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Abstract: The long-span double-deck truss girder bridge has become a recommend structural form
because of its good performance on traffic capacity. However, the vortex-induced vibration (VIV)
characteristics for double-deck truss girders are more complicated and there is a lack of related
research. In this research, wind tunnel tests were utilized to investigate the VIV characteristics
of a large-span double-deck truss girder bridge. Meanwhile, the VIV suppression effect of the
aerodynamic mitigation measures was measured. Furthermore, the VIV suppression mechanism
was studied from the perspective of vortex shedding characteristics. The results indicated that the
double-deck truss girder had a significant VIV when the wind attack angles were +3° and +5°. The
aerodynamic mitigation measures had an influence on the VIV response of the double-deck truss
girder. The upper chord fairing and lower chord inverted L-shaped deflector plate played a crucial
role in suppressing VIV. Numerical analysis indicated that vortex shedding above the upper deck
or in the wake region may dominate vertical VIV, while vortex shedding in the wake region of the
lower deck may dominate torsional VIV. The upper chord fairing and lower chord inverted L-shaped
deflector plate disrupted the original vortex shedding pattern in both regions, thereby suppressing
VIV. This research can provide a foundation for bridge design and vibration suppression measures
for large-span double-deck truss girder bridges.

Keywords: double-deck truss girder; vortex-induced vibration; aerodynamic mitigation measures;
wind tunnel tests; CFD simulations

1. Introduction

Suspension bridges are commonly utilized for their excellent performance in large-
span cross-sea bridges [1-3]. Rapid development in highway and rail transportation has
resulted in new demands for cross-sea bridges, leading to an increase in the construction
of double-deck truss girder bridges, such as the Xinhai Bay Bridge and the Beikou Bridge.
Truss girders are widely used for road-rail bridges due to their high rigidity and ability
to accommodate double bridge decks [4]. However, truss girders consist of numerous
discrete components. Wide bridge decks may result in multiple vortexes migrating across
the direction of their width [5-7]. Furthermore, different components exhibit varying
bluff body aerodynamic characteristics, which results in the generation of multi-scale and
multi-frequency vortex shedding, thereby complicating the truss girder’s vortex-induced
vibration (VIV) performance. Additionally, the distance between certain components varies
along the axis of the bridge, causing complicated aerodynamic disturbance. Consequently,
evaluating the VIV performance of double-deck truss girders in the complex marine en-
vironment is more challenging than that of other girders and requires a more thorough
investigation.

VIV has dual characteristics of self-excited and forced vibration [8]. While VIV gen-
erally limits amplitude, it occurs frequently and for extended periods even at low wind
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speeds. This phenomenon may cause fatigue damage to the structure, and an excessive
amplitude may also jeopardize the safety of traffic on the bridge [9-13]. Several bridges,
such as the Xihoumen Bridge [14], the Rio—Niteroi Bridge [15], the Second Severn Crossing
Bridge [16], the Humen bridge [17], the Great Belt Bridge [18], and the Trans-Tokyo Bay
Crossing Bridge [19], have experienced significant VIV during their use. Therefore, it is
essential to analyze VIV and implement vibration mitigation measures for long-span truss
girder suspension bridges [20,21].

Currently, there are four primary research methods for investigating VIV in suspen-
sion bridges: theoretical analysis [22], field measurements [23], wind tunnel tests [24],
and numerical simulations [25]. Wind tunnel tests and numerical simulations are the
most commonly employed methods. Wind tunnel tests are widely used to simulate the
fluid—structure coupling phenomenon of VIV via replicating the wind characteristics and
structural dynamic behavior of the atmospheric boundary layer. The dynamic response
of sectional models is measured using displacement sensors, accelerometers, and novel
optical testing techniques such as digital image correlation (DIC) and three-dimensional
laser Doppler velocimetry (3DLDV) [26]. With the advancement of computer technology,
numerical simulations can accurately obtain the dynamic characteristics, aerodynamic
forces, and flow field properties of bridge structures, making significant contributions to
the study of VIV mechanisms. In wind tunnel tests, particle image velocimetry (PIV) can
be utilized to obtain the flow field characteristics around the girder, which can serve as a
useful cross-check for simulation results [27].

Vibration suppression measures that are commonly used include aerodynamic, me-
chanical, and structural measures [28-32]. Aerodynamic mitigation measures promote the
aerodynamic performance of a girder by altering its shape [33]. Due to their economic,
aesthetic, safety, and high reliability advantages, they are widely used in bridge wind
engineering [34-37]. Currently, two methods are used to suppress VIV through aero-
dynamic measures. The first is to optimize the girder’s original cross-section shape by
modifying the guardrail ventilation rate and maintenance track position, etc. The second
is to install aerodynamic mitigation measures such as inverted L-shaped deflector plates,
fairings, stability plates, and spoiler plates, etc. Although various aerodynamic mitigation
schemes exist, more accurate and universally applicable application rules are needed. In
practical engineering applications, it is necessary to verify their effectiveness through wind
tunnel tests.

Research on the VIV of bridges has mainly focused on box girders and I1-shaped gird-
ers. Zhan et al. [38] discovered that the wave barrier has a three-dimensional disturbance
effect on the box girder’s wake, which can be used to suppress its VIV. Nagao et al. [39]
found that shape factors, such as the position and size of guardrails, significantly influence
the sectional VIV performance. Bai et al. [40] investigated the impact of aerodynamic
mitigation measures, such as installing a fairing, L-shaped inverted edge plate, central sta-
bility plate, and horizontal spoiler plate, on the VIV characteristics of II-shaped composite
girders with different width-to-height ratios. Liu et al. [41] studied the VIV performance of
large-span road-rail bridges with two separated parallel decks and found that adjusting
fairing angles and installing handrail sealing at intervals can effectively control VIV. Al-
though double-deck truss girders are widely used, there is relatively little research focused
on their VIV performance. Only Fang et al. [42] discussed the VIV mechanism based on
wind tunnel tests and numerical simulations. Additionally, Tang et al. [43] investigated
the influence of high vertical stabilizers on the vortex shedding characteristics, and the
corresponding aerodynamic mechanism was discussed. Therefore, research in this area
should be strengthened to ensure sufficient safety and reliability.

This article investigates the characteristics and cause of VIV on a double-deck truss
girder and the effectiveness and mechanism of various aerodynamic mitigation measures.
The investigation is based on the engineering background of the Huangjuetuo Yangtze
River Bridge and involves employing wind tunnel tests and numerical simulations. The
article is organized as follows: Section 2 provides an overview of the bridge’s structural
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dynamic characteristics. Section 3 investigates the VIV responses of the truss girder and
the vibration suppression effect of aerodynamic mitigation measures on a sectional model
through wind tunnel tests. Section 4 analyzes the causes of VIV through investigating
vortex shedding characteristics using numerical simulations, and explores the vibration
suppression mechanism of aerodynamic mitigation measures. Figure 1 depicts the method-
ology diagram of this paper.
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Figure 1. Methodology diagram.

2. Overview of the Target Bridge
2.1. Engineering Background

The Huangjuetuo Yangtze River Bridge is a crucial control project of the Yu Chang
Highway’s double-track connecting road with a double-deck layout. The upper deck has
six bidirectional lanes, and the lower deck has two bidirectional railroads at the center,
with four bidirectional lanes and sidewalks on both sides. The target bridge is a double-
deck truss girder suspension bridge supported by two towers with three-span continuous
and one-span suspension. Its total length is approximately 945 m, and the main span is
765 m long, as depicted in Figure 2. The cross-section varies slightly along the bridge axis,
except for the web members. Therefore, the bridge has a relatively uniform aerodynamic
appearance. Figure 3 depicts the standard cross-section of the bridge.

230 765 230

Figure 2. Schematic layout of the bridge (unit: m).
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Figure 3. Double-deck truss girder cross-section (unit: mm).

2.2. Structural Dynamic Characteristics

To ensure the rationality and accuracy of the experimental model in the tests, it was
crucial to analyze its dynamic characteristics before testing. This analysis includes obtaining
results on its frequency, vibration pattern, equivalent mass, and other relevant factors. In
this investigation, a three-dimensional (3D) finite element model was established using
the finite element software ANSYS to calculate the suspension bridge’s structural dynamic
characteristics, as depicted in Figure 4. The truss girder was simulated using a combination
of plate shell and beam elements. The suspenders and main cables were simulated using
Link8 elements, while the remaining main parts such as the bridge deck, main tower, and
diaphragm were simulated using Beam4 elements. Other affiliated members, including
guardrails and maintenance vehicle tracks, etc., were simulated using Mass21 elements.
Link8, Beam4 and Mass21 are the most commonly used elements in 3D finite element
models with nodal degrees of freedom in the Uy, U, and U; directions [44]. The ANSYS
modal analysis method was used to solve the bridge’s dynamic characteristics. The dynamic
characteristic parameters of its main modals and the allowable values of the VIV amplitude
calculated according to the Chinese design specification (JTGT3360-01-2018) [45] are shown
in Table 1.

In general, the allowable values for VIV are calculated based on the vertical and
torsional fundamental frequencies. The allowable value for the vertical VIV amplitude
was set at 190 mm, while the torsional VIV amplitude was set at 0.304°. Other admissible
amplitude values were obtained as reference values.
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Figure 4. Three-dimensional finite element model.
Table 1. Dynamic characteristic parameters of the bridge’s main modals.
Order Number Frequency (Hz) Vibration Mode * Modal Shape (Front View) Allowable Values

3 0.2108 S-V-1 190 mm

4 0.2368 AS-V-1 169 mm

8 0.4017 S-V-2 100 mm

11 0.4777 S-T-1 0.304°

20 0.5707 AS-V-2 M 70 mm

25 0.7055 AS-T-1 0.206°

*S: symmetric; AS: antisymmetric; V: vertical; T: torsional.

3. Sectional Model Wind Tunnel Tests
3.1. Outline of Experimental Procedure

Wind tunnel tests are commonly utilized for wind-induced vibration investigations
of large-span bridges [46,47]. The experiments were conducted with a smooth incoming
flow at the wind tunnel laboratory of Chongqing University. The straight-flow wind tunnel
consists of the intake section, stability section, contraction section, test section, power
section, and exit section, as shown in Figure 5. The test section measured 2.4 m (width) x
1.8 m (height) x 15.0 m (length). The wind speed could be continuously regulated from
0.50 to 35.00 m/s, with the turbulence intensity being less than 0.50% of the target wind
speed.

In this investigation, the experimental model’s ratio of the geometric scale to that of the
actual bridge was 1:55. Wind tunnel tests require not only geometric similarity between the
model and the actual bridge but also consistency in the vertical-to-torsional frequency ratio
and damping ratio [48]. The test sectional model’s aerodynamic shape strictly followed
that of the target bridge, as shown in Figure 6. In addition, Table 2 presents the main design
parameters of the model. Endplates were unnecessary due to the model’s aspect ratio
exceeding four. The model’s vertical and torsional frequencies were 2.22 Hz and 5.03 Hz,
with vertical and torsional damping ratios of 0.27% and 0.41%.
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Figure 6. Sectional model in the experiment and local enlargements.

Table 2. Parameters for the sectional model.

Parameter Symbol Unit Scaling Factor Prototype Model
Height D m 1:55 15.8 0.286

Width B m 1:55 313 0.569

Mass m kg/m 1:55? 68,450 22.628

Mass moment of inertia Im kgm?/m 1:55 13,090,000 1.4305

Radius of gyration r m 1:55 13.8288 0.2514
Vertical frequency F, Hz - 0.2108 2.22
Torsional frequency fa Hz - 0.4777 5.03

A suspension system was designed to ensure the vertical and torsional vibration of
the sectional model during the test, as depicted in Figure 7. The sectional model was fixed
to two steel special brackets, which were suspended by eight linear tension springs in the
spring-suspended sectional model (SSSM) system. The counterweights simulated the mass
and mass moment of inertia. Moreover, the springs provided vertical and torsional stiffness
to the system, allowing the sectional model to simulate the vibration characteristics of the
two directions, vertical and torsional, accurately. Additionally, the vertical and torsional
vibrations of the truss girder were independent. To reduce the ratio of the actual wind speed
to the test wind speed, springs with relatively high stiffness were used, resulting in a ratio
of 4.48. Two Keyence LK-G155 laser displacement sensors were used to record the dynamic
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response of the sectional model with a sampling frequency of 1000 Hz [49]. Uniform flow
wind speed was measured using an Australia TFI series 100 cobra probe [50]. Additionally,
the aerodynamic forces were measured using the high-frequency force balance of the model
ATI SI-130-10 [51].

Spring End wall

y I/ Steel bracket
Laser displacement sensor — |

Figure 7. The suspension system used in the tests.

Figure 8 shows the wind attack angle, &, of the incoming flow and the positive
directions of the drag force, Fy, lift force, Fy, and pitching moment, Fy;, used in this
investigation. The aerodynamic mitigation measures included inverted L-shaped deflector
plates with a width-to-height ratio of 0.5, 40° pointed fairings, and a central stability plate.
The specific working condition settings are presented in Table 3. The experimental wind
speed ranged from 0 to 10.0 m/s, with a wind speed loading amplitude of 0.2 m/s, which
was reduced to 0.1 m/s when VIV was observed.
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Figure 8. Positive directions of incoming flow and aerodynamic coefficients.
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Table 3. Working conditions for the wind tunnel tests.

Case Symbol  Wind Attack Angles Test Content
1 oC 0°, £3°, +5° Original cross-section
2 UF +3°, +5° Upper chord fairing
3 UL +3°, +5° Upper chord inverted L-shaped deflector plate
4 LL +3°, +5° Lower chord inverted L-shaped deflector plate
5 CS +3°, +5° Central stability plate

The upper chord fairing and inverted L-shaped deflector plate were symmetrically
installed on both sides of the upper deck along the longitudinal direction of the truss
girder. The lower chord inverted L-shaped deflector plate was symmetrically set along
the lower chord, and modified from the original sidewalk corbels. Since the sidewalk
corbel was initially considered a fairing, no additional fairing was installed on the lower
chord. The central stability plate was arranged along the center of the upper deck in the
longitudinal direction. Figure 9 shows the schematic diagrams of the shape and position of
the aerodynamic mitigation measures for each working condition, and Figure 10 shows the
experimental models.

1200

i

(=3
LB
2600

i1k L1 I S SR SN W
I M o T T
(a) upper chord fairing (b) upper chord inverted L-shaped deflector plate

2000

N A | s

(c) lower chord inverted L-shaped deflector plate (d) central stability plate

Figure 9. Schematic diagram of the shape and location of the aerodynamic mitigation measures
(corresponding to the real situation, unit: mm).

3.2. VIV Responses of Original Cross-Section

Wind tunnel tests were adopted in the sectional model to investigate the VIV perfor-
mance for the truss girder under five wind attack angles. Significant VIV was observed at
the +3° and +5° wind attack angles. The displacement root mean square (RMS) values of
the VIV versus those of the wind speed, U, are shown in Figure 11 and correspond to those
of the real situation. Two forms of VIV were observed during the test: vertical VIV and
torsional VIV. Both forms of vibration appeared in sequence, with vertical VIV occurring
first, followed by torsional VIV. The vertical VIV had a lock-in range with a significant
amplitude, and the torsional VIV had a minor and a major lock-in range with smaller and
larger amplitudes, respectively. Compared to the wind attack angle of +3°, the maximum
amplitude of the vertical VIV was larger at +5°, the onset wind speed was earlier, and
the lock-in range was longer, making it more susceptible to vertical VIV at a low wind
speed. For the torsional VIV, the maximum amplitude of the minor lock-in range did not
show significant changes at +5°, but the onset wind speed was significantly delayed. The
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maximum amplitude of the major lock-in range was larger, the onset wind speed was
delayed, and the lock-in range was significantly longer than that of +3°. The amplitudes
of both the vertical and torsional VIVs were within the allowable values of 190 mm and
0.304°. No significant VIV was observed at the 0°, —3°, and —5° wind attack angles.

(c) lower chord inverted L-shaped deflector plate

200

— —_
N 0 [N} D
(e} (==} (=} S

Vertical displacement RMS (mm)

(=)
S

(d) central stability plate

Figure 10. Experimental models of the truss girder with aerodynamic mitigation measures.
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Figure 11. VIV responses of the original section of the truss girder corresponding to those of the real

situation.

Figure 12 presents the displacement time histories and amplitude spectra of two laser
displacement sensors at the peak response points of the VIVs at +3° and +5° wind attack
angles, which were used to analyze the vibration frequency of the truss girder when VIV
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occurred. The maximum vertical VIV occurred at a wind attack angle of +3° with a wind
speed of 6.05 m/s and at a wind attack angle of +5° with a wind speed of 6.06 m/s. The
two sensors measured time histories with the same phase, and the main frequencies of
the vertical vibration were the same at 2.227 Hz, which is close to the vertical frequency
of the sectional model. Similarly, the main frequencies of the torsional vibration were the
same at the wind attack angles of +3° and +5° with wind speeds of 8.60 m/s and 15.28 m/s,
and 9.22 m/s and 16.67 m/s, respectively, both at 4.289 Hz, which is close to the torsional
frequency of the sectional model. The two sensors measured the opposite phase of the
time histories. This phenomenon demonstrates that the VIV of the girder may be driven by
different vortices with the same shedding frequencies. The frequency will be locked when
VIV occurs [52].
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Figure 12. Time histories and spectra at different critical wind speeds.

3.3. VIV Responses of Different Aerodynamic Mitigation Measures

Aerodynamic shape is a crucial factor that affects the VIV characteristics of truss gird-
ers. Generally, the aerodynamic performance of the main girder without any aerodynamic
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measures could be poor. Since the original cross-section did not experience VIV at the 0°,
—3°, and —5° wind attack angles, the tests were conducted only at the +3° and +5° wind
attack angles to investigate the effect of the aerodynamic mitigation measures. Figure 13 dis-
plays the VIV responses of the truss girder with different aerodynamic mitigation measures

corresponding to the real situation.
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Figure 13. VIV responses of the truss girder with four aerodynamic mitigation measures correspond-
ing to the real situation.

Figure 13 shows that the upper chord fairing and lower chord inverted L-shaped
deflector plate had an obvious inhibiting effect on the VIV of the truss girder. After
installing the upper chord fairing, the maximum reduction in vertical and torsional VIVs
was 69.0% and 39.0% at the +3° wind attack angle, and 54.8% and 49.8% at the +5° wind
attack angle, respectively. Similarly, installing the lower chord inverted L-shaped deflector
plate reduced the maximum vertical and torsional VIVs by 55.0% and 63.5% at the +3°
wind attack angle, and 55.4% and 61.6% at the +5° wind attack angle. The vertical VIV and
the minor torsional VIV lock-in ranges were slightly shortened, and the major torsional VIV
lock-in range was significantly shortened, with a delay in the onset wind speed. The upper
chord fairing was more effective at suppressing vertical VIV, and the lower chord inverted
L-shaped deflector plate was more effective at suppressing torsional VIV. However, the
upper chord inverted L-shaped deflector plate had a negative impact, deteriorating the
aerodynamic performance of the truss girder. The amplitude of both vertical and torsional
VIVs increased significantly, with a maximum increase of 24.1% in vertical VIV and of
16.1% in torsional VIV at a +3° wind attack angle and an increase of 23.5% in vertical
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VIV and of 32.9% in torsional VIV at a +5° wind attack angle. The lock-in ranges were
slightly lengthened, and the onset wind speeds were significantly reduced. The central
stability plate had little effect on the amplitude of VIV, with only a slight decrease in the
amplitude of vertical VIV. The lengths of lock-in ranges remained unchanged, but the onset
wind speeds were significantly increased. The Strouhal numbers of the truss girder were
calculated to analyze the mechanism of VIV occurrence, using the formula

St = fD/U. @

The calculation results are presented in Table 4 [53].

Table 4. Strouhal numbers of the truss girder corresponding to different working conditions.

Working Condition

(O 1] UD Uw LD CS

+3° +5° +3° +5° +3° +5° +3° +5° +3° +5°

St for vertical VIV Major peak 0.47 0.47 0.52 0.52 0.47 0.47 0.48 0.48 0.40 0.41

S; for torsional VIV

Minor peak  0.64 0.60 0.67 0.66 0.62 0.60 0.62 0.58 0.56 0.56
Major peak  0.36 0.33 0.40 0.36 0.36 0.34 0.38 0.35 0.33 0.32

4. Analysis of VIV Mechanism via Numerical Simulations

The vortex shedding characteristics of the truss girder were further investigated to
determine the cause of VIV. Due to the complexity of accurately building a 3D model
of the truss girder with multiple components, a 2D computational fluid dynamics (CFD)
numerical simulation was conducted. Two-dimensional CFD simulations are frequently
used to evaluate the aerodynamic performance of structures because of their efficiency and
simplicity [54,55]. The CFD model was created at a scale of 1:55, which is the same as that
of the experiment model. Some members of the truss girder, such as corbels and stiffening
ribs, were not considered in the CFD numerical simulations due to discontinuities along the
bridge span. Therefore, the model was simplified to some extent. To accurately replicate
the aerodynamic features of the truss girder, the model was constructed based on several
principles, including ensuring similar aerodynamic interference for horizontal components,
considering an equivalent total area for the wind’s impact on vertical components, and
applying the same aerodynamic shape to all components. Despite a few of the simplifi-
cations, this approach proves to be an effective means of investigating the aerodynamic
mechanisms underlying wind-induced vibrations in truss girders [56,57].

Transient calculations were performed using Ansys Fluent 15.0 software for the numer-
ical simulations [58]. The k-w shear stress transport (SST) turbulence model was adopted
with unsteady Reynolds-averaged Navier-Stokes (URANS) simulations, which are suitable
for modeling the flow around bluff bodies because of their efficiency and accuracy [59].
The air flow governing equation for the SST k-w model is

% + o5 (pmjk) = a%j(rkl%j>+Gk+Sk_Yk @
Pa(-Tc;] + aT(](PLT]w) = a%c](rw%) + Dy + Guw + Sw — Yw

The two equations are the turbulent kinetic energy transport equation and the spe-
cific dissipation rate transport equation, where w is the specific dissipation rate used to
determine the flow scale; k is the turbulent kinetic energy used to determine the turbulent
energy; D, is the orthogonal divergence term; I'y and I', are effective diffusion terms;
Sk and S, are source terms; Gy and G, are generation terms; Yy and Y, are divergence
terms. The discretized problem was solved using the pressure-velocity coupling algorithm.
Furthermore, the second-order upwind scheme was selected for a specific dissipation rate,
turbulent kinetic energy, and momentum, and adopted a time step of 1 x 10~* s to meet
the Courant number requirement.
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4.1. Computational Domain Meshing

An overlapping mesh was created using ICEM pre-processing software, and the
computational domain was divided into two parts: the internal and external domains [60].
The computational domain was made large enough to minimize the impact of the cross-
sectional flow field boundaries. The external domain’s length and height were 15 B and
15 D, respectively, in the mean flow and crossflow directions, while the internal domain was
2B by 2D. The blocking ratio of the model in the computational domain was 0.5%, which is
lower than the allowable value of 5% [61]. The windward boundary condition was set to a
velocity inlet boundary, indicating uniform incoming flow, while the leeward boundary
condition was set to a pressure outlet boundary, indicating a zero pressure difference. The
upper and lower boundaries were set as symmetrical boundaries. Furthermore, the truss
girder cross-section was set as the smooth wall boundary. Figures 14 and 15 illustrate
the boundary conditions and mesh details of the computational domain used in this
investigation.

6.5D

;42D>4
"

6.5D

4B Jo 2B |, 9B J

Figure 14. Boundary conditions of the computational domain.

Figure 15. Mesh used in the CFD simulations.

The external domain’s mesh was classified as a structured mesh with a size close to
the maximum size of the internal mesh, while the internal domain was classified as an
unstructured mesh. The cross-section was divided into three parts: the upper and lower
chords were designated as B, the diagonal bracing members as H, and the guardrails as
LG. To simulate the surface attachment, movement, and shedding of the vortex, the Y-plus
value was assumed to be 1 when dividing the mesh. The height of the boundary layer
clinging to the girder surface was calculated to be approximately 0.05 mm, based on the
set wind speed, air density, and dynamic viscosity. The maximum size of the internal
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computational domain mesh was set to 0.04 mm. For the B and H sections, the mesh
size was set to 0.035 mm with a boundary layer of ten layers and a linear growth rate
of 1.1. For the LG section, which has smaller cross-sectional dimensions, the mesh size
was set to 0.02 mm with a boundary layer of ten layers and a linear growth rate of 1.1.
Gradually increasing mesh size ensures smooth transitions [62]. The total mesh number
was 148,367. Figure 16 shows the distribution of Y-plus values for the truss girder’s cross-
section. All Y-plus values were below 1, meeting the requirements of the SST k-w model,
indicating that the mesh of the wall boundary layer was feasible. Furthermore, in order
to further understand the mechanism of the VIV and reveal the vortices propelling the
truss girder toward experiencing VIV, there were twenty-six monitoring points set up at
diverse locations to record the wind speeds. The monitoring point locations are displayed
in Figure 17.
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Figure 16. Y-plus values of the original cross-section.
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Figure 17. The arrangement of monitoring points.

4.2. Verification of Mesh Number and Time Step Irrelevance

The SST k-w model uses a time averaging process for the Navier-Stokes equations. If
the time step is too large, a number of minuscule unsteady flow characteristics might be
counteracted. Therefore, it is essential to ensure an appropriate time step and a large total
number of meshes to accurately capture these vortices. To illustrate this, a +3° wind attack
angle and 10 m/s wind speed were considered, with time steps of 1 x 1073, 5 x 1074,
1%x107%5x%x107°,and 1 x 107°. Additionally, the total number of meshes of 0.07 million,
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0.15 million, 0.24 million and 0.45 million. The lift, drag, and moment coefficients of the
girder were calculated, and defined as

Cy = Fy/(0.50U’B), (3)
Cy = Fu/(0.50U?D), (4)
C = Fai/(0.50U%B?). (5)

Fy, Fy, and F); represent the lift, drag, and pitching moment, respectively; B and D
are the width and height of the truss girder after scaling; p is the air density; U is the wind
speed. After calculating convergence, we selected the data from twenty shedding cycles to
calculate the average and standard deviation of the aerodynamic coefficients, and these are
presented in Tables 5 and 6.

Table 5. Aerodynamic coefficients calculated using different time steps.

Time Step (s) 1x10-3  5x10~% 1x10~% 5x10-5 1 x10-5
A Chn 0.5204 0.5417 0.5677 0.5661 0.5689
Vaelrage Cy 0.8414 0.8539 0.8635 0.8652 0.8631
vatues Cu 0.0249 0.0261 0.0274 0.0282 0.0289
Standard Cy! 0.0161 0.0185 0.0199 0.0176 0.0191
deviation Cy/ 0.0475 0.0536 0.0563 0.0501 0.0480
values Cut/ 0.0385 0.0373 0.0346 0.0326 0.0427

Table 6. Aerodynamic coefficients calculated using different mesh numbers.

Total Mesh
Number (Million) 0.07 0.15 0.24 0.45
Cy 0.5392 0.5677 0.5669 0.5684
Average values Cy 0.8213 0.8635 0.8651 0.8627
Cum 0.0231 0.0274 0.0278 0.0279
Standard deviati Cy/ 0.0274 0.0261 0.0574 0.0341
tandar | eviation -, 0.0717 0.0383 0.0678 0.0499
values Cpm! 0.0140 0.0239 0.0163 0.0145

The results indicated that the average of the aerodynamic coefficients calculated using
the time steps of 1 x 1073 and 5 x 10~* was relatively more minor than that using the
other three time steps. When the time step was reduced to 1 x 1074, further reductions
had a minor impact on the results. Similarly, the average of the aerodynamic coefficients
calculated using the total mesh number of 0.07 million was relatively smaller than that using
the other three mesh numbers. When the total mesh number continued to increase above
0.15 million, it had only a minor impact on the results. Considering both the efficiency and
accuracy of the numerical simulations, a time step of 1 x 10~* and a total mesh number of
0.15 million were used in successive calculations.

4.3. Verification of Numerical Simulation Accuracy

To validate the numerical simulation model’s reliability, the aerodynamic coefficients
were calculated using the model at +3° and +5° wind attack angles and a 10.0 m/s wind
speed. This was the same wind speed as that used in the measurement of aerodynamic
coefficients in wind tunnel tests. The calculated results were compared with the results
from wind tunnel tests, and the comparisons are presented in Table 7. The simulated values
were found to be approximately equal to the test values for the aerodynamic coefficients.
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Table 7. Comparisons of simulated values and test values of aerodynamic coefficients.

Wind Attack Angle Simulated Values Test Values Error
Ch 0.5677 0.6398 11.27%

+3° Cy 0.8635 0.8948 3.49%
Cum 0.0274 0.0310 11.61%

Cy 0.6154 0.6672 7.76%

+5° Cy 1.0437 1.1012 5.22%

Cum 0.0414 0.0451 8.20%

The original cross-section’s working condition was calculated using the user-defined
function program in the ANSYS software, with +3°and +5° wind attack angles and the ver-
tical VIV lock-in range’s wind speeds in the wind tunnel tests. The amplitude comparisons
between the simulation results and the test results are presented in Figure 18, indicating
that the vertical VIV amplitude and lock-in range are in agreement.
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Figure 18. Comparisons of VIV responses between tests and numerical simulations.

The maximum error between the test and simulation of the aerodynamic coefficient
was 11.61% with an average error of 7.92%. Additionally, the maximum error of the
amplitude of vertical VIV was 13.01% with an average error of 5.64%. The small errors
in the simulation results indicate the mesh division and numerical simulation algorithms’
accuracy and the model’s high credibility. Therefore, this model can be used to analyze the
vortex shedding characteristics of the truss girder’s cross-section.

4.4. Numerical Simulation Results

To analyze the process of vortex generation, attachment, and dissipation more ef-
fectively, Figure 19 displays the vorticity contours of the truss girder during one vortex
shedding cycle obtained from the numerical simulation at the +3° wind attack angle and
6.05 m/s wind speed. These conditions correspond to the most prominent vertical VIV that
occurred in the wind tunnel tests.
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Figure 19. Vorticity contours in one vortex shedding cycle of the original cross-section.

Figure 19 illustrates the separation of the incoming flow after being influenced by the
windward upper chord, diagonal bracing member, lower chord, and guardrail. The upper
incoming flow experiences reattachment on the windward surface of the upper deck and
forms a large vortex region, A. Vortices Al and A2 are, respectively, formed on the upper
and lower sides of the upper chord member, moving downstream with a width of about
0.1 B. Smaller vortices are continuously generated and shed below the leeward side of the
upper deck, forming vortex region B. No large vortices are generated in this region, as
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the upper deck plate’s upper side is separated by the guardrail. The windward diagonal
bracing member affects the middle incoming flow, causing vortex shedding on both sides,
forming vortex region C, which is a typical Karman vortex street phenomenon. A staggered
shedding vortex is generated behind the leeward side’s diagonal bracing member, forming
vortex area D. The lower incoming flow is influenced by the windward guardrail, sidewalk,
and lower chord, forming a downstream-moving vortex E1 with a width of about 0.28 B
in vortex region E behind the maintenance track. However, there is no incoming flow
reattachment on the lower deck’s upside. The incoming flow passes through the lower
deck’s leeward side, alternately generating vortices on the outside of the sidewalk and the
inside of the lower chord, which are then shed from the surface.

After observing the vortex motion of one cycle on the cross-section of the double-deck
truss girder, it becomes apparent that various vortices of different sizes and shedding
frequencies are generated easily behind components of different shapes and positions in the
girder. When the shedding frequency of these vortices approaches the natural frequency
of the structure, fluctuating aerodynamic forces may drive VIV [63,64]. Figure 20 shows
the time histories of the girder’s lift coefficient and moment coefficient after numerical
simulation convergence. The vibrational frequencies of several peak components were
obtained via Fourier transform, and their Strouhal numbers were calculated as shown
in Table 8. The frequency with the highest amplitude corresponds to peak F5 of the lift
coefficient at 7.46 Hz (S; = 1.58) and peak F1 of the moment coefficient at 1.56 Hz (S; = 0.33).
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Figure 20. Time histories and spectra of the aerodynamic coefficients.
Table 8. Frequencies and Strouhal numbers of the peak components in Figure 20.
Peak Number F1 F2 F3 F4 F5 Fé F7 F8 F9
Frequency (Hz) Cy - 2.46 - 4.78 7.46 8.47 10.06 14.74 18.23
quency Cv 156 246 3.01 478 - 8.47 - - 18.23
St 0.33 0.52 0.64 1.01 1.58 1.79 212 3.12 3.86

To investigate the impact of different areas of the truss girder’s VIV, monitoring
points were positioned at various locations to record wind speed time histories. Table 9
shows the frequency domain analysis of the wind speed time histories recorded at the
monitoring points. The monitoring points captured the frequencies of almost all the peaks
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in Table 8, as well as frequencies that had not been observed previously. The various peak
components of the aerodynamic coefficients were caused by the vortices shedding with
different frequencies generated by individual components of the truss girder.

Table 9. Frequencies and Strouhal numbers of incoming flow recorded at monitoring points.

Monitoring Point Frequency (Hz) St Peak Number (in Table 8)
P19 1.56, 3.01 0.33,0.64 F1,F3
P1-P7 2.46 0.52 F2
P20-P26 4.78 1.01 F4
P20, P26 7.46 1.58 F5
P1~P6, P§-P13, P15-P17, P20-P25 8.47 1.79 F6
P14, P18 10.06 2.12 F7
P8, P9 10.44 2.20 /
P1-P3, P11-P13, P14-P16 14.74 3.12 F8
P1-P3, P24-P26 18.23 3.86 F9

In wind tunnel tests, the Strouhal number for vertical VIV at the +3° wind attack angle
was 0.47, and that for the minor and major lock-in peaks of torsional VIV was 0.64 and
0.36, respectively. Monitoring points P1-P7 recorded a result of 0.52, which was relatively
close to the Strouhal number of the vertical VIV. Similarly, monitoring point P19 gave
recorded results of 0.33 and 0.64, which were relatively close to the Strouhal numbers of the
torsional VIV. Monitoring point P19 is situated on the side of the girder where shedding
vortices are more likely to drive the occurrence of torsional VIV on the bridge. Therefore, it
can be considered that the vertical VIV of the truss girder may be mainly dominated by
shedding vortices from the region above the upper deck or the wake region of the upper
deck. Extraordinary consideration should be given to the aerodynamic shape in this region
when considering measures to suppress the vertical VIV. Similarly, the torsional VIV of the
truss girder may be mainly dominated by shedding vortices from the wake region of the
lower deck. Extraordinary consideration should be given to the aerodynamic shape in this
region when considering measures to suppress the torsional VIV.

4.5. Suppression Mechanism of Aerodynamic Mitigation Measures

During wind tunnel tests, the upper chord fairing and the lower chord inverted L-
shaped deflector plate were discovered to have an obvious suppression effect on the VIV
response of the double-deck truss girder. To explore the vibration suppression mechanism,
numerical simulations of the truss girder’s cross-section with the upper fairing and lower
chord inverted L-shaped deflector plate were conducted, and its effect on the flow field
was analyzed. The wind speed was set to 6.05 m/s in the calculations, which corresponds
to that of the real bridge.

Monitoring points P1-P7 allowed us to record wind speed histories, the frequency of
which was close to the first-order vertical natural frequency of the double-deck truss girder.
This suggests that the vortex shedding from the region above the upper deck or the wake
region of the upper deck may dominate the vertical VIV. In wind tunnel tests, fairings were
installed on both sides of the upper chord, resulting in a significant suppression of VIV.
This indicates that the fairings may have disrupted the original pattern of vortex shedding
in this region. To confirm this conjecture, numerical simulations were used to analyze it.
Figure 21 shows the variations in vorticity within one complete vortex shedding cycle of
the related region at +3° and +5° wind attack ang]les.
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Figure 21. Vorticity contours in one vortex shedding cycle of the upper deck region.

Compared to the vortex shedding pattern in the region above the upper deck (zone A)
and wake region (zone B) of the original cross-section in Figure 19, the installation of the
upper chord’s fairing disrupted the original vortex shedding pattern. The fairing splits the
incoming flow in half on the windward side of the upper deck. The guardrail blocks the
incoming flow above, resulting in almost no vortex shedding, while the vorticity below
is significantly reduced. The guardrail also blocks the flow in the wake region and forms
a negligible small vortex at the top of the fairing. The shedding pattern in this region
has changed from alternating shedding on both sides of the upper chord to shedding on
only one side below, resulting in a significant reduction in vorticity. Spectral analysis was
performed on the wind speed histories recorded at monitoring point P7, and the spectra
variations are shown in Figure 22. The frequency of the vortex shedding increased from
2.46 Hz in the original cross-section to 3.07 Hz (S; = 0.65) at +3° and from 2.48 Hz to 3.04 Hz
(St = 0.64) at +5°. The corresponding Strouhal numbers of the vertical VIV at +3° and +5°
wind attack angles were both 0.47 in the wind tunnel tests, which is far from the Strouhal
number of monitoring point P7 after installing the upper chord fairing. This indicates that
the wake area of the upper deck no longer drives the girder toward experiencing vertical
VIV after installing the upper chord’s fairing. Monitoring points P1-P6 still recorded a
similar Strouhal number of 0.51, indicating that the vortex shedding in the region above
the upper deck may still dominate the vertical VIV of the truss girder. The upper chord’s
fairing has improved the vortex shedding pattern in the region above the upper deck and
in the wake region, resulting in a significant reduction in vorticity above the upper deck
and the elimination of the driving force for the vertical VIV in the wake area. This has
effectively improved the aerodynamic performance of the truss girder and achieved the
goal of suppressing VIV.
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Figure 22. Variations of the spectra for wind speed at monitoring point P7.

The wind speed histories’ feedback from monitoring point P19 has a frequency that
is close to the first-order torsional natural frequency of the double-deck truss girder. This
suggests that the vortex shedding from the wake region of the lower deck may dominate
the torsional VIV. In wind tunnel tests, the shape of the sidewalk corbel on both sides of
the lower deck was changed into that of the inverted L-shaped deflector plate, resulting in
a significant suppression of VIV. This indicates that the inverted L-shaped deflector plate
may have disrupted the original pattern of vortex shedding in this region. To confirm this
conjecture, numerical simulations were used to analyze it. Figure 23 shows the variations
of vorticity within one complete vortex shedding cycle of the related region at +3° and +5°

wind attack angles.

S
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Figure 23. Vorticity contours in one vortex shedding cycle of the lower deck wake region.

Compared to the lower deck wake region (zone F) of the original cross-section in
Figure 19, installing the lower chord inverted L-shaped deflector plate significantly changed
the original vortex shedding pattern. The vortex shedding in the lower chord wake region
changed from shedding away from the lower chord to shedding after leaving the end
plate of the inverted L-shaped deflector plate, resulting in the further dissipation of vortex
energy, a reduction in vortex size, and a significant decrease in vorticity. Spectral analysis
was performed on the wind speed histories recorded at monitoring point P19, and the
spectra variations are shown in Figure 24. The frequencies of the vortex shedding changed
from 1.51 Hz and 3.01 Hz of the original cross-section to 1.78 Hz (S; = 0.38) and 3.04 Hz
(St = 0.64) at +3°. Due to the blocking effect of the inverted L-shaped deflector plate, a
new peak component appeared near 6.53 Hz (5; = 1.38). At a +5° wind attack angle, the
frequencies changed from 1.55 Hz and 2.86 Hz to 1.65 Hz (S; = 0.35) and 2.91 Hz (S; = 0.62),
and a new peak component appeared near 6.60 Hz (S; = 1.40). The Strouhal numbers of the
major and minor lock-in ranges for torsional VIV were 0.38 and 0.62 at +3° and 0.35 and
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0.58 at +5° after installing the lower chord inverted L-shaped deflector plate in the wind
tunnel tests, respectively. These values are similar to those of the first two peak components
obtained at monitoring point P19 in the numerical simulation. However, the new peak
component, which is significantly different from the Strouhal number corresponding to VIV,
is unlikely to drive the bridge toward experiencing VIV. Moreover, it dissipates some of the
energy of the airflow, which reduces the energy transferred to the vibration and weakens
the response of VIV. The lower chord inverted L-shaped deflector plate has successfully
disrupted the original pattern of alternating vortex shedding in this region, improving the
aerodynamic performance of the truss girder, and achieving the goal of suppressing VIV.
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Figure 24. Variations in the spectra for wind speed at monitoring point P19.

5. Conclusions

This paper investigates the characteristics of VIV of a double-deck truss girder and the
effectiveness and mechanism of various aerodynamic mitigation measures. The investi-
gation is based on the engineering background of the Huangjuetuo Yangtze River Bridge
and involves employing wind tunnel tests and numerical simulations. The aerodynamic
mitigation measures include the upper chord inverted L-shaped deflector plate, upper
chord fairing, central stability plate, and lower chord inverted L-shaped deflector plate.
The major conclusions are as follows.

(1) Wind tunnel tests revealed obvious VIV on the sectional model at +3° and +5°
wind attack angles. The maximum amplitude of VIV at the +5° wind attack angle was
significantly higher than that at +3° for the original cross-section, and both were within
the allowable values specified by the design code. The length of lock-in ranges for VIV did
not show significant changes, but the major lock-in range for torsional VIV at the +5° wind
attack angle was significantly increased.

(2) Wind tunnel tests were utilized on the truss girder with four aerodynamic mitiga-
tion measures. The results showed that the upper chord inverted L-shaped deflector plate
had a counterproductive effect on suppressing VIV, increasing the maximum amplitude of
vertical VIV by 23.5% and that of torsional VIV by 32.9%, while significantly reducing the
onset wind speed. The central stability plate had no significant impact on the maximum
amplitude of VIV, but it significantly increased the onset wind speed. In contrast, the
upper chord fairing and lower chord inverted L-shaped deflector plate had a significant
inhibitory effect on VIV. The upper chord fairings reduced vertical VIV by up to 69.0% and
torsional VIV by up to 49.8%, while the lower chord inverted L-shaped deflector plates
reduced vertical VIV by up to 55.4% and torsional VIV by up to 63.5%. Additionally, both
aerodynamic measures reduced the length of lock-in ranges for VIV.

(3) The double-deck truss girder has a complex structure, and the flow characteristics
vary significantly at different locations. Numerical analysis shows that the incoming flow
passing through the discrete components of the girder generates vortices of varying sizes
and frequencies. When the frequency of vortex shedding is close to the natural frequency
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of the bridge, the vortices may become the primary driver of VIV. It is believed that vortex
shedding from the region above the upper deck and the wake region of the upper deck
may mainly dominate vertical VIV, while vortex shedding from the wake region of the
lower deck may mainly dominate torsional VIV.

(4) Numerical analysis was conducted on the truss girder’s cross-section with the
upper chord fairing and lower chord inverted L-shaped deflector plate to investigate
the vibration suppression mechanism. The results showed that the upper chord fairing
significantly decreased the vortex intensity around the upper deck, and the wake region
no longer drove the bridge toward experiencing VIV. The lower chord inverted L-shaped
deflector plate dissipated some of the incoming flow’s energy, significantly decreasing the
vortex intensity in the wake region. These measures successfully disrupted the original
vortex shedding pattern of the girder, suppressing the formation or reducing the intensity
of vortices and thereby suppressing VIV.

(5) The aerodynamic mitigation measures implemented to suppress VIV require
further investigation to determine their impact on other wind-induced vibration issues.
Furthermore, conduction a more precise investigation of VIV in truss girders, 3D CFD
simulations and cross-checking the CFD results with PIV analysis are recommended for
subsequent studies.
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