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ABSTRACT

Due to the installation of lighting fixtures, the aerodynamic shape of cables is significantly
altered. Comprehensive wind tunnel tests of cables installed lighting fixtures were carried
out. The results indicate that installing lighting fixtures on cables is more prone to large
amplitude vibration. When installing lighting fixtures with the same size, the smaller the
diameter of cables, the greater the effects on its aerodynamic performance. The vibration
characteristics of the cable changes dramatically due to the interference of upstream or
downstream cable. The angle of attack (AoA) and angle of yaw (AoY) have great effects
on the characteristics of large amplitude vibration, but the angle of incline (Aol) the stay
cable has little effects. Rain-wind-induced vibration will increase the onset wind velocity
of large amplitude vibration.

1. INTRODUCTION

Nowadays, long-span bridges generally adopt the stress form with cable bearing,
where mainly includes the main cable and suspender of suspension bridge, the cable of
cable-stayed bridge and other cable structures. Although it can give full play to the
superior tensile capacity of the cable, such structures have a large number, large
flexibility, small mass and low damping. Therefore, wind-induced vibration problems are
more likely to occur under wind velocities encountered frequently, such as galloping (e.g.,
Wang et al.2021), vortex-induced vibration (e.g., Wang et al.2022), wind-rain-induced
vibration (e.g., Li et al.2015), icing vibration (e.g., Xu et al.2020), wake-induced vibration
(e.g., Li et al.2013). The common issue with these vibration problems is closely related
to the aerodynamic shape of the cable structures.

With the start of the urban lighting project, it is necessary to install lighting fixtures
on the cables or hangers in many urban bridges. However, the installation of lighting
fixtures makes the shape of the cable section change significantly, which may cause
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serious wind-induced vibration problems. Similar galloping vibration problems have been
reported in practical projects, such as the stay cables of Kuimen Bridge in Chongqing
and the suspenders of Gushan Bridge in Fuzhou (e.g., Chen et al.2021). Curiously, some
bridges with lighting fixtures do not have similar problems, such as the Second Yangtze
River Bridge in Wuhan and Kuipu Bridge in Fuzhou (e.g., Chen et al.2021). Further
research is needed on the vibration mechanisms involved behind different results.

At present, there are relatively few literatures on the wind-induced stability of lighting
fixtures installed on cable structures. Li et al. (2014) found that the critical wind velocity
of galloping of the stay cable is very low by wind tunnel tests and pointed out that the two
steel wires are the main reason for the vibration. Deng et al. (2021) used Computational
Fluid Dynamics method and quasi-steady theory to predict the range of AoA for galloping
of two-dimensional combined section. An et al. (2021) carried out the wind tunnel tests
of force and vibration measurement of segment model to study galloping vibration
characteristics of the stay cable installed with lighting fixture, and optimized the
aerodynamic shape for lighting fixture. An et al. (2023) conducted the wind tunnel tests
to study the vibration suppression effects of perforated shields on lighting fixtures.

In general, due to the diversity of lighting fixtures or stay cables and the complexity
of the incoming flow in the actual situation, the wind resistance problem caused by the
stay cable installed with the lighting fixture is more complicated. In this paper, a series of
systematic experimental studies have been carried out on the combined section stay
cables after installation of lighting fixtures. The specific arrangement is as follows. In the
second chapter, the dynamic characteristics of all stay cables after installation of lighting
fixtures are counted, and representative stay cables with composite section are selected.
In the third chapter, the effects of AoA are studied under the condition of vertical flow.
The fourth chapter studies the mutual interference effects of tandem double cables under
the condition of vertical flow. The fifth chapter studies the effects of AoY, Aol of the cable
and rainfall under the condition of spatial inflow.

2. ENGINEERING BACKGROUND

2.1 Dynamic characteristics of stay cables

The research object is a cable-stayed bridge with double-tower located in the
typhoon area. The main span is a continuous five-span and semi-floating system with a
total length of 680 meters and a span arrangement of 58 + 102 + 360 + 102 + 58 m.
There are 84 pairs of stay cables distributed between the girder and the tower. The stay
cables present a tight and spatial distribution and are arranged in fan-shaped double
planes. The cables adopt twisted sheath with double-layer and high-strength parallel
steel wires. The cable distance on the girder is 8 m, the tail part of the side spanis 6 m,
and the cable distance on the tower is 2.5 m. The overall layout of the bridge is shown in
Fig.1.
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Fig.1 Overall layout of the bridge

The bending stiffness of the long cable of long-span cable-stayed bridge is very
small. The out-of-plane vibration frequency and the in-plane vibration frequency of cables
can be calculated by the following formula in the code (Ministry of Transport of the
People's Republic of China, 2018).
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where f, . f; and f; is the natural vibration frequency of out-of-plane for the n-th order,

the anti-symmetric in-plane for the i-th order and the symmetric in-plane for the j-th
order(Hz); [ is the effective length of stay cable (m); F is the cable tension(N); m is
the mass per meter of stay cable (kg/m); n=1. 2. 3..., i=2. 4. 6..., j=1. 3. 5...;

When j =1, n=-0.00170% +0.12541+3.1444; When j = 3, 7=0.00531+9.4239; When j

> 5, n=jn;1=EA(mglcosa,)’ / F*; Ais the cross-sectional area of the cable; «,is the

inclination angle of the cable; E is the elastic modulus of the cable.

It can be seen from the above formula that the in-plane and out-of-plane natural
frequencies of stay cables are almost the same. Due to the effects of aerodynamic lift of
the stay cable, the wind-induced vibration in-plane is more worthy of attention. Therefore,
the dynamic characteristics of the subsequent analysis are all in-plane modes of the stay
cables.

In order to verify the rationality and accuracy of the above theoretical calculation
results, the stay cable of MC20, MC15 and MC11 (with lighting fixtures) are taken as
examples. The general finite element analysis software ANSYS is used to verify it. The
multi-segment cable element (Link10) is used for simulation. The rotational degree of
freedom is not constrained and bending load cannot be borne. The stay cable will sag
under the action of self-weight, close to its working state to consider the sag effects, and
the spatial attitude of the stay cable is considered in the modeling, as shown in Fig. 2.
And the mass per meter of the stay cable is composed of the original stay cable and
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lighting fixtures. The internal force of stay cable is applied by the initial strain. The
calculation results are shown in Tab. 1.

Fig. 2 Finite element model of stay cable under spatial attitude in ANSYS

Tab. 1 Comparison between ANSYS and theoretical formula for calculating in-plane
fundamental frequency.

Effact int | Frequency by . b
Number | 1ohath (m) | force (N) formula(Hz) | ANSYS(Hz) Deviation

MC20 185.266 5599720 0.70505 0.70658 0.217%
MC15 143.917 5039160 0.90134 0.90373 0.264%
MC11 111.258 4387460 1.15998 1.16360 0.311%

It can be seen from the calculation results that the theoretical formula calculation is
very close to the ANSYS analysis results. As the length of stay cable gradually decreases,
the error of the string theory calculation results considering sag and Aol gradually
increases, and it can meet the actual engineering needs. Therefore, the theoretical
formula is further used to calculate the natural fundamental frequency of all stay cables
of the target bridge after adding lighting fixtures.

2.2 Design scheme of lighting fixtures

Two rectangular lampshades are added on both sides of each cable. The lampshade
is covered with the whole stay cable, and lines are set inside. Because the stay cables
on both sides of bridge are completely symmetrical about the center line of the structure,
this chapter only takes 84 (42 pairs) stay cables on one side as the research object.
Figure 3 shows the change of fundamental frequency of stay cables along the bridge
span after the installation of lamps. Figure 4 shows the statistics of fundamental
frequency of stay cables.
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Fig.4 Proportion of frequency distribution of stay cables with lighting fixtures

It can be found that the frequency of the cable is inversely proportional to the length,
and the longer the length, the lower the frequency. The installation of the lighting fixture
makes the frequency of the stay cable decrease slightly, but the decrease is very small.
Due to the differences in the area, length and force of stay cables, the vibration frequency
range of stay cables of whole bridge is wide, which further increases the possibility of
wind-induced vibration of stay cables. Considering the dynamic characteristics, diameter,
mass and distribution of stay cables, three typical stay cables with different diameters
and corresponding lighting fixture composite structures (Cable1, Cable2, Cable3) are
selected to study, as shown in Fig. 5.
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Cable1 Cable2 Cable3
Fig.5 Section of the composite structure after adding lamps

3. Vibration characteristics under vertical inflow

3.1 Experimental setup

The experiment was carried out in the second test section of XNJD-1 industrial wind
tunnel of Southwest Jiaotong University. The test section is equipped with a special
device for dynamic test of segment model. The model is 2.1 m long, and the cross section
adopts a geometric scale ratio of 1:1. The surface material is the same as the cable in
actual bridge, which is composed of the original pipe and the corresponding aluminum
lamps. The geometric shape of the stay cable and the lamp is strictly simulated to avoid
the possible Reynolds number effects.

A circular end plate is set at both ends of the model, and the diameter of end plate
is 4 times the longest size of combined section with lamp, so as to ensure the two-
dimensional characteristics of the aerodynamic flow around the cable section. The AoY
and Aol of the model are both 0°, and the test model is shown in Fig.6. The mass of the
model will be less than the actual mass, and the stiffness of spring system will be reduced
to ensure that vibration frequency of system meets the requirements. To make the test
results more universal, the vibration frequency of the model is set in range of the most
natural vibration frequency of the same cable diameter. The main test parameters of the
segment model are shown in Tab. 2. The laser displacement sensors are placed outside
the wind tunnel and fixed at a certain height below the segment model bracket.
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Fig. 6 The segment model in the wind tunnel (the cable axis is perpendicular to incoming

flow)
Tab. 2 Main test parameters
Cable number Mass (kg/m) Frequency (Hz) Damping ratio (%)
Cable1 2519 1.717 0.1
Cable2 28.58 0.972 0.1
Cable3 32.55 1.51 0.1

Note that due to the limitation of experimental conditions, the second-order mode of
Cabled is simulated.

3.2 The effects of AoA

The AoAs tested in the experiment are 0° (AoA1), 2° (AoA2), 5° (AoA3), 10° (AcA4),
20° (AoAS) and 30°(AoAB), respectively. The variation of the maximum vertical amplitude
with wind velocity is shown in Fig. 7.

T T T T T T T T
O a- AoAl T 0= o~ AoAl i
- ©0- AoA2 - 0- A0A2

60 H- A~ A0A3 o so T 60 N- 2~ AoA3 i
=) V- AoA4 K ! =) - - AoA4 oa
E/SO H AO0AS5 o . 550 M Ao0AS 4 7
5 A0A6 P 5 AoA6 A
Saof P . Egf=====---- e
Q9 ! 1 o va
= R ! ! = A
El ] [ 3 v
230 K Lo 4 Z30t IVAA i
= T O e . ___1 = Y
Q Q
E20 | 2 a9 - £ 20 b e -
o =} ,d 1 o %
> 5 > %

10 - o & . - 10| XXE%X 4

=] o
| * VNN 32 26 PN , Q
0 rorPe T REEBTE YK ﬁ:“-‘r“»'."or)iw&/v < R 0 RO cwm«rgﬁHuLMuﬁ-“‘ﬁJ‘f”fj&ﬁngje\ﬁ ?
- R 1 1 L] [ | 1 1 L

4 8 12 16 20

Wind velocity(m/s)

(b)Cable2

Wind velocity(m/s)
(a)Cable1

70

60 H_ A_

Vertical displacement(mm)

AT ¢ A8
DD R & S AEE S g A= 0E
1 1 1 1

20

8 12 16

Wind velocity(m/s)

(c)Cable3



The 2024 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM24)
19-22, August, 2024, The K hotel, Seoul, Korea

Fig.7 Steady-state response in different A0As

It is no obvious divergence point for the large amplitude vibration with the increase
of wind velocity. In order to compare and evaluate effectively vibration performance, the
wind velocity that exceeds the allowable amplitude of vortex-induced vibration for the first
time is used as the index, which is the onset wind velocity of large amplitude.

Specifically, assuming that the vortex-induced vibration of structure is simple
harmonic vibration, the maximum amplitude of the motion can be expressed as

a
4 4 f? (4)

When the acceleration limit of stay cable is 1m/s?, and 4n” ~ 40, according to the string
theory, the fundamental frequency of long cable can be taken 130// (Chen et al. 2013),
[ take 200, and retain a f when simplifying, then A should be less than 0.04/f . The
horizontal line in Fig.7 represents the amplitude limit obtained according to the
acceleration value, and Fig.8 shows the corresponding onset wind velocity when the limit
is reached.
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Fig.8 The onset wind velocity in different AoAs
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It can be seen from the test results that large amplitude vibration occurred in 0°,
2°,5°AoAs for Cable1, and the onset wind velocities are 8.5m/s, 13.1 m/s, 11.0 m/s,
respectively. For the Cable2, there is a large amplitude vibration phenomenon in
5°,10°,20° AoAs, and the onset wind velocities is 9.1 m/s, 8.7 m/s and 15.6 m/s
respectively. For the Cable3, the large amplitude vibration phenomenon appeared in 10°
and 20° AoAs, and the onset wind velocities are 14.2 m/s and 17.8 m/s, respectively. It
can be seen that the three stay cables installed of lamps have undergone large amplitude
vibration, and the corresponding AoA is large, also the onset wind velocity is low. As the
diameter of cable increases, the AoA corresponding to the vibration interval gradually
increases.

4. Vibration characteristics under aerodynamic interference
4.1 Experimental setup

In the experiment, the in-plane vibration of cable is mainly investigated and
measured. The downstream cable is fixed to test the vibration response of upstream
cable and the upstream cable is fixed to test the vibration response of downstream cable,
as shown in Fig.9. The mass, frequency and damping of elastic suspension system are
consistent with the previous single cable in Chapter 3. The spacing between the centers
of two cables is set to 1D-7D (D = 0.44m). And 3D is the minimum spacing in actual
bridge and it is about 1.32 m. This position corresponds to the fixed place of stay cable
and tower in actual bridge. According to the results of Chapter 3, the AoAs in which large
amplitude vibrations occurred are selected for testing. The 0°, 5°and 10° AoAs are
considered for Cable1, Cable2 and Cable3. Due to the size limitations of in the wind
tunnel, there are certain limitations on the measurable spacing when there are large
AoAs.
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(b) The downstream cable is measured and the upstream cable is fixed

Fig. 9 Layout of tandem double cables

4.2 Effects of tandem cable

Similarly, because of no clear divergence point for the large amplitude vibration, the
wind velocity that exceeds the allowable amplitude for the first time is used as the index,
which is the onset wind velocity of large amplitude. Tab. 3 shows the onset wind velocity
under various cases. Fig. 10 shows the onset wind velocity of the multi-spacing upstream
cable with obvious vibration.

Tab. 3 The onset wind velocity of different distance on the upstream or downstream side

Distance(m)
Experimental conditions
D1 D2 D3 D4 D5 D6 D7

Cable1 in 0° upstream side 145 | 13.2 | 127 | 11.8 | 10.8 | 9.98 | 8.64

AOA downstream side — — — — — 196 | 16.8
Cable2 in 5° upstream side 101 | 12.7 | 13.2 | 126 | 12.2

AoA downstream side — — — — _
Cable3 in 10° upstream side 13.2 | 13.6 | 13.4

AoA downstream side — - _

“—” indicates that there is no obvious vibration in range of test velocity (0-20m/s).

“/" indicates that it cannot be achieved due to size constraints in laboratory.
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Fig.10 The onset wind velocity of upstream cables with different spacings

It can be seen that large amplitude vibration occurred under different spacings in the
test range for upstream cable and no obvious vibration occurred in a smaller spacings
for downstream cable. However, the large amplitude vibration occurred in the larger
spacings for the downstream Cable1, and the onset wind velocity is high. Due to the
limitation of laboratory size, the other two cables cannot be tested with large spacings.
Specifically, for the Cable1, the upstream cable has obvious large amplitude vibration
when the downstream cable is fixed. Compared with vibration of the corresponding single
cable at a low wind velocity of 8.5 m/s, the onset wind velocity of double cable vibration
is obviously improved. And the corresponding wind velocity decreases with the increase
of the spacing, but it is greater than the onset wind velocity of single cable. For the Cable2,
the upstream cable also has obvious large amplitude vibration when the downstream
cable is fixed. Compared with the vibration of the corresponding single cable at a low
wind velocity of 9.1 m/s, the onset wind velocity of the double cable vibration is improved,
and the corresponding wind velocity increases firstly and then decreases with the
increase of the spacings. For the Cable3, the upstream cable also has obvious large
amplitude vibration when downstream cable is fixed. Compared with the vibration of the
corresponding single cable at a high wind velocity of 14.2 m/s, the onset wind velocity of
the double cable vibration is reduced. In general, due to the interference of the
downstream cable (fixed state), the vibration phenomenon of the upstream cable (elastic
state) is still obvious. Affected by the wake of the upstream cable (fixed state), the
vibration phenomenon of the downstream cable (elastic state) is weakened.

5. Vibration characteristics under spatial incoming flow
5.1 Experimental setup

The experiment is carried out in the XNJD-2 industrial wind tunnel of Southwest
Jiaotong University. The test section is equipped with a special device for dynamic test
of segment model. The geometric scale ratio of the segment model is 1: 1. The total
length of the model is 2.7m, which is divided into three parts including aerodynamic
transition parts in the end and aerodynamic action part in the middle. The transition part
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is 0.35m long, one side is connected to the action part, and other end is set in a
hemispherical shape. The two transition parts are basically located on the outer side of
the wind tunnel outlet, which softens the aerodynamic force acting on the model and
weakens the end effects of model. The length of the action part is 2m, which is basically
located in the outlet of the wind tunnel and bears the action of wind. A relatively rigid
shaft passes through the center of transition parts and action part, and both sides of shaft
are connected to the springs. The higher side of shaft is fixed to eliminate the lateral
displacement of the springs caused by the gravity component. The additional
counterweight of the model is located inside the action part and fixed on the rigid shaft.
The overall layout and installation of acceleration transducer are shown in Fig.11.

ig. " The segmehtd;j in the wind tunnel (the cable axis is not
perpendicular to incoming flow)

The number of S, is calculated according to Eq. (5). The ratio of the model to
prototype meets the requirement in the standard (Standard for Wind Tunnel Test of
Bridge Strctures, 2021).

4rmég,
<~ OBD S)
pBD
where mis the mass per unit length(kg/m), & is the damping ratio of the structure, pis
the air density, B and D is the length of the two directions of the cross section of the
structure. The main test parameters of the segment model are shown in Tab. 4.

Tab. 4 Main test parameters

Frequency Damping ratio| Model Sc | Prototype Sc | Sc ratio
Cable number
(Hz) (%)

Cable1 1.764 0.1 11.27 37.96 0.297
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Cable2 0.938 0.1 10.81 36.89 0.293

Cable3 0.752 0.1 10.38 35.07 0.296

5.2 The effects of angle of yaw(AoY)

The AoYs tested in the experiment are 0° (AoY1), 15° (AoY2), 30°(AoY3), 45°
(AoY4), 60°(AoY5), respectively. According to the Aol of three stay cables in actual
bridge, the effects of each AoY is studied. The change of the maximum vertical amplitude
with the wind velocity is shown in Fig. 12.
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Fig.12 Steady-state response under different AoYs

For Cable2 and Cable3, no large amplitude vibration phenomenon was observed in
the spatial flow situation. For Cable1, a large vibration phenomenon occurred in small
AoYs (0°, 15°, 30°, 45°), and the amplitude increased with the increase of wind velocity.
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However, there is no obvious vibration phenomenon in 60° AoY. Moreover, the vibration
in null AoY and null Aol of cable is in good agreement with the vertical inflow situation.

5.3 The effects of AOI

The different Aols on the wind-induced vibration of cables were tested in the
representative 45° AoY. Specifically, the cases of adding or subtracting 5 ° in Aol of cable
in actual bridge were tested. The variation of the maximum vertical amplitude with the
wind velocity is shown in Fig.13.
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Fig.13 Steady-state response of different Aols

It can be seen from the test results that Aol has little effects on the wind-induced
vibration of the stay cable. For Cable1 in 45° AoY, when the Aol is changed, the onset
wind velocity and amplitude have a small change, which may be caused that the change
of the Aol causes the change of the wind area of cable at the outlet of the wind tunnel.
For Cable2 and Cable3, the effects of Aol are less obvious.
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5.4 The effects of rainfall

The general rainfall can be divided into light rain, moderate rain, heavy rain, torrential
rain, downpour and heavy downpour. Due to the existence of the spiral line on the surface
of the cable, it is difficult for light rain and moderate rain to form a certain length of rain
line, and too much rainfall is also difficult to form a stable water line. Hence, the rainfall
of each case is set to heavy rain. Due to the lack of quantitative statistical laws in the
intermittent rainfall process, to obtain a continuous and stable vibration phenomenon,
continuous rainfall is used in the experiment.

Considering that subsequent wind-rain excitation is sensitive to the hydrophilicity of
surface material, the aerodynamic action part is made of a real PE pipe with a spiral line,
and its surface state is consistent with the actual cable. Due to no obvious vibration
phenomenon in Cable2 and Cable3 and space limitation, this paper only gives the
specific data of Cable1 as shown in Fig. 14.
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Fig.14 Steady-state response under heavy rain conditions

It can be seen from the results that the amplitude of cable increases with the
increase of wind velocity under the combined action of wind and rain. When the AoY is
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30° and 45°, a large amplitude vibration of Cable1 occurred. However, in the absence of
rain, large amplitude vibration will also occur even more intensely. The reason may be
that the rainfall increases the turbulence characteristics of the incoming flow to a certain
extent. When the AoY is 60°, no large amplitude vibration was observed, which is
consistent with the case of wind alone. This indicates that the effects of rainfall on
vibration characteristics is very limited compared to lighting fixtures. The change in
aerodynamic shape under the action of wind is the main factor causing significant
vibration of cables.

6. CONCLUSIONS

The installation of lighting fixtures has little effects on the dynamic characteristics of
the stay cable, only slightly reduced. For the frequency of long cable, the results of the
string theory and the finite element method are in good agreement, and the error between
the two is inversely proportional to the length of cables.

The installation of lighting fixtures will cause large amplitude vibration of the cable
when the wind velocity is low. When installing the lighting fixtures with the same size, the
smaller the cable diameter, the greater the effects on the aerodynamic performance.

The vibration characteristics of stay cables change significantly due to the interaction
of the cable arranged in series. The effects of AoA and AoY on the vibration behavior is
much greater than the effects of the Aol of cable. A certain degree of rainfall will increase
the onset wind velocity of large vibration.
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