Matsumoto [106]: 281 

For the first vertical VIV: 1 (1 ) 1.67 ( ) ( ) 1 2 1.67 0.835crV n B D D B=    =  = . 282 

For the second vertical VIV: 2 (1 ) 1.67 ( ) ( ) 1 1 1.67 1.67crV n B D D B=    =  = . 283 

  
(a)  (b)  

Figure 10. VIV responses for 0° yaw angle: (a) amplitude, (b) frequency. 284 
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(a)  (b)  

Figure 11. VIV responses for 180° yaw angle: (a) amplitude, (b) frequency. 285 

For WTTs at opposite 180° yaw angle shown in Figure 11, the first and second lock-in regions 286 

extend to approximately 0.84~1.12 and 1.57~2.45, respectively. The maximum VIV amplitude 287 

reaches 0.134D, approximately 3.35 times higher than that of 0° yaw angle. Figure 10(b) and Figure 288 

11(b) show that frequencies of VIV displacements and forces are locked to the section model 289 

frequency, corresponding to Strouhal numbers of 0.634 and 0.614, respectively. This indicates that a 290 

1.5% superelevation has a slight effect on the Strouhal number but significantly increase VIV 291 

amplitudes when inflow direction is reversed. Hence, the adverse asymmetric effects of 292 

superelevation on VIVs must be considered in the design of CCBs. 293 

Compared to WTTs, the present FSI simulations can well reproduce the VIV lock-in regions and 294 

frequencies. However, 2D URANS underestimate VIV amplitudes in the first lock-in region and 295 

overestimates them in the second, while 3D IDDES provides more accurate predictions. Figure 12 296 

compares the time history and FFT curves of VIV displacements at the maximum VIV position in the 297 

second lock-in region. The figure shows that 2D URANS overestimates the VIV amplitude by 298 

approximately 35.0% at 0°and 31.6% for 180° angle, while IDDES closely matches WTTs with only 299 

3.3% deviation. Figure 13 further compares the corresponding lift coefficients at the maximum VIV 300 

position. At a 180° yaw angle, both 2D URANS and 3D IDDES predict significantly higher lift 301 

coefficients than at 0°, leading to a larger VIV response. Furthermore, URANS 180° predicts a higher 302 

lift coefficient than 3D IDDES, exaggerating the VIV response. Notably, all lift coefficients show 303 

super-harmonics components, which may result in the presence of two lock-in regions [107]. 304 
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(a)  (b)  

Figure 12. VIV displacements at maximum VIV position: (a) time history, (b) FFT. 305 

  

(a)  (b)  

Figure 13. Lift coefficient at maximum VIV position: (a) time history, (b) FFT. 306 

To study the effects of the superelevation rate, Figure 14 presents URANS results for VIVs and 307 

the frequency ratio (f/fh) of CCB deck with different superelevation at a 0°yaw angle. As the 308 

superelevation rate increases from 1.5% to 6%, the maximum VIV amplitude in the first lock-in 309 

region decreases about 32.25%, while the second lock-in region nearly disappears. Figure 14(b) 310 

shows that higher superelevation increases the Strouhal number from 0.634 at 1.5% to 1.18 at 6%, 311 

causing the second lock-in region to vanish. 312 

  

(a)  (b)  

Figure 14. VIVs of different superelevation at 0° yaw angle: (a) amplitude, (b) frequency (f from CL for URANS). 313 
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(a)  (b)  

Figure 15. VIVs of different superelevation at 180° yaw angle: (a) amplitude, (b) frequency (f from CL for IDDES). 314 

Given the high accuracy of 3D IDDES for the CCB deck at 180° yaw angle, Figure 15 shows 315 

the obtained VIV responses for different superelevation. Contrary to the trend observed at 0°, as 316 

superelevation increases from 1.5% to 6%, the maximum VIV amplitude at the second lock-in regions 317 

rises by approximately 38%, with the Strouhal number stays nearly the same. 318 

4.2 Pressure distributions and flow fields 319 

Next the pressure distributions are analyzed to clarify the superelevation effects and highlight 320 

discrepancies between 2D URANS and 3D IDDES. Figure 16 presents pressure distributions at the 321 

maximum VIV position for wind yaw angles of 0° and 180°. It shows that both mean and fluctuating 322 

pressures at 180° are higher than those at 0°, with a sharp drop at the median barrier, followed by a 323 

sudden increase in fluctuating pressure in its wake region. Compared to 3D IDDES, URANS 180° 324 

predicts higher fluctuating pressures on the upper surface and a downstream shift in the vortex 325 

reattachment point, with the maximum standard deviation points at x=0.26B for URANS and 0.2B 326 

for IDDES. Further, URANS 180° underestimates fluctuating pressures on the lower surface, 327 

indicating it may not accurately capture flow separation in this region. Further analysis (not included 328 

for brevity) confirms that mesh refinement does not affect URANS results. 329 

  

(a)  (b)  

Figure 16. Pressure coefficients distribution at maximum VIV position: (a) mean, (b) standard deviation. 330 
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Figure 17 compares the corresponding time-averaged streamlines and at the maximum VIV 331 

positions for URANS 0°, URANS 180° and 3D IDDES 180°. On the upper surface, flow separation 332 

at the windward barrier forms the main vortex region U1, covering the front half of the deck. Then, 333 

vortex U1 interacts with the median barrier forms secondary vortices region (U2). Compared to 0°, 334 

superelevation of 180° yaw angle increases the angle between inflow and the upper surface, leading 335 

to higher vortex curvature. On the lower surface, flow separation at the leading edge forms the 336 

vortices L1. Notable, the vortex cores are remarkably different between URANS and IDDES. In 3D 337 

IDDES the vortices have an elongated drop shape and longer reattachment length while in 2D 338 

URANS they appear more elliptical. This difference is due to URANS inability to capture the inner 339 

region near the leading edge, which have been discussed by Bruno et al. [108] and Patruno et al. [109] 340 

in the stationary case of a 5:1 rectangular cylinder. 341 

   

(a)  (b)  (c)  

Figure 17. Time-averaged streamlines colored by vorticity at maximum VIV: (a) URANS 0°, (b) URANS 180°, (c) 342 

IDDES 180°.  343 

To clarify flow fields responsible for differences in VIV responses, Streaming Total Dynamic 344 

Mode Decomposition (STDMD) [110, 111] are applied to the vorticity fields. In particular, A total of 345 

1300 snapshots with a time interval of 0.007s are recorded, covering about 40 vortex shedding periods. 346 

Figure 18 shows the eigenvalues of the first six models and their corresponding modal energy 347 

obtained from 2D URANS at the maximum VIV positions. The eigenvalues lie close to the unit circle, 348 

indicating that the associated flow structures are periodically stable with time. Furthermore, the zero 349 

model (f/fh=0) represents the time-averaged flow fields and accounts for approximately 99.1% of the 350 

total energy, which is consistent with the findings by [112]. The frequencies of following model are 351 

1~5 times the natural frequency of the CCB deck (fh). Among them, the first model (f/fh=1) that 352 

governs the VIV response has significantly higher energy than the following modes, while the 353 

cumulative modal energy reaches 99.7% by the first three mode that govern the flow dynamics. 354 
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(a)  (b)  

Figure 18. STDMD of vorticity at maximum VIV position obtained by URANS 180°: (a) eigenvalues, (b) modal 355 

energy. 356 

  
(a)  (b)  

Figure 19. STDMD models of vorticity at maximum VIV position: (a) first model (f/fh=1), (b) second model (f/fh=2). 357 

 358 

Figure 20. Vorticity evolution diagram during vibration period T at maximum VIV positions. 359 
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Figure 19 compares the first model (f/fh=1) and second model (f/fh=2) using STDMD from 360 

URANS 0°, URANS 180° and IDDES 180°. Figure 20 further shows the vorticity distributions during 361 

one vibration cycle. It shows that in URANS 0°, the main vortices U1 and L1, forming on the upper 362 

and lower surfaces of the deck, eventually develop into a Kármán vortex street in the tail of bridge 363 

deck. In contrast, in URANS 180°, separated vortices not only form on the windward barrier U1, but 364 

also as strong secondary vortices U2 downstream of the medium barrier, leading to stronger and 365 

higher Kármán vortex street in the tail region. The first mode of the STDMD shows that these 366 

secondary vortices U2 are fed by the counter-rotating vortex in adherence to the medium barrier, 367 

driven by the shielding effect of superelevation. Compared to IDDES 180°, URANS 180° produces 368 

a similar separation bubble (U1 and U2) on the upper surface. Nevertheless, IDDES exhibits small 369 

and irregular vortices, while URANS shows more stable vortices and smooth shear layer thickening. 370 

For the lower surface, IDDES can reproduces inner recirculation regions compared to URANS, 371 

leading to a stronger main vortex (L1) with higher vorticity and larger vortex-induced forces. 372 

Next the influence mechanisms of the superelevation rates on VIVs are presented. Figure 21 373 

presents pressure distributions from URANS at 0° for various superelevation rates. As the 374 

superelevation increases, the mean pressure coefficients gradually decrease, while the standard 375 

deviation drops sharply, causing the vanish of the second VIV region at 0°. In contrast, Figure 22 376 

further presents pressure coefficient distributions in the middle position from IDDES at 180° yaw 377 

angle. Compared to 0°, the fluctuating pressure is significantly higher, resulting in a larger VIV 378 

response. As superelevation increases, both the mean and standard deviation exhibit slightly 379 

variations around the wake region of the medium barrier. 380 

 

 

(a)  (b)  

Figure 21. Pressure coefficient at maximum VIV amplitude in the second lock-in region for 0° yaw angles: (a) mean, 381 

(b) standard deviation.  382 
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(a)  (b)  

Figure 22. Pressure coefficient at maximum VIV position for 180° yaw angles: (a) mean, (b) standard deviation. 383 

Figure 23 and Figure 24 further respectively show the instantaneous Q-criterion flow fields at 384 

peak VIV and the STDMD models for different superelevation rate. It shows that increasing 385 

superelevation affects the separated shear layers and flow structures around the medium barrier, 386 

leading to a further increase in the amplitudes of VIV.  387 

   

(a)  (b)  (c)  

Figure 23. Instantaneous Q-criterion flow fields at the time of maximum vertical displacement for different 388 

superelevation: (a) e=1.5%, (b) e=4%, (c) e=6%. 389 

  

(a)  (b)  

Figure 24. STDMD models of vorticity at maximum VIV position: (a) first model (f/fh=1), (b) second model (f/fh=2). 390 

Finally, to clarify the span-wise effects for calculating the subsequent MSCF of the CCB, Figure 391 

25 presents the spanwise correlation of four pressure taps (x/BUp, x/BDown=±0.4，±0.2) and the overall 392 

VIV forces obtained by 3D IDDES. Notably, the overall lift coefficient correlation exceeds 0.8, 393 
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closely matching the WTTs of a box girder with barriers by Sun et al. [113]. The adopted fitting curves 394 

follow the exponential law proposed by Ricciardelli [114] as follows: 395 

 ( / ) (1 )exp[ ( / )]R z D d c z D d = − −  +  (5) 396 

where c=0.9591 denotes the decay coefficient, and d=0.8469 indicates the horizontal asymptote. 397 

Compared to 2D URANS, 3D IDDES can account the imperfect spanwise correlations, yielding VIV 398 

amplitudes closer to WTTs results.  399 

  

(a)  (b)  

Figure 25. Span-wise correlations at maximum VIVs for 180° yaw angle: (a) upper surface, (b) lower surface. 400 

4.3 Effects of spatial curvature and MSCF by comparing sectional and full model 401 

Figure 26 presents the vertical and torsional VIVs measured at the maximal point (s=0.6L) for 402 

yaw angles of 0°, 30°, 60°, 150°, and 180°. Both the vertical and torsional VIV amplitudes decrease 403 

sharply as the yaw angle increases, consistent with Wang et al.’s [75] findings on VIVs of rectangular 404 

cylinder in skew winds. In particular, the vertical VIV amplitudes at 0° and 180° are 0.014D and 405 

0.061D, respectively, indicating that the superelevation increases VIV amplitude by about 4.36 times 406 

between opposite wind directions. This increase exceeds that in the section model, likely due to the 407 

differing effects of spatial curvature at 0° and 180° (see in Figure 1 (b)). Furthermore, Figure 27 408 

shows the time history and FFT curves of coupled vertical-torsional VIVs measured at the maximum 409 

VIVs position of full model. The coupled VIVs occur at the same frequency and the torsional to 410 

vertical VIV ratio is approximately 0.59, which matches the mode ratio of the CCB (see Figure 4(b)).  411 
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(a)  (b)  

Figure 26. VIV amplitudes obtained from full model WTTs at different wind yaw angles: (a) vertical response, (b) 412 

torsional response. 413 

  

(a)  (b)  

Figure 27. Coupled vertical-torsional VIVs displacement of the full model measured at the maximum VIVs position: (a) 414 

time history, (b) FFT. 415 

In order to clarify the effects of span-wise curvature, Figure 28(a) compares vertical VIV 416 

responses from straight section and curved full model WTTs at a 180° yaw angle. To ensure the same 417 

Scruton and Reynolds numbers, section model VIVs with a closely matched damping ratio of 1.05% 418 

were selected. It can be found that vertical maximum VIVs occurs at a reduced speed of 2.04 for 419 

section model and 1.78 for full model, with the corresponding maximum amplitudes of 0.0481D and 420 

0.0614D, respectively. This indicates that spatial curvature leads to an earlier onset of maximum VIV 421 

by approximately 0.264 in reduced speeds, equivalent to a real wind speed difference of 4.61 m/s. 422 

The experimental MSCF is calculated by the ratio of the maximum vertical VIV amplitude between 423 

the sectional and full model, yielding a value of 1.28. 424 
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(a)  (b)  

Figure 28. VIV amplitudes between the section and the full model with nearly identical damping ratios and Sc numbers 425 

at a 180° yaw angle: (a) vertical response, (b) torsional response. 426 

Assuming the same Strouhal and Scruton numbers, the theoretical MSCF of CCBs can be 427 

obtained according to Scanlan’s linear and nonlinear models[34, 83]:  428 
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Where ( )v s  is the first vertical bending mode shape that shown in Figure 4(b), ( )R s  is the span-430 

wise correlation factor of VIV forces obtained by IDDES shown in Figure 25. Since the ratio of 431 

torsional to vertical VIVs is consistent with the modal ratio. Therefore, the coupled torsional VIVs 432 

can be determined as follow: 433 
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Where ( )t s  is the first torsional mode shape that shown in Figure 4(b). According to Eq. (5), the 435 

theoretical MSCF for the CCB using Scanlan nonlinear model is 1.19, while the MSCF using Scanlan 436 

linear model with/without considering span-wise correlations is 1.31 and 1.53. Figure 28 Further 437 

compares the VIVs from the section model multiplied these MSCF values, while the couple torsional 438 

VIVs are obtained using the Eq.(7). Compared to the full model, the Scanlan nonlinear model 439 

underestimates the VIVs by 6.46%, while the Scanlan linear model without span-wise correlations 440 

overestimates them by 20%. In contrast, the Scanlan linear model with span-wise correlations shows 441 

only a 2.4% deviation, accurately capturing the coupled torsional-vertical VIVs. 442 
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5. Conclusions 443 

This paper presents an experimental and numerical study regarding the effects of superelevation 444 

and spatial curvature on VIVs of a CCB during the service stage. Fluid-structure interaction 445 

simulations using 2D URANS and 3D IDDES have been considered, aiming at explaining the flow 446 

mechanisms and assessing their capabilities in reproducing the VIV response of WTTs. Furthermore, 447 

the spatial curvature effects and the Modal shape correlation factor (MSCF) are clarified by 448 

comparing results from straight sectional and full curved model WTTs with the same geometry scale 449 

of 1:50. The conclusions are summarized as follows: 450 

(1) CFD simulations using zero-thickness baffles effectively reduces the need for fine mesh 451 

around barriers, accelerating FSI simulations by a factor of 6.9. Regarding the FSI accuracy, 2D 452 

URANS overestimates the VIV amplitude by about 31.6% due to incorrect predictions of vortex 453 

evolution on the lower surface and the absence of spanwise correlations. In contrast, 3D IDDES 454 

significantly improves VIV simulation accuracy, with experimental deviations within 3.3%, making 455 

it suitable for the wind-resistant design for in-service CCB deck with superelevation and barriers. 456 

(2) The analyzed CCB deck exhibits large-amplitude VIVs in two distinct lock-in regions. 457 

Superelevation increases the second lock-in VIV amplitude at a 180° yaw angle by 3.35 times 458 

compared to 0° yaw angle, mainly due to the strong secondary vortex forming downstream of the 459 

central barrier that enhances vortex-induced forces. 460 

(3) As superelevation rate increases from 1.5% to 6%, the second lock-in VIVs at 0° yaw 461 

disappear, while VIVs at 180° increases by about 38%. It is thus shown that superelevation 462 

significantly affects the VIVs of CCBs and should be carefully considered in their designs. 463 

(4) Coupled vertical-torsional VIVs are observed in the full curved model WTTs, with the onset 464 

speed occurring approximately 4.6 m/s earlier than straight sectional model. The experimental MSCF 465 

is 1.28, which aligns with Scanlan’s linear theory when spanwise correlation is considered. By using 466 

the MSCF and mode shape ratio, coupled vertical-torsional VIVs of curved bridges can be predicted 467 

using only the results from straight sectional model, avoiding costly full curved bridge model. 468 
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