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Abstract. With the advancement of urbanization, two-lay trusses bridges are widely used because
of their good traffic capacity and structural performance. However, the aerodynamic behavior of
this beam type is still in the exploratory stage. The local microclimate characteristics at the bridge
site in mountainous cities are obvious, and it is easy to form a large wind angle of attack, which
has a significant impact on the vortex-induced vibration (VIV) performance of the bridge.
Therefore, this study takes a long-span two-lay steel trusses bridge in a mountainous city as the
engineering background, and uses wind tunnel test and numerical calculation methods to study
the changes of the static three-component force coefficient and VIV response of the main beam in
the construction and completion state under the action of high wind angle of attack. The results
show that the three-component force coefficient curves under different wind speeds are close to
each other, and the Reynolds number effect is not obvious. The vibration test shows that the
vertical bending VIV first occurs at +3° and +5°, and then two torsional VIV with different
amplitudes occur. Both vertical bending and torsional VIV are simple harmonic vibrations with a
single frequency, and the vertical bending VIV frequency is locked at 2.227 Hz, and the torsional
VIV frequency is locked at 4.289 Hz, which are close to the natural frequency of the test model.
Compared with +3°, the maximum amplitude of vertical bending VIV under +5° increases by
30.0 %, while the maximum amplitude of torsional VIV under high and low wind speed increases
by 16.6 % and 12.7 % respectively, and the locking range is longer. It can be seen that the wind
angle of attack has a significant effect on the VIV response of the main beam in the completion
state. Especially, the trusses beam at a large angle is more sensitive to VIV, and it is more prone
to large-scale and large-amplitude VIV. The research results can provide a theoretical basis for
the aerodynamic shape optimization and provide a reference for the design of related bridges.

Keywords: two-lay trusses bridge, wind angle of attack, wind tunnel test, numerical simulation,
vortex-induced vibration.

1. Introduction

When the fluid flows through a solid object (such as a cylinder, a bridge truss), it can lead to
various dynamic instabilities, such as self-excited oscillations of structure due to flutter instability
[1], and the formation of alternating shedding vortices behind the structure [2], etc. These shedding
vortices will exert irregular periodic forces on the object. When the frequency of these periodic
forces is close to a certain natural frequency of the object, resonance will be triggered, resulting
in a significant increase in vibration amplitude. This coupling phenomenon between fluid and
structure is called vortex-induced vibration (VIV). VIV has the dual characteristics of forced
vibration and self-excited vibration. Although it is generally limited vibration and will not cause
destructive damage to the structure, it has low wind speed, long duration and high probability of
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occurrence. It may cause fatigue damage to the structure and reduce the stability of the bridge.
Excessive amplitude will also affect the safety and comfort of pedestrians and driving on the
bridge deck [3]. Therefore, VIV performance is a key factor to be considered in engineering
structures, especially in bridge design.

As a complex fluid-solid coupling phenomenon, VIV is affected by many factors. For bridges,
the main influencing factors include aecrodynamic shape, Reynolds number, etc.

Different aerodynamic shapes will significantly change the position of the fluid separation
point on the bridge surface, the shape of the wake vortex street and the frequency of vortex
shedding, thus affecting the vibration amplitude and frequency of the bridge. The streamlined
section usually has a small aerodynamic drag, which can effectively delay the fluid separation,
weaken the strength of vortex shedding, and reduce the VIV risk. The bluff body section is easy
to cause the vortex to separate earlier, resulting in strong vortex shedding and obvious vibration
response. The symmetrical acrodynamic shape can effectively weaken the regularity and strength
of the vortex street by destroying the symmetry of the fluid wake, thereby reducing the VIV
amplitude. The symmetrical aecrodynamic shape is easy to induce strong vortex shedding and
significant VIV response due to the formation of wake vortex street. In particular, changing the
wind angle of attack of the incoming flow is equivalent to changing the aerodynamic shape of the
bridge in the direction of the incoming flow. Therefore, the characteristics of the flow field around
the same section at different wind angles of attack are obviously different. This difference leads
to a significant change in the aerodynamic force and surface pressure of the structure at different
wind angles of attack, resulting in different VIV responses.

By observing the flow of fluid in a circular tube, Reynolds reveals that the shape of fluid flow
is not only related to the flow velocity, but also related to the density, viscosity and diameter of
the fluid. Reynolds number (Re) is proposed to distinguish the flow characteristics of viscous
fluid. The size of Re has a significant effect on the flow pattern and vortex shedding mode of the
fluid. It is defined as the ratio of the inertial force to the viscous force of the fluid, which is a
dimensionless value. The parameter size is computed through Eq. (1):

pUD UD
REZTZT, (1)

where, p is the fluid density, p is the dynamic viscosity of the fluid, and v is the kinematic
viscosity coefficient. If the Re of the fluid is small, it indicates that the viscous force has a great
influence on the whole flow field. If the Re of the fluid is large, the viscous force only has a great
influence on the fluid boundary layer and the wake behind the object.

The change of Reynolds number directly determines the state of fluid flow (such as laminar
flow, turbulent flow) and the regularity of vortex shedding. In the low Reynolds number region,
the flow is usually in a laminar flow state, and the vortex shedding is more regular, forming a clear
Karman vortex street, resulting in stable VIV; with the increase of Reynolds number, the flow
enters the turbulent transition region, the symmetry and regularity of vortex shedding are gradually
destroyed, and the VIV amplitude may change significantly. In the high Reynolds number region,
the fluid is completely turbulent, the stability of the vortex street is further weakened, and the VIV
amplitude is usually reduced.

The static three-component force is the acrodynamic force of the object in the steady-state
airflow. It comes from the normal pressure difference caused by the fluid action on the bridge
surface and the tangential shear force caused by the fluid viscosity on the bridge surface, which is
specifically expressed as resistance, lift and moment [4]. Usually, the static three-component force
of a section with a similar shape is proportional to its characteristic size. In order to describe the
common characteristics of the static wind load of this kind of section with similar shape more
conveniently, the static three-component force can be dimensionlessly processed to obtain the
static three-component force coefficient. The relevant parameter size is computed through
Eq. (2-4):
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where, a is the wind angle of attack, 0.5pU? is the dynamic pressure of the far flow, B and D are
the characteristic width and height, L is the segment length, Fj,(a), F,(a) and F)(a) are the
resistance, lift and moment of the structure when the wind angle of attack is . The static three-
component force coefficient of the bridge is usually affected by the aerodynamic shape of the
bridge, the wind angle of attack and the Reynolds number.

The governing equations of fluid mechanics are the basic physical equations describing the
motion of fluid. Based on the principles of mass, momentum and energy conservation, the
governing equations describe the motion behavior of fluid in mathematical form.

The mass conservation equation, also known as the continuity equation, describes the
conservation of the fluid mass in space and time. It expresses the equilibrium relationship between
fluid mass inflow and outflow, that is, the change rate of mass is equal to the difference between
the mass flux of inflow and outflow. For compressible fluids, the continuity equation involves the
change of fluid density with time and position. In the Eulerian description, the mass conservation
equation can be written as:

dp 0 4] d
9p  pu Opv  Opw _ )
at  Ox dy 0z

where, u, v and w are the velocity components in the three directions of x, y and z, respectively,
and t is time.

Based on Newton's second law, the momentum conservation equation describes the
mechanical behavior of viscous incompressible fluid motion, also known as Navier-Stokes
equation (N-S equation). It expresses the relationship between the acceleration of the fluid at any
time and the force applied to the fluid. The momentum conservation equation can be written as:

ou 21 T
vy =F__ gy Ty 6
6t+(u V-u=f pr+qu, (6)

where, f is the external force per unit volume of fluid, p is the pressure. The left side of the
equation represents the mass acceleration of the fluid, the first term on the right side represents
the mass force, the second term represents the pressure difference force, and the third term
represents the viscous force. The momentum conservation equation shows the general flow law
of viscous incompressible fluid, which plays an important role in the research, calculation and
simulation of fluid mechanics.

Based on the first law of thermodynamics, the energy conservation equation describes the
conservation of fluid energy in space and time. It takes into account the conversion relationship
between the energy of the fluid and its internal energy, kinetic energy and potential energy. Its
general form is computed through Eq. (7):

0(pE)
ot

+V-(pEd) =-V-(p) + V- (1) + V- q + pgii, (7

where, E is the total energy per unit mass, q is the heat flux, and g is the acceleration of gravity.
The first term on the right side represents the contribution of pressure difference force to energy,
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the second term represents the contribution of viscous force to energy, the third term represents
the contribution of heat flux to energy, and the fourth term represents the contribution of mass
force to energy. This equation can be understood as the rate of energy change is equal to the
difference between the energy flux of inflow and outflow, and the contribution of various forces
to energy.

The state equation establishes the relationship between various properties of the fluid (such as
pressure, temperature, density, etc.), and different fluids have different state equations. The ideal
gas equation of state, also known as the ideal gas law, is used to connect the relationship between
the ideal gas pressure and the density. The relevant parameter size is computed through Eq. (8):

pV = nRT, (®)

where, V is the volume of the gas, n is the substance amount of the gas, R is the gas constant, T is
the absolute temperature of the gas.

The aerodynamic stability of bridge sections without aerodynamic shape optimization is often
poor, and wind-induced vibration is more likely to occur [5]. Different from m-beam and
box-beam, the two-lay trusses beam is composed of many discrete components with complex
cross-section forms. Different components show different turbulent aerodynamic characteristics,
resulting in vortices of different sizes and stripping frequencies, which complicate the
aerodynamic performance of the two-lay trusses beam. In addition, the distance between some
components of the two-lay trusses beam varies continuously along the scale direction, resulting in
complex aerodynamic interference. Therefore, the vortex-induced vibration performance on the
two-lay trusses beam needs to be further explored.

As shown in Fig. 1, In this study, the large-scale two-lay steel trusses bridge in mountainous
cities is taken as the project target. These basic dynamic properties of objective bridge are
determined by finite element analysis. According to this, the wind tunnel test is designed. The
completion-state as well as construction-state main beam VIV performance can be tested and
explored, and trusses beam VIV response below dissimilar angles is obtained. The mechanism of
VIV is explored by Computational Fluid Dynamics (CFD) numerical simulation. As a new type
of main beam, the two-lay steel trusses beam has excellent structural performance, which can
bring a historic breakthrough to the bridge span. However, the VIV problem of this beam type is
prominent, and the aerodynamic behavior is still in the exploratory stage. The VIV mechanism
and vibration control scheme are not yet clear, and its application in long-span bridges has been
hindered. The research results can provide a theoretical basis for the aerodynamic shape
optimization of the main beam section and provide a reference for the design of related bridges.

i | engineering background

’ Construction state | | Completion state ’
Structural vibration mode [« | Bridge finite element model | >{ Structural natural frequencies
T
: Static three-component
a=-12 degree ~ +12 degree [ *»  Sectional model force test q . P
coefficient curve
Ry
o = -5 degree, -3 degree, 0 N Sectional model force test N VIV response
degree, +3 degree, +5 degree Segment model vibration test of original section
VIV amplitude Static three-component force Flow field characteristics
simulation calculation simulation calculation analysis

Influence of wind attack angle on VIV performance of bridge

Fig. 1. Flow chart of the present study
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2. Target bridge finite element model

In the cause of ensuring that the segment model in test is capable of precisely simulating the
oscillation of the actual bridge under air force, it will be advisable to achieve the precise properties
like inherent periodicity, tantamount quality [6]. It will be advisable to set up a tridimensional
target mock-up which is able to roundly show structural function. The structural arrangement of
the target bridge is shown in Fig. 2. Except for the web member, the cross section of the main
beam hardly changes along the bridge axis, and the aerodynamic shape is relatively uniform. To
finish this study, ANSYS analysis software is used to establish the finite element model of the
whole bridge through the APDL command stream, and the modal analysis is carried out to settle
target properties. The overall as well as local finite element models can be illustrated in Fig. 3.
The material parameters used in the model are shown in Table 1.

230 000 5 765 000 230000
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a) Schematic layout (unit: mm)
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b) Standard cross-section (unit: mm)
Fig. 2. Structural arrangement of the target bridge

a) Overall finite element model b) Local finite element model
Fig. 3. Overall and local target model

These calculation results about the structural dynamic properties about those major modalities
in the completion state can be illustrated in Table 2. It can be seen that the natural frequency of
the target bridge is small, indicating that its stiffness is small and the structure is relatively soft,
so it is necessary to pay more attention to the study of wind resistance. In the completion state, the
first-order symmetrical vertical bending as well as torsion appear in the third mode and the
eleventh mode respectively. The natural frequencies are 0.211 Hz and 0.478 Hz respectively, and
the torsion-bending frequency ratio is 2.27; The first-order anti-symmetric vertical bending as well
as torsion appear in the fourth mode and the twenty-fifth mode, respectively. The natural
frequencies are 0.237 Hz and 0.706 Hz, respectively, and the anti-symmetric torsion-bending
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frequency ratio is 2.98. These parameters will be used as an important basis for the design of the
completion state.

Table 1. Finite element model material parameters

Member Elastic modulus Pois§0n Density Ma.ter.ial Unit
(MPa) ratio (kg/m3) varieties type
Trusses beam 2.06x10° 0.3 10838 Q345 BEAM4
Main tower 3.55x104 0.2 2550 C55 reinforced concrete | BEAM4
Cross beam 3.55x10% 0.2 2550 C55 reinforced concrete | BEAM4
Bridge deck slab 2.00x10° 0.3 7850 Q345 SHELL63
Main span main cable 2.00x103 0.3 9560 Parallel wire cable LINKS
Side span main cable 2.00x10° 0.3 8400 Parallel wire cable LINKS
Boom 2.00x10° 0.3 7850 strand LINKS
Bridge deck pavement - - — - MASS21

Table 2. Properties of the bridge in completion state

Modal Mass m Frequency f | Mass moment of inertia o
number (kg/m) (Hz) I, (kg'm*/m) Mode of vibration
3 6.845x104 0211 _ First-order posmve ;ymmetrlc
vertical bending
4 7.008x104 0.237 B First ord.er antlsyrpmetrlc
vertical bending
11 — 0.478 1.309%107 First-order posmve symmetric
torsion
25 — 0.706 1.228x107 First-order antisymmetric
torsion

In addition, a target model under construction state is established when hoisting completion
rate is 100 %. The structural properties of the major modalities can be illustrated in Table 3. These
parameters will provide reference for the design of the construction state.

Table 3. Properties of the bridge in construction state

Modal Mass m Frequency f | Mass moment of inertia L
number (kg/m) (Hz) I, (kg'm?m) Mode of vibration
3 4.213%10% 0.249 _ First-order Posmve s.ymmetrlc
vertical bending
4 4.618x10% 0272 _ Flrst-ordfzr antisymmetric
vertical bending
11 - 0.402 1.024%107 First-order posmve symmetric
torsion
25 — 0.635 0.965x107 First-order aqtlsymmetrlc
torsion

3. Wind tunnel test of target bridge under attack flow
3.1. Results of static three-component force test on original section

In order to obtain the variation of the static three-component force coefficient with the wind
angle of attack, the static three-component force test was carried out on the segment model of the
completion state and the construction state. The specific test conditions are shown in Fig. 4. The
rigid suspension system is used in the test [7]. The section model of the two-lay trusses beam with
a scale ratio of 1:55 and a length of 2.2 m was selected. The main body of the model is made of
wood to ensure that the model has sufficient stiffness. Sidewalk guardrail, bridge deck
anti-collision guardrail, bridge deck maintenance road guardrail, maintenance vehicle track and
other ancillary components are made of ABS plastic. In order to ensure that the test conditions are
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similar to the actual situation and reduce the influence of wind tunnel wall friction on the airflow,
the test is carried out at the middle height of the wind tunnel, and the test wind speed ratio is
1:4.48. The wind angle of attack ranges from —12° to +12°, the step length is 1°, and the test wind
speed is 10 m/s, 15 m/s, 20 m/s. The specific test content is shown in Table 4. The variation curves
of the three-component coefficient with the wind angle of attack are shown in Fig. 5.

a) Completion state b) Construction state
Fig. 4. Sectional model force test

Table 4. Force test working condition setting

Model category Test contents Real wind speed | Wind angle of attack
Completion state | three-component force coefficient test 10, 15,20 m/s a =-12°+12°
Construction state | three-component force coefficient test 10, 15,20 m/s a =-12°-+12°
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-15 -10 -5 0 +5 +10 +15

a
¢) Moment coefficient
Fig. 5. Aerodynamic coefficient curves of the trusses beam at different wind speeds

It can be seen from Fig. 5 that the drag coefficient Cp, lift coefficient C; and moment
coefficient C), of the completion and construction state segment model at each wind angle of
attack don’t change significantly with the wind speed. This shows that the wind speed change will
not have a significant impact on the static three-component force test results, and the Reynolds
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number effect is not obvious.

In Fig. 5(a), as the wind angle of attack increases from —12° to +12°, the drag coefficient Cp,
of the completion state segment model decreases first and then increases, that is, the drag
coefficient is larger at positive and negative large angles, and the drag coefficient is smaller at
small angles, which is mainly caused by the larger area of wind load at large angles. In addition,
the resistance coefficient curve is not symmetrical about the 0° wind angle of attack. This is mainly
because the aerodynamic shape and the arrangement of the auxiliary members on the upper and
lower sections of the trusses beam are inconsistent, and different wind-shield areas are generated
under the same degree of positive and negative wind angles of attack. The resistance coefficient
Cp of the construction state section model has a similar change trend with the completion state,
but it is significantly smaller than the resistance coefficient of the completion state. This is mainly
because the auxiliary components such as railings and maintenance car tracks provide additional
windshield area. The addition of auxiliary components increases the resistance coefficient by 20 %
~ 30 %.

The lift force is a force perpendicular to the direction of air flow due to the inconsistent flow
velocity of air on the upper and lower sides of the trusses beam, resulting in a pressure difference
between the upper and lower sides of the beam. In Fig. 5(b), the lift coefficient C; of the
completion state segment model is negative at the negative angle, which decreases slightly at first
and reaches the minimum at —-9° wind angle of attack. After that, the drag coefficient gradually
increases from negative to positive with the wind angle of attack. Due to the asymmetry of the
cross section, the drag coefficient becomes positive at —1° wind angle of attack, rather than 0°. In
the range of small attack angle, the velocity difference between the upper and lower surfaces of
the main beam increases gradually with the increase of angle, and the lift coefficient increases
almost linearly. In the range of large angle, the lift coefficient tends to be stable and the absolute
value is large, which is caused by the large velocity difference between the upper and lower
surfaces of the main beam at large angle. At the same time, it will also cause the flow separation
of air and the generation of vortex current, which makes the growth of lift gradually saturated.
The lift coefficient C;, of the construction state segment model is the same as that of the completion
state, and the values are similar, indicating that the auxiliary components such as the railing and
the maintenance vehicle track will not have a significant impact on the wind speed difference
between the upper and lower surfaces of the trusses beam.

The moment is generated by the pressure difference between the upper side of the windward
side and the lower side of the leeward side. In Fig. 5(c), the moment coefficient Cy, of the
completion state segment model is negative in the range of negative angle and positive in the range
of positive angle. In the range of —5°-+12°, the moment coefficient increases with the increase of
angle, which is related to the increase of the pressure difference caused by the expanding negative
pressure area on the windward side. In the range of —12°- —5°, the moment coefficient decreases,
which may be related to the sharp angle of the sidewalk arm on the windward side of the lower
bridge deck. In addition, the moment coefficient of the trusses beam in the completion state is
small, indicating that the main beam has good torsion resistance. The moment coefficient C,; of
the segment model in the construction state gradually increases with the increase of the wind angle
of attack, and tends to be stable when the wind angle of attack exceeds +3°.

In the range of —5°-+5° wind angle of attack, the lift coefficient curve and moment coefficient
curve of the completion state segment model maintain a positive slope, which indicates that the
main beam can generate sufficient lift and moment in the range of common wind angle of attack
to maintain the aerodynamic stability of the structure.

3.2. Results of static vortex-induced vibration test on original section

In order to obtain trusses beam VIV response under various wind angles of attack, vibration
test of completion as well as construction state segment model is carried out. The specific
conditions of the test can be illustrated in Fig. 6. The test wind speed is 0-10 m/s (accord with
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actual air pace of 0-44.8 m/s), meantime the air pace adjustment range of step-change is controlled
to 0.08 m/s (accord with actual air pace of 0.36 m/s). For air pace range where VIV perhaps appear,
the air pace adjustment range of step-change is reduced to 0.04 m/s (accord with actual air pace
of 0.18 m/s), so as to more accurately grasp the lock-in range and amplitude of VIV. During each
sampling, model’s shifting can be logged after oscillation restore to stable state. Data acquisition
duration sets to 30 s. Chongqing is affected by both monsoon and mountain climates. The wind
speed in the bridge site area is usually high, and the wind field characteristics are more complex
due to the influence of complex terrain, which is significantly different from the wind field
characteristics in flat and open areas. Considering those large angles that may occur in the valley
landform of Chongqing mountainous domain, the vibration test of the completion state and the
construction state segment model is carried out under 0°, £3° and £5°. Those specific test contents
can be illustrated in Table 5.

,F' |
¥ >
R

3A /i

a) Completion state 7 b) Construction state
Fig. 6. Sectional model vibration test

Table 5. Vibration test working condition setting

Model category Test contents Real wind speed Wind angle of attack
Completion state | VIV response test 0-44.8 m/s a =-5° -3° 0° +3°, +5°
Construction state | VIV response test 0-44.8 m/s a =-5° -3° 0°,+3°, +5°

Through the vibration test of the completion segment model, this oscillation curve of VIV
amplitude under completion state accompanying with different flow speed is obtained, as shown
in Fig. 7.

160 |- -5° 04 F 5
-3° -3¢
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E 120 | —o—+5 SO03F o 459
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Real Sind Speed (m/s) Real Wind Speed (m/s)
a) Vertical bending VIV response b) Torsional VIV response

Fig. 7. VIV responses of the completion state trusses beam

From Fig. 7, it can be seen that there is no VIV of the trusses beam in completion state at —5°,
—3° and 0°, but here is obvious VIV under +3° as well as +5°. As the expansion of air pace, the
vertical bending VIV appears first, and soon afterwards a couple of torsional VIV with diverse
fluctuation appear. Among them, torsional VIV lock-in region growths longer as well as VIV
amplitude growths bigger under high flow velocity. The torsional VIV intervals under high flow
velocity and low flow velocity are named as the main lock-in region and the secondary lock-in
region respectively.
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At the wind angle of attack of +3°, the vertical bending VIV lock-in region of the trusses beam
is located at the wind speed of 4.93-6.72 m/s, the greatest fluctuation appears at the wind speed of
6.05 m/s, and the greatest fluctuation is 75.54 mm. The secondary and main lock-in regions of
torsional VIV are located in the real bridge wind speed of 8.13-9.52 m/s and 12.73-18.06 m/s,
respectively. The greatest fluctuations of the two intervals appear at the real bridge wind speed of
8.60 m/s and 15.28 m/s, respectively, and the greatest fluctuations are 0.079° and 0.181°. At the
wind angle of attack of +5°, the vertical bending VIV lock-in region is located in the real bridge
wind speed of 4.75-6.69 m/s, the greatest fluctuation appears at the real bridge wind speed of
6.06 m/s, and the greatest fluctuation is 98.23 mm. The secondary and main lock-in regions of
torsional VIV are located in the wind speed of 8.53-10.02 m/s and 13.72-19.57 m/s respectively.
The greatest fluctuations of the two intervals appear at the wind speed of 9.22 m/s and 16.67 m/s
respectively, and the greatest fluctuations are 0.089° and 0.211°.

Compared with the +3° wind angle of attack, the greatest fluctuations of vertical bending VIV
and torsional VIV are remarkably increased at +5° wind angle of attack. Among them, the greatest
fluctuation of vertical bending VIV goes up by 30.0 %, meanwhile the greatest fluctuation of
torsional VIV at strong wind speed and low-grade wind speed go up by 16.6 % and 12.7 %,
separately. Besides that, the initiation wind speed of the vertical bending VIV shows trivial
improvement, and the length of the lock-in region is obviously enlarged. The initiation wind speed
of torsional VIV is obviously lagged, and the length of its lock-in region is also slightly increased.
This shows that the wind angle of attack exists a noticeable impact on VIV response of trusses
beam in completion state. In particular, bridge trusses beam at a large attack angle is more sensitive
to VIV, and it is more prone to large-scale and large-amplitude VIV.

Through the vibration test of the segment model in the construction state, the oscillation curve
of VIV amplitude under construction state accompanying with different flow speed is obtained,
as shown in Fig. 8.
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Fig. 8. VIV responses of the construction state trusses beam

It can be seen from Fig. 8 that there is no VIV in the main beam of the construction trusses
beam under the five wind angles of attack tested. This shows that the auxiliary member is an
important reason for the VIV of the trusses beam.

3.3. Crest response dot time history and spectrum
Under the wind angle of attack of +3° and +5°, the model’s shifting curve of the main beam
recorded by two laser displacers at the crest response dot of each VIV lock-in region can be

illustrated in Fig. 9 and Fig. 10, the corresponding spectrum can be obtained by Fourier transform
[8-9] (the displacement value has been converted to the real bridge value).
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Fig. 10. Torsional VIV crest response dot time-history curve and spectra

Observed from Fig. 9 and Fig. 10, these time-history curves recorded by laser displacement
device at each VIV crest response dot show obvious single-frequency harmonic vibration
characteristics under +3° as well as +5°. At the crest response dot of vertical bending VIV of the
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trusses beam section (Fig. 9), these model’s shifting curves are recorded by the two laser
displacers, and the locking wind speed is close. The predominant frequency is 2.227 Hz, that is
familiar with the vertical bending natural periodicity about test prototype. On its contrary, at the
corresponding dots of secondary and main lock-in region crests of the torsional VIV (Fig. 10), the
two laser displacement devices recorded the opposite model’s shifting curves. Although the
locking wind speed is different, the predominant frequency is 4.289 Hz, that is familiar with the
torsional natural periodicity about test prototype. All these above phenomena indicate that the
vertical bending and torsional VIV of bridge beam have the possibility to be excited by vortex
flow with different stripping frequencies.

4. Numerical analysis of target bridge under large attack flow
4.1. The comparison between test and simulation results

In the cause of verifying Computational Fluid Dynamics reliability, the static three-component
force coefficients of trusses beam under these conditions of 10 m/s wind speed and five different
wind angles of attack can be figured out. The results can be illustrated in Table 6.

The grid division of the CFD model is completed by the pre-processing software ICEM CFD
2022 R1. The computational domain is divided into two parts: the internal region and the external
region by using the rigid motion region near the wall + the dynamic grid region + the background
grid region. The external area is a static grid area which is divided by structured grid. The inlet
boundary is set to the velocity-inlet boundary. The outlet boundary is set to the pressure-outlet
boundary which can ensure the full development of the flow field in the downstream wake region
and avoid the phenomenon of airflow backflow at the outlet. The upper and lower boundaries are
set to the symmetry boundary. The internal region is a dynamic grid region and a near-wall rigid
motion region, which is divided by unstructured grids. The main beam section and the outer wall
of the auxiliary members are set to the non-slip wall boundary condition.

When the internal mesh is divided, the maximum size of the whole mesh is set to 7x10°B (B
is main beam width); the near-wall grid maximum size of the bridge deck and the web part is set
to 5x1073B, the near-wall grid maximum size of the railing part is set to 2x10B, and a 10-layer
boundary layer with a linear growth rate of 1.1 is set. The growth rate of external structured mesh
is 1.05, and the maximum mesh size is 3x10*B. According to the above setting, the total number
of CFD models generated by the software is about 784,000. The time step is 1x10*s, the number
of calculation steps is 1x10° steps, and the total calculation time is 10 s.

Table 6. Comparisons of aerodynamic coefficients test and simulation values
[od -5° -3¢ 0° +3° +5°
Value of experiment | 0.7855 | 0.6810 | 0.6531 | 0.7320 | 0.8553
Cp | Value of simulation | 0.7618 | 0.6542 | 0.6389 | 0.7221 | 0.8198
Error 302% | 393% | 217% | 1.35% | 415%
Value of experiment | —0.8207 | —0.4102 | 0.2989 | 0.8767 | 1.0678
C, | Value of simulation | —0.7985 | —0.4011 | 0.2812 | 0.8456 | 1.0547
Error 271% | 2.22% | 5.92% | 3.55% | 1.23%
Value of experiment | —0.1039 | —0.0889 | —0.0153 | 0.0310 | 0.0451
Cy | Value of simulation | —0.0998 | —0.0841 | —0.0145 | 0.0282 | 0.0419
Error 395% | 540% | 5.23% | 9.03% | 7.09 %

From Table 6, it can be seen that the minimum error between the test value and the simulated
value of the static three-component force coefficient is 1.23 %, the maximum error is 9.03 %, the
average error of drag, lift as well as moment coefficient is 2.92 %, 3.13 % and 6.14 %, respectively,
and the overall average error is 4.06 %. From the perspective of static three-component coefficient,
the calculation result error is small, and the numerical simulation accuracy is high.

User Define Function (UDF) is a secondary development module provided by Fluent software
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to expand its functions and meet specific user needs. It allows users to add new physical models,
boundary conditions, source terms or other functions by writing custom C language code.

In this study, the DEFINE_CG_MOTION macro is used in the UDF program for solving the
vertical bending VIV response of the main beam. The user-defined motion function is used to
control the motion of the computational domain, so as to define the linear velocity and angular
velocity of the rigid body at each time step. The corresponding vertical bending VIV differential
equation is:

my+cyy+kyy=F(y,Y;Y;t), (9)

where, m is the mass of the structure, y is the vertical displacement of the structure, c,, is the
vertical bending damping of the structure, k,, is the vertical bending stiffness of the structure, and
F is the vertical force of the structure.

In the cause of further verifying CFD reliability, the UDF program is activated during the
numerical simulation process to simultaneously solve the vertical bending VIV amplitude. The
comparison between the experimental value and the simulated value of the vertical bending VIV
amplitude under the wind angle of attack of +3° and +5° can be illustrated in Fig. 11.
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Fig. 11. Comparison of vertical bending VIV amplitude between test and simulation

From Figure 11, it can be seen that the locking range, amplitude and change trend of vertical
bending VIV obtained by numerical simulation are similar to those of wind tunnel test. Under +3°,
the greatest fluctuation obtained by numerical simulation is 83.31 mm, which deviates from the
experimental value of 75.54 mm by 10.29 %; Under +5°, the greatest fluctuation obtained by
numerical simulation is 107.14 mm, which is 9.07 % deviation from the experimental value of
98.23 mm. The greatest error between two methods is 10.29 %, while the average error is 5.64 %.
From the perspective of vertical bending VIV amplitude, the calculation result error is small, and
the numerical simulation accuracy is high.

In summary, the CFD method used in this study is reasonable, the CFD results plays exactly,
and target model accuracy is good. It is reliable to assay these characteristics of air flow field
around the main beam section.

5. The Characteristics of flow field around the original section

Bridge test shows that the trusses beam in the completion state has obvious VIV phenomenon
under +3° as well as +5°. In order to explore the mechanism of VIV, it is necessary to analyze the
flow field around the main beam section. Taking this crest response dot of vertical bending VIV
under +3° as an example, the generation, attachment, separation and stripping of vortex after air
flow leapfrogs the main beam section are analyzed. The instantaneous vorticity evolution in one
single vibration period can be illustrated in Fig. 12.
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Fig. 12. Transient vorticity evolution of the trusses beam cross-section within
one vibration cycle at the crest response dot of vertical bending VIV

According to Fig. 12, these ingoing flow passes through the upper bridge lay, web member
and underpart bridge lay to separate, resulting in vortices of different sizes and different
frequencies and falling off. According to the vortex stripping, the flow field around the main beam
section can be divided into six regions A-F. The evolution of vorticity in each region is as follows:

In domain A of the upper bridge lay, this flow is separated after passing through the upper
chord. The airflow on the upper lay is blocked by the railings of service trunk as well as those
anti-collision railings, and a vortex A1 with a width of about 0.2B (B is bridge breadth) can be
formed at the top of upper lay. After separation, it continues to move downstream, and the strength
gradually decreases until it dissipates. A complete vortex stripping is completed in a single
vibration period. The vortex stripping frequency is close to the vibration frequency of the vertical
bending VIV, indicating that the vortex may be related to the vertical bending VIV. Except for
railing top part, high-frequency stripping vortices are also continuously generated in the gap of
the railing, but they are small in size and low in strength, and dissipate quickly. In addition, after
the incoming flow is blocked by the upper chord, vortices A2 and A3 with smaller size and
underpart strength are formed on the underpart side. Under the effect on the 'compression effect'
of upper and underpart bridge lays [10-12] and the wind angle of attack, they quickly attach to the
bridge lay and move downstream close to the underpart surface, and the vortex stripping frequency
is slightly higher than that at the top of the upper railing.

These vortex stripping around the leeward side domain B of the upper bridge lay is relatively
simple. That airflow moving close to the underpart surface of the upper bridge lay is blocked by
the upper chord on the leeward side to form vortex B1. After separation, it continues to move
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downstream and the size is further increased. There is no obvious vortex stripping above the upper
chord on the lee area. In one single vibration period, the underpart side of upper chord just
completes a complete vortex stripping period, that is, the vortex stripping frequency is very
familiar with bridge vertical bending VIV frequency. Some Scholars [13-15] found that the key
factor in the generation of vertical bending VIV is the formation of large-scale vortices on the
upper as well as underpart bridge surfaces, while periodic VIV force is generated on the main
beam during the movement. Therefore, it can be inferred that the vortex in the domain above the
upper bridge lay and the wake flow domain is related to the vertical bending VIV.

In that windward side of belly bar domain C, the inflow is blocked by the belly bar, and the
top vortex stripping occurs on the upper and underpart side-edges of belly bar, while these vortices
on both side-edges fall off alternately, showing a representative Karman vortex street occurrence
After the vortex separation, it moves downstream and develops until it dissipates. During a
vibration period, there are five vortices from C1 to C5 in region C, and the vortex stripping
frequency shows higher than the vertical bending VIV frequency.

Due to this consistent cross-section form, the region D of the leeward side web member should
have a similar vortex stripping mode to the region C. However, because the incoming flow is no
longer a uniform flow, it is alternately impacted by the upstream periodic vortex, and the leeward
side web member undergoes staggered edge vortex stripping to form a Karman vortex street. In a
single vibration period, only four vortices are generated in region D from D1 to D4, and the vortex
stripping frequency is significantly underpart than that in region C. The VIV force generated by
the vortex is proportional to its intensity and inversely proportional to the square of distance [13].
However, the section size of web member is small and far away from the upper and underpart
bridge lays. Therefore, this vortex stripping behind the web member has little effect on the VIV
of the main beam.

The windward side domain E of the underpart bridge lay is similar to domain A, and the
underpart side flow is separated into two parts by underpart bridge lay. That airflow on the upper
side is blocked by the sidewalk railings and the anti-collision railings. Although no large vortex is
formed, a large number of smaller but higher frequency and stronger vortices are generated at the
gap between the railings and the top of the railings. Some vortices are “compressed” by upper and
underpart bridge lays and attached to underpart bridge lay. These remaining vortices slowly move
downstream until they dissipate. The underpart airflow is blocked by the sidewalk bracket for the
first time, and quickly attaches to the underpart chord of the windward side. After the separation
again, it is blocked by the track of the maintenance vehicle, and a vortex El to E3 with a width of
about 0.1B is formed behind it. After the separation, it continues to move downstream, the size is
further increased, and there is no reattachment phenomenon. The vortex stripping frequency is
greater than the vibration frequency of the vertical bending VIV of the trusses beam.

There are many factors that affect the vortex stripping in the leeward domain F of the underpart
bridge lay, and the vortex stripping mode is more complex than other domains. The vortex
generated in this domain is mainly composed of the vortex F1 stripping from the top of the railing,
the small vortex stripping from the gap of the railing, the wake flow F2 stripping from the sidewalk
upper surface, and wake flow F3 generated at the bottom of the underpart chord. In addition, the
maintenance vehicle track plays a role in blocking the incoming flow in front of the underpart
chord. It should be noted that the F3 width of the wake flow is large and moves downstream in an
S-shaped manner. The vortex intensity in the wake flow is low and there is no obvious vortex
stripping phenomenon. However, with the increase of wind speed, large vortex stripping may
occur. The airflow on the upper surface of the underpart bridge lay is close to the bridge lay under
the 'compression effect'. The boundary layer is thin, and only vortex stripping occurs in the wake.
Therefore, this vortex does not directly act on the upper as well as underpart bridge surfaces, which
is not major cause of the vertical bending VIV.

By observing the evolution of the flow field around the vertical bending VIV crest response
dot of the trusses beam in a single vibration period, it can be found that these vortex stripping
frequency in the upper side domain and the wake flow domain of the upper bridge lay is familiar
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with the height of the vibration frequency, which may drive the vertical bending VIV o. In order
to find out which vortex that dominates the torsional VIV, the CFD numerical simulation is carried
out on the completion state trusses beam with the crest response dot of the torsional VIV under
+3°. That instantaneous vorticity evolution in one single vibration period can be illustrated in
Fig. 13.

g)t =nT 4+ 3/4T h)t =nT +7/8T
Fig. 13. Transient vorticity evolution of the trusses beam within one vibration cycle
at the crest response dot of torsional VIV

Observing from Fig. 13, when the torsional VIV occurs, there is no significant change in the
vortex stripping pattern in the A-E zone except for the domain F on the leeward side of the
underpart lay. However, due to the large increase of the wind speed, vortex strength in each area
has increased significantly. In domain F of the underpart bridge lay, the vortex stripping mode
above bridge lay does not change significantly, but the wake flow under the underpart chord has
obvious vortex stripping phenomenon with the overgrowth of flow velocity. Vortex F3, vortex F2
as well as F4 formed on the upper surface of the sidewalk fall off alternately, and continue to move
downstream until it dissipates. In addition, in a single torsional VIV period, a complete vortex
stripping period is completed here, that is, the vortex stripping periodicity can be familiar with the
torsional VIV periodicity of bridge trusses beam, which may drive the torsional VIV.

The two-lay trusses beam is composed of multiple components, and the section form is
complex. Different components show different turbulence characteristics, resulting in vortices of
different sizes and stripping frequencies. In order to explore the mechanism of VIV and verify that
target bridge VIV can be made from these vortex stripping in these above domain, 29 measuring
dots are arranged near the main beam section in the numerical simulation calculation. The flow
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field around the main beam section is calculated and the wind speed change is recorded. The
measuring dots of P1-P6, P7-P12 and P13 are set above, below and behind the upper bridge lay
respectively. The measuring dots of P14 and P15 are set behind the ventral rods on the windward
and leeward sides, respectively. The measuring dots of P16-P21, P22-P28 and P29 are set above,
below and behind the underpart bridge lay, respectively. The measuring dots of P22 and P28 are
located behind the track of the maintenance vehicle, while the specific settlement of these dots
can be illustrated in Fig. 14.
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Fig. 14. Schematic diagram of measurement dot locations

Through the frequency-response curve spectrum assay of the air velocity time series recorded
at the measuring dot, that frequency of vortex stripping at each position of the flow field is
obtained, and the corresponding S; is calculated. The results can be illustrated in Table 7.

Table 7. Characteristic frequency and S; number of measurement dots

Frequency (Hz)
Measuring dot Crest response dot Crest response dot St
of vertical bending VIV | of torsional VIV

P29 1.47,3.08 3.96,7.78 0.33, 0.65
P1-P6, P13 2.39 6.04 0.51
P7-P12, P22-P28 2.68 6.82 0.57
P1-P6, P16-P21 4.54 11.39 0.96
P22, P28 5.02 12.62 1.06
P15 8.85 22.34 1.87
P7-P14 10.54 26.48 2.23

In the wind tunnel test of the segment model, the vibration frequency of the vertical bending
VIV in the completion state is 2.23 Hz, and the corresponding S; number is 0.47, which is close
to the S; number of 0.51 recorded by the P1-P6 and P13 measuring dots in the CFD numerical
simulation. Combined with Fig. 12, it can be considered that those vortex stripping in the upper
lay and wake flow domain dominates vertical bending VIV of the trusses beam in the completion
state. Accompany with the torsional VIV occurrence, the vibration frequency of the main as well
as secondary lock-in region recorded in the wind tunnel test is 4.29 Hz, and the corresponding S;
number is 0.36 and 0.64, respectively, which is close to the S, number of 0.33 and 0.65
corresponding to these vortex stripping of P29 zone in CFD numerical simulation, and the P29
measuring dot is located on the side of the main beam. The VIV force generated here has more
possibility to promote target bridge to produce torsional VIV. Combined with Fig. 13, it can be
considered that the vortex stripping in the wake flow region of the underpart lay plate dominates
torsional VIV of bridge main beam in the completion state. Therefore, when it is necessary to use
aerodynamic measures to suppress the VIV of the target bridge, the acrodynamic shape of the
above domain should be optimized [16-18].
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6. The influence of wind angle of attack
6.1. The primitive section of construction-state model

The vorticity distribution of the static flow field around the primitive section of the main beam
in construction state at a certain time under —5°, —3°, 0°, +3° as well as +5° can be illustrated in
Fig. 15. Since here exists no obvious VIV occurrence in wind tunnel test of bridge main beam in
construction state, in order to facilitate the comparison with the completion state, the wind speed
corresponding to the crest response dot about vertical bending VIV in completion-state model is
used for numerical simulation.

e)a =+5°
Fig. 15. Vorticity distributions around the trusses beam under different wind angles
of attack during construction state

From Fig. 15, it can be seen that the aerodynamic performance of the primitive section in
construction state is good. After the flow of each wind angle of attack passes through bridge beam,
only the rear of web member produces an obvious Karman vortex street, and the remaining parts
do not form a vortex with sufficient strength and range. The VIV force generated is difficult to
drive the vibration of the main beam. In addition, due to the lack of the influence from auxiliary
components such as railings, maintenance vehicle tracks and sidewalks, the vortex stripping
frequency in the key domains of the above-mentioned dominant VIV is far away from the vertical
bending and torsional fundamental frequency of the main beam, so here exists no obvious VIV
occurrence of bridge main beam in construction state.

6.2. The primitive section of completion-state model

The vorticity distribution of the static flow field around the primitive section of the main beam
in the completion state at a certain time under —5°, —3°, 0°, +3° as well as +5° can be illustrated in
Fig. 16.

It can be seen from Fig. 16 that due to the addition of railings, maintenance vehicle tracks and
sidewalk brackets, the vortex stripping pattern of primitive bridge section in completion state is
more complicated, especially a large number of non-negligible vortices are generated near these
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auxiliary components. Compared with the primitive section of the main beam in the construction
state, these vortices have stronger strength and wider range, and produce greater VIV force on the
main beam. Therefore, the aerodynamic performance of the main beam is reduced. When the
vortex stripping frequency is close to the vibration frequency of the main beam, there is an obvious
VIV phenomenon. Compared with +3° and +5°, that vortex generated by bridge main beam
section under the other wind angles of attack is small in size and low in strength, which is not
enough to drive the bridge to generate VIV. Especially in the key domain behind the underpart
bridge lay, the blocking of windward lay to that incoming flow makes it impossible to form vortex
stripping behind the underpart chord on the leeward side. Therefore, the main beam in the
completion state has obvious VIV phenomenon only under +3° as well as +5°.

c)a =0° d) a =+3°

e)a =+5°
Fig. 16. Vorticity distributions around the trusses beam under different wind angles
of attack during completion state

7. Conclusions

This study mainly explores the aerodynamic performance of the primitive section in the
completion as well as construction state under large wind angle of attack. The VIV response of
the segment model under different wind angles of attack is tested by wind tunnel test. The vorticity
evolution of the beam section in a single vibration period is analyzed by CFD. The VIV formation
mechanism as well as the impact about wind angle of attack on VIV are explored. These main
conclusions are as follows:

1) The vibration test shows that the main beam in the completion state has obvious VIV
phenomenon under +3° and +5°, while bridge main beam in construction state has no VIV
phenomenon at the five wind angles of attack.

2) The vertical bending VIV first occurred in the main beam of the completion state, and then
two torsional vortex vibrations with a large amplitude and a small amplitude occurred. Both
vertical bending and torsional VIV are simple harmonic vibrations with a single frequency, and
the vertical bending VIV frequency is confined at 2.227 Hz, and the torsional VIV frequency is
confined at 4.289 Hz, which is close to the natural frequency of the test model. Compared with
the +3° wind angle of attack, the VIV amplitude of the main beam is larger and the lock-in region
is longer under +5°.

JOURNAL OF VIBROENGINEERING 1 9



STUDY ON VORTEX-INDUCED VIBRATION RESPONSE OF LARGE-SCALE TWO-LAY STEEL TRUSSES BRIDGE UNDER LARGE WIND ANGLE OF
ATTACK. JIALIN Y AO, HUANHUAN LI, YANG YANG, DAWU WANG, HUI YU

3) The three-component force coefficients of the main beam obtained by the wind tunnel test
and the numerical simulation play well consistency about the outcome of vertical bending VIV
amplitude, indicating that the CFD method used in this study is reasonable, CFD results plays
exactly, so that target model is highly reliable.

4) The static flow field around the main beam section is obtained by CFD numerical
simulation. When the ingoing air flow leapfrog different composing parts of bridge main beam,
multiple vortex flow with different strength, size and stripping frequency are formed. By analyzing
the instantaneous vorticity evolution of the main beam section in a single vibration period and the
time series of wind speed recorded by the measuring dots, it can be seen that the vortex stripping
in the upper lay and wake flow domain is key influencing factor of vertical bending VIV in
completion state, meanwhile the vortex stripping in wake flow domain of the underpart lay is key
influencing factor of the torsional VIV.

5) Due to the lack of railings, service truck trackways, and walkway brackets, the construction-
state trusses beam produces fewer vortices and low strength, so no VIV occurs. Although a large
number of non-negligible vortices are generated in the main beam section of the completion state,
at 0°, —3° and —5°, here exists no vortex in rear domain of the underpart chord on the leeward side
because the incoming flow is blocked by the lay on the windward side, and the vortices generated
in the rest parts are difficult to form sufficient VIV force. Therefore, there is no obvious VIV
phenomenon in the main beam of the completion state at these wind angles of attack.

In the next research blueprint, we plan as follows:

1) In the current conventional wind tunnel test and numerical simulation, we use uniform flow
as the research object, and the results are conservative. The actual wind environment is turbulent,
so we plan to design a specific turbulent flow field for testing or expansion in the future.

2) The main objective of this study is to explore the effect of wind angle of attack on bridge
VIV. Based on this, we plan to focus on exploring and analyzing effective additional aerodynamic
measures, including deflectors, fairings, tuned mass dampers, etc., and analyze their applicability
and effectiveness in actual bridge engineering, so as to provide a more comprehensive solution to
VIV-related problems in the future.

3) VIV is a complex fluid-solid coupling phenomenon, which is affected by many factors. For
bridges, the main influencing factors include aerodynamic shape, Reynolds number, Strouhal
number, mass-damping parameters, etc. In our current research, we mainly consider the influence
of aerodynamic shape transformation on the VIV performance of the main beam. However, in the
future research, we will further consider the comprehensive influence of structural damping and
other factors on the VIV performance of the main beam in the completion and construction state.
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