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1 INTRODUCTION

With the beginning of the new reform and open poIRD years ago, bridge engineering in
China has progressed achieving marvelous succeegsyticular long-span bridge structures.
By the completion of Jiangsu Sutong Suspension gérith May 2008 and Zhejiang
Xihoumen Bridge in 2009, the span lengths of cabigported bridges are raised up to 1088m
for cable-stayed bridges, a new world record witspan jump of 198m, and 1650m for
suspension bridges, the second longest in the yfpectively, while China has kept the
world record span length for both steel arch bri@®&jganghai Lupu Bridge with the main span
of 550m, and concrete arch bridge, Sichuan WarRratge with the 420m long centre span.
There will be fifty-three completed long-span bedgwith a main span over 400m in China
up to next year, including sixteen suspension lesdgwenty-eight cable-stayed bridges and
seven arch bridges [1].

With the rapid increase of bridge span length, deidtructures are becoming more flexible,
which requires bluff body aerodynamics studiesteeldo bridge deck flutter instability and
vortex induced vibration, as well as stay cableatibn. Aerodynamic stabilization of several
suspension bridges recently built in China is fiirgttroduced, and followed by aerodynamic
feasibility study of a 5000m-span suspension bri®jece cable-stayed bridges intrinsically
have quite good aerodynamic stability againstdiuttscillation, rain-wind induced vibration
and mitigation of long stay cables are discussed @sin concern in long-span cable-stayed
bridges. Compared to suspension bridges and ctbjees bridges, the arch bridge has
relatively shorter span, but higher stiffness s tbng-span arch bridges may not have wind-
induced problem except for Shanghai Lupu Bridgeictvlsuffers vortex-induced vibration
and has been controlled by vortex septum.

2 AERODYNAMIC STABILIZATION OF SUSPENSION BRIDGES

The construction of long-span suspension bridgesiral the world has experienced a
considerable development for more than a centtitpok about 54 years for the span length
of suspension bridges to grow from 483m of BrookBadge in 1883 to 1,280m of Golden
Gate Bridge in 1937, and had an increase by a tmetr of about 2.7. Although the further




Yao-Jun Ge and Hai-Fan Xiang

increase in the next 44 years from Golden Gatedgrid Verrazano Bridge and to Humber
Bridge of 1410m in 1981 was only 10% or by a factbi.1, another factor of about 1.4 was
realized in Akashi Kaikyo Bridge with a 1,991m majpan within 17 years in 1998.

Table 1 lists ten longest-span suspension bridgései world, including five in China, two in
USA, and one in Japan, Denmark and UK, respecti{@&ly The information provided in
Table 1 covers not only general figures about spaar of completion and location, but also
specific concerns related to wind resistance perdmice, including girder type, wind-induced
problem and control measure adopted. The top faspension bridges in Table 1 all suffered
in wind-induced problems in flutter or vortex shady and some control measures have been
adopted to improve aerodynamic performance, fomgye, central stabilizer on single box
girder for Jiangsu Runyang Bridge, a central sletwleen twin-box deck for Zhejiang
Xihoumen Bridge, both slot and stabilizer in trggsler for Akashi Kaikyo Bridge, and guide
vanes on single box girder for Great Belt Bridge.

Girder
Type

Wind-Induced
Problem

Year
Built

Control
Measure

Main
Span

Span

Order Bridge Name

Country

Flutter
Flutter
Vortex
Flutter
None

Akashi Kaikyo
Zhejiang Xihoumen
Great Belt

Jiangsu Runyang
Humber

1991m
1650
1624

1490

1410m

Truss|

Box
Box

Box
Box

Slot/Stabilizer Japan 1998
Slot China 080
Guide vange Denmark 9819
Stabilizer @hin 2005
None U.K. 1981

1385
1377
1298
1280

Jiangsu Jiangyin
Hong Kong Tsing M3
Verrazano

Golden Gate

Box
Box
Truss

Truss

None
Flutter
None
None

None
Slot

None
None

Chir
Chin

U.S.A.

1909
991

19

1987

Boow~vwourwnpek

a
A

U.S.A.
A
A

Hubei Yangluo 1280 Box None None Chin 2007

Table 1: Ten longest span suspension bridges iwadiiel

2.1 Central Stabilizer

Among the top four suspension bridges, Jiangsu &upysouth Bridge completed in 2005
is the second longest suspension bridge in Chinlatlae fourth longest in the world. The
bridge connects Zhenjiang City and Yangzhou Citgro¥angtze River at Jiangsu Province in
eastern China. The main section of the bridge veaggded as a typical three-span suspension
bridge with span arrangement of 510m + 1490m + 548mhown in Fig. 1. The deck cross
section is a traditional closed steel box, 36.3rdenand 3m deep, and carries three 3.75m
wide traffic lanes in each direction with 3.5m wisleoulders on both sides for emergency use
as shown in Fig. 2. The box girder is equipped valdssical barriers and sharp fairings
intended to improve the aerodynamic streamlining/el as aesthetic quality [3].
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Figure 1: Elevation of Jiangsu Runyang Bridge ({mi}
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With the structural properties provided in the refee [3], finite element analysis of dynamic
characteristics of the prototype bridge was peréatm and the symmetrical and
antisymmetrical fundamental natural frequenciedatéral, vertical and torsional vibration
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modes were calculated and compared with those @fbibx-girder suspension bridges,
including Great Belt Bridge and Zhejiang XihoumendBe in Table 2. The fundamental
vertical and lateral bending vibration frequenmésiangsu Runyang Bridge are comparable,
but the torsional vibration frequencies are rekdgivdower than those of the other two bridges
mainly because of the small depth of the box sectio
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Figure 2: Deck cross-section of Jiangsu RunyanddgriUnit: m)

Bridge
Name

Span
(m)

Lateral Frequency (Hz)

Vertical Frequency (Hz)

Tamal Frequency (Hz)

Symmetric

Antisymmetr.

Symmetric

Antisymmetr.

Syntrite

Antisymmetr.

Runyang
Great Belt
Xihoumen

1490
1624
1650

0.0489
0.0521
0.0484

0.1229
0.1180
0.1086

0.1241
0.0839
0.1000

0.0884
0.0998
0.0791

0.230¢
0.278(
0.2323

98.26
.3830
2380

Table 2: Fundamental natural frequencies of thwagédst box girder suspension bridges

In order to study the aerodynamic stability, a windnel experiment with a 1:70 sectional
model was carried out in the TJ (Tongji University)Boundary Layer Wind Tunnel with the
working section of 1.8m width, 1.8m height and 1f&mgth. It was found in the first phase of
the testing that the original structure could neetthe requirement of flutter speed of 54m/s.
Some preventive means had to be considered toliztalthe original structure. With a
stabilizer on the central deck as shown in Fig.flgther sectional model testing was
conducted, and the confirmation wind tunnel test whe full aeroelastic model were also
performed in TJ-3 Boundary Layer Wind Tunnel witle tvorking section of 15m width, 2m
height, and 14m length. The critical flutter speetitained from the sectional model (SM)
and full model (FM) wind tunnel tests are collectadd compared in Table 3. Both
experimental results show good agreement with etwdr and the central stabilizer of 0.88 m
height as shown in Fig. 3 can raise the critiazttér speed over the required value [3].

Figure 3: Central stabilizer mounted on the decliafgsu Runyang Bridge
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Box Girder
Configuration

Critical flutter speed (m/s)

FMat O

SM at +3

Required
(m/s)

Original box girder
Box girder with a 0.65m stabilizer
Box girder with a 0.88m stabilizer

64.3
69.5
72.1
>75

50.8
58.1
64.9
67.4

54
54
54
54

Box girder with a 1.1m stabilizer

Table 3: Critical flutter speeds of Jiangsu RunyBnidge

2.2 Twin Box Girder

Zhejiang Xihoumen Bridge will become the longesspnsion bridge in China and the
second longest in the world just behind Akashi KailBridge. This bridge is part of the
Zhoushan Island-Mainland Connection Project linking islands, namely Jintang and Cezi
in Zhejiang Province. It crosses the Xihoumen clegnone of the most important national
deep waterway. The bridge route is selected ashiogtest distance of the Xihoumen Strait
between Jintang Island and Cezi Island, about 228@awy, with a small island near Cezi,
Tiger Island, which can be used to support a pydora cable-supported bridge. If one pylon
of a three-span suspension bridge sets on Tigandslthe other one may be placed at the
inclined reef of Jintang Island. The location o fhylon foundation on Jintang was compared
with different span lengths, for example, above Weder level with a minimum span of
1650m, 20m under the water surface with a 1520m,sgfam under the water with a 1310m
span, and so on. In order to avoid constructingp-degter foundation, the Xihoumen Bridge
is finally designed as a two-span continuous susiparbridge with the main span of 1650m,
as shown in Fig. 4 [4].
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Figure 4: Elevation of Zhejiang Xihoumen Bridge {tJm)

g

Deck Box Girder Critical flutter speed (m/s) Required

Configuration

—3°

OO

+3°

Minimum

(m/s)

Single box girder
Single box with a 1.2m stabilizer
Single box with a 1.7m stabilizer
Single box with a 2.2m stabilizer
Twin box with a slot of 6m
Twin boxes with a slot of 10.6m

50.7
>89.3
88.0
>89.3

88.4
>89.3

46.2
>89.3
>89.3
>89.3

>89.3
>89.3

48.7
37.7
43.4
88.0

>89.3

>89.3

46.2
37.7
3.4
88.0
88.4
893

78.4
78.4
78.4
78.4

478
78.4

Table 4: Critical flutter speeds of Zhejiang XihoamBridge

Based on the experience gained from the 1490 m &wgnBridge with flutter speed of 51 m/s
and the 1624 m Great Belt Bridge with 65 m/s fluipeed, the span length of 1650 m may
cause problems of aerodynamic instability for saspma: bridges, even with the stricter
stability requirement of 78.4 m/s in Xihoumen Brddrour alternative configurations of box
girders were proposed and were investigated thrgaghonal model wind tunnel tests. Apart
from the traditional single box, the other threeldsections, including the single box with a
central stabilizer of 2.2m (Fig. 5a) and the twoxecks with a central slot of 6 m (Fig. 5b)
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or 10.6 m (Fig. 5c¢), can satisfy the flutter sti@pitequirement shown in Table 4, and the 6 m
slotted twin-box girder was adopted, which washertmodified to the final configuration as
shown in Fig. 5d [5].
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(c) Twin box with a 10.6m slot (d) Final scheme

Figure 5: Proposed box girder sections for Zhejiditgpumen Bridge (Unit: m)

2.3 Stabilization for Super-Long Span

As a long-time dream and an engineering challetige,technology of bridging larger
obstacles has entered into a new era of crossidgrwsea straits, for example, Messina Strait
in Italy, Qiongzhou Strait in China, Tsugaru StiaitJapan, and Gibraltar Strait linking the
European and African Continents. One of the mastr@sting challenges has been identified
as bridge span length limitation, in particular fpan limits of suspension bridges as a bridge
type with potential longest span. The dominant eong of super long-span bridges to bridge
designers are basically technological feasibilibd aaerodynamic considerations. With the
emphasis on aerodynamic stabilization for longandpngth, a typical three-span suspension
bridge with a 5,000m central span and two 1,600 spans is considered as the limitation
of span length as shown in Fig. 6.

5000 1600 ‘

|
Figure 6: Elevation of the 5,000m long suspensiaage (Unit: m)

In order to push up the aerodynamic stability ljntwo kinds of generic deck sections,
namely a widely slotted deck (WS) without any diaérs (Fig. 7a) and a narrowly slotted
deck with vertical and horizontal stabilizers (NS)g. 7b), were investigated. The WS cross




Yao-Jun Ge and Hai-Fan Xiang

section has a total deck width of 80m and four nahles for a 5,000m-span suspension
bridge while the NS provides a narrower deck sotludf 50m and two main cables [6][7].
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(a) WS Cross section (b) NS Cross section

Figure 7: Geometry of deck sections of WS and N&it{ln)
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Having performed a dynamic finite-element analyssed on the structural parameters listed
in Table 5, the fundamental natural frequenciethefstructures have been calculated for all
four ratiosn of cable sag to span and the two deck configuratio Table 6. The fundamental
lateral bending frequencies vary about 16% for\Wfe section and 17% for the NS section
from n =1/8 to n =1/11, but almost remain the same between the Wb NS deck
configurations. The fundamental vertical bendirggjfrencies are not influenced significantly
by both deck configurations and the sag-span rafibe fundamental torsional frequencies
vary differently with the ratim in the two deck configurations, in which the frequay values

go up in the WS section and go down in the NS gratiith the decrease of the ratipbut it

IS interesting to see that the frequency ratio avsion to vertical bending monotonically
decreases with reduction of the ratio

Type Main Cables Stiffening Girder

EA (Nnv) m (kg/m) I, (kgnt/m) | El, (Nm) | Glq (Nn) | m(kg/m) | 1(kgmf/m)
WS | 0.61~1.1x10° | 2.62~4.8%10" | 2.36~4.3310" | 4.7x10" | 2.8<10" | 24000 | 2.16x10°
NS | 0.61~1.1%10° | 2.62~4.8%10" | 1.27~2.3310" | 8.1x10" | 4.1x10" | 24000 | 5.40<1C°

Table 5: Parameters of stiffness and mass of (/@05 suspension bridge

Lateral (Hz) Vertical (Hz) Torsional (Hz) Frequenikgtio
WS NS WS NS WS NS WS NS
0.02199| 0.02156 0.0595 0.05936 0.07090 QU®9 1.191 1.528
0.02322| 0.02285 0.0612 0.06115 0.07207 9288 1.176 1.460
0.02438 0.02406 0.0621 0.06204  0.07268 8633 1.168 1.395
0.02548 0.0252Q 0.0623)7 0.06219 0.07269 8408 1.165 1.351

Table 6: Fundamental natural frequencies of the@y0suspension bridge

m (x10°%kg/m) | 1, (x10'kgn?/m) fn (Hz) f, (Hz) U (M/S)
WS NS WS NS WS NS WS NS WS NS
6.01 6.79 5.28 2.37 0.059%55 0.05936 0.07p@009073| 82.9 74.7
6.27 7.43 5.36 3.22 0.06126 0.06115 0.07R0708928| 88.8 77.4
6.73 8.33 5.92 3.29 0.06219 0.06204 0.0726808653| 90.9 78.9
7.66 9.52 6.77 3.62 0.06287 0.06219 0.0726208403 98.9 82.7

Table 7: Critical flutter wind speeds of the 5,008anspension bridge

With the dynamic characteristics given above and tlumerically identified flutter
derivatives, the critical wind speeds of the suspanbridges were calculated by multi-mode
flutter analysis assuming a structural dampingorati 0.5%. The results of critical wind
speeds together with the generalized mass and masggent of inertia are summarized in
Table 7. For both deck sections the critical wipded increases with decrease of the matio
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although the frequency ratio of torsion to vertidgnding slightly decreases. The most
important reason is the considerable increaseeofiimeralized properties in the aerodynamic
stability analysis. The minimum critical wind speddr the WS and NS sections are 82.9 m/s
and 74.7 m/s, respectively [8][9].

3 RAIN-WIND INDUCED VIBRATION OF STAY CABLES

Cable-stayed bridges can be traced back to the d8ttury, and many early suspension
bridges were of hybrid suspension and cable-stayetstruction, for example, Brooklyn
Bridge in 1883. One of the first modern cable-sthlyadge is a concrete-decked cable-stayed
bridge built in 1952 over the Donzere-Mondragon &an France, but it had little influence
on later development. The steel-decked bridge,n&umd Bridge in Sweden by Franz
Dischinger in 1955, is therefore more often citedhree first modern cable-stayed bridge with
a main span of 183m. It took about 31 years forgba&n length of cable-stayed bridges to
increase to 465m in Anacis Bridge in Canada in 1986 in the last decade of the past
century, the span length grew very fast, for exanpkOm of Skamsund Bridge in 1991,
602m of Yangpu Bridge in 1993, 856m of NormandydBd in 1995 and 890m of Tatara
Bridge in 1999. Another big jump with about two kiued meters in span length will be
realized in Jiangsu Sutong Bridge with the 1088ngtle of main span in this year.

Table 8 lists ten longest-span cable-stayed bridgeshe world, in which China has
contributed eight, and Japan and France have masleantribution each [10]. Except for the
Fujian Qingzhou Bridge which experienced aerodywamstability because of its bluff
composite deck, almost all other cable-stayed badgsted in Table 8 suffered stay cable
vibration induced by wind and rain condition, andbpted one or two vibration control
measures, including dimples or spiral wires on eahirface, and mechanical dampers at the
low ends of cables.

Span Main Girder | Wind-Induced Control

Order Bridge Name Span Type Problem Measure Country

Jiangsu Sutong 1088m Box Stay cable Dimples &h
Tatara 890m Box Stay cables| Dimples| Jap
Normandy 856m Box Stay cables| Spiral-wires France
3rd Jiangsu Nanjing 648m Box Stay cable Dimples China
2nd Jiangsu Nanjing 628n Box Stay cable Spimdsv| China
Zhejiang Jintang 620m Box Stay cables Spiral-svife China
Hubei Baishazhou 618m Box Stay cable Dimples n&hi
Fujian Qingzhou 605m | Mgirder Flutter Guide vane China
Shanghai Yangpu 602m | Mgirder | Stay cables Damper Ching
Shanghai Xupu 590m Box None Damper Chir

O©oOoO~NOOTh, WNBE

=
o

Table 8: Ten longest span cable-stayed bridgdseinvbrld

3.1 Dynamic and Aerodynamic Characteristics

The cable-stayed bridge has become the most poyyplarof long-span bridges in China
for the past two decades. In 1993, Shanghai YaBgjgge with the main span of 602 m once
became the longest span cable-stayed bridge iwdhiel. Although this record was quickly
surpassed by Normandy Bridge in 1995 and TatardgBrin 1999, China already has 38 long
span cable-stayed bridges with main span over 4@@iading the 1088m Jiangsu Sutong
Bridge, and is currently constructing two recoreédking span length cable-stayed bridges,
the 1018m Hong Kong Stonecutters Bridge and then9d6bei Edong Bridge [9].

There are two great moments in history that the $gagth of cable-stayed bridges increased
with a big jump, 254m from the 602m Yangpu Bridgelte 856m Normandy Bridge in 1995,




Yao-Jun Ge and Hai-Fan Xiang

and 198m from the 890m Tatara Bridge to 1088m Su#rndge in 2008. Is it possible to
make further significant increase of span lengthailfle-stayed bridges? Apart from structural
materials and construction technology, among thestmmportant concerns should be
dynamic and aerodynamic characteristics.

In order to study dynamic characteristics of a eathyed bridge, the finite-element
idealization of a cable-stayed bridge is basicalbrried out with beam elements for
longitudinal girders, transverse beams and pyl@mehts, and cable elements considering
geometric stiffness for stay cables, and geomdinensions and material properties for these
elements should be correctly provided. Having peréal a dynamic finite-element analysis,
the first several natural frequencies of a caldgredd bridge can be found, and the most
important figures are those related to the fundaaiesibration frequencies, including lateral
bending, vertical bending and torsion modes. Timeldental frequencies of lateral bending,
vertical bending and torsion modes of five cabbesstl bridges with a main span over 800m,
including Sutong, Stonecutters, Tatara, Normandy/ Brlong, are collected and compared in
Table 9 [9]. Among these five bridges, Tatara Beidg an exceptional case always with the
smallest values of the fundamental frequenciesusecaf the least depth and width of the box
girder, but with the largest ratio of the torsiofr@éiquency to the vertical frequency. With the
unique twin box girder, Stonecutters Bridge hasrtéxt smallest fundamental frequencies of
lateral and vertical bending modes, but almostsdrae torsional frequency as Tatara Bridge
and Normandy Bridge. As the longest cable-stayedigbr Sutong Bridge even has higher
torsional frequency than those of the other foudd®s. It should be concluded that there is
not any clear tendency that fundamental frequerdeesease with the increase of span length
of cable-stayed bridges.

Bridge Name

Main
Span
(m)

Lateral
Frequency
(Hz)

Vertical
Frequency
(Hz)

Torsional
Frequency
(Hz)

Frequency
Ratio
(Tor./Ver.)

Flutter
Speed
(m/s)

Required
Speed
(m/s)

Jiangsu Sutong
Stonecutters
Hubei Edong

Tatara
Normandy

1088
1018
926
890
856

0.104

0.090
0.153
0.078
0.151

0.196

0.184
0.235
0.139

0.222

0.56%

0.504
0.548
0.497

D

0.500

2.8

2.74
2.33
3.58

2.25

88.
14(
81.0
80.0
78.0

I

6 71
79]
58.
61.4
58.3

Table 9: Fundamental natural frequencies and atitiatter speeds of five cable-stayed bridges @@fm

The most important aerodynamic characteristicutdt instability, which can be evaluated
by simply comparing critical flutter speed with veégd wind speed. Critical flutter speed of a
bridge can be determined through direct experinhentthod with sectional model or full
aeroelastic model as well as computational methdtl experimentally identified flutter
derivatives, and required wind speed is based srt lolesign wind speed multiplied by some
modification factors, for example, considering debkight, gust speed, longitudinal
correlation of wind speed, safety factor of fluttand so on. Both the critical flutter speeds
and the required wind speeds of these five bridgeshown in Table 9. It is very surprising
to see that both critical flutter speeds and reguiwind speeds steadily increase with the
increase of main span. Although the reason for threl of tendency is still under
investigation, these long-span cable-stayed bridgés spatial cable planes and steel box
girders do not have any problem in aerodynamicahbibty, and the fact that critical flutter
speed is not so sensitive to main span may supgartake another jump in span length of
cable-stayed bridges in the near future.
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3.2 Rainand Wind Induced Vibration of Stay Cables

The most popular wind-resistance problem suffenedthese long-span cable-stayed
bridges listed in Table 8 is long stay cable aenadtyics under windy and/or rainy weather
conditions. Various wind tunnel tests of prototgadle sections were carried out in dry-wind
and rain-wind situations, as for example in SutBnidge with the outer diameters of 139mm
(the most popular cables) and 158mm (the longddésa As a result, cable vibration is much
more severe under the rain-wind condition than utlde dry-wind condition for both cable
sections shown in Fig. 8, and the maximum amplgudé these two cables exceed the
allowable value of length/1700 [11]. It should bentioned, however, that the amplitude of
rain-wind cable vibration lies on several main éast and one of the most important factors is
spatial cable state, usually described by incliardle of a cableg, and yaw angle of wind
flow, B. Fig. 9 gives the comparison results, from whiod tnost unfavorable spatial state of
a ¢l39 cable is under the inclined angleaf 3C¢° and the yaw angle ¢f = 35, and the
wind speed is about 7m/s to 11m/s [12].
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Figure 8: Cable vibration under dry-wind and raimavconditions
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Wind speed (m/s)
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Figure 9: Rain-wind vibration under different sph8tates

In order to reduce severe rain-wind induced cabl&ation, cable damping has been
investigated together with cable vibration frequer8ased on various on-site measurement
of cable damping, the average value of cable dagnmtio is about 0.15%. Five kinds of
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damping ratios and four types of vibration frequesdave been tested, and the main results
are presented in Fig. 10. It can be expected tatwind induced cable vibration can be
effectively controlled with doubling the averagengang ratio up to 0.30%, for which
numerous damping devices have been produced baséifferent mechanism, for example,
oil pressure, oil viscous shearing, friction, rublvéscosity, magnetic resistance, electrical
resistance, and so on [12].

—m— Damping ratio 0.12%
—e— Damping ratio 0.18%
—A— Damping ratio 0.24%
\w | —Y— Damping ratio 0.32%

\0 Damping ratio 0.44%
n

Amplitude( cm)
Amplitude (cm)

N
e S

T
8 9 10 11 12 13 14

Wind speed( m/s) Wind speed (m/s)
(a) Damping ratio influence (b) Vibration frequeriofluence

Figure 10: Cable vibration with different dampiregios and frequencies

Another way to ease rain-wind vibration is to prveable surface from forming rivulets,
which are known as the main effect to generateecaitlration. Two kinds of aerodynamic
countermeasures including spiral wires and dimplgainst rivulets on cable surface were
tested and were proven to be sufficient to redubeatton amplitude to comply with the
requirement as shown in Fig. 11. The cable crass &re also effective to reduce cable
vibration not only rain-wind induced but also otiwésration, but have been adopted in very
few cable-stayed bridges including, for exampleymendy Bridge, one of the ten longest
cable-stayed bridges, because of complicated ctionegith stay cables [12].
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Figure 11: Aerodynamic countermeasures of rain-vimodiced cable vibration
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4 VORTEX-SHEDDING VIBRATION IN ARCH BRIDGES

Arch bridge is an ancient bridge type originateonfrstone arches, which were firstly
invented around 2500 BC in the Indus Valley Cidtibn known by the ancient Greeks, but
developed most fully for bridges by the ancient Ros) some of whose structures still
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survive. China has an ancient history of arch l&idgnstruction for about 2,000 years, and
the oldest existing bridge is the Zhaozhou Bridges@5 AD, which is the world's first
wholly-stone open-spandrel segmental arch bridgendre modern times, stone and brick
arches continued to be built by many civil engisebut different materials, such as cast iron,
steel and concrete have been increasingly utilinethe construction of arch bridges. The
longest arch bridge of the 19th century is Ming&teduct Bridge with the 170m main span
in Germany, which kept the world record until thEOB Hell Gate Bridge built in USA in
1916. In the 1930’s, two famous long-span archdasdwere completed, namely the 504m
Bayonne Bridge of USA and the 503m Sydney Harbaddgr of Australia, which had
become the longest arches for about 45 yeartheilemergence of 518m New River Gorge of
USA in 1977. In this new century, China has budveral remarkable arch bridges with
record-breaking span length, for example, the 4&dchuan Wanxian Bridge as the longest
concrete arch, the 460m Sichuan Wushan Bridge exgotigest arch bridge with concrete-
filled steel tube arch ribs, the 550m Shanghai LBpidge as the longest steel arch, and the
552m Chongging Caotianmen Bridge as the new respad length arch to be completed this
year. Ten longest-span arch bridges in the wordshown in Table 10 [13], and only one of
them, namely Shanghai Lupu Bridge, suffered wirttliced vibration problem, vortex-
shedding oscillation due to bluff cross sectionarch ribs.

Span Bridae Name Main Girder | Wind-Induced Control Countr Year
Order 9 Span Type Problem Measure Y1 Built

Ch.Q. Caotianmen 552m Trus None None Chipa 2(
Shanghai Lupu 550m Box Vortex Cover plate China 002
New River Gorge 518m Truss None None USA 19
Bayonne 504m Truss None None USA 193
Sydney Harbor 503m Truss None None Australia 19
Sichuan Wushan 460n Tube None None China 2¢
G.D. Xinguang 428m Truss None None China 20
Sichuan Wanxian 420m Box None None China 20
Chonggin Caiyuanba 420m Box None None China 20
4th Hunan Xiantan 400m Tube None None Chima 20

1
2
3
4
5
6
7
8
9
10

Table 10: Ten longest span arch bridges in thedwvorl

4.1 Vortex Shedding Vibration of Arch Ribs

Shanghai Lupu Bridge over Huangpu River is a Haibaigh arch bridge with two side
spans of 100m and the central span of 550m, thgekirspan of arch bridges in the world.
The orthotropic steel girder provides six-lane iegeways in the center of the deck and two
sightseeing pedestrian ways on both sides, whiehsapported by arch ribs with several
hangers and columns. There are eight horizontattpasioning strands in both sides of the
girder between the end cross beams to balanceet Idad thrusts in the central span arch
ribs. The entire steel arch-beam hybrid structareomposed of arch ribs, orthotropic girder,
spatial hangers and columns, bracings between th& and horizontal post-tensioning
strands as shown in Fig. 11 [14].

The two inclined arch ribs are 100m high from thlodtdim to the crown, and each has the
cross section of a modified rectangular steel bak &m width and depth of 6m at the crown
and 9m at the rib bases as shown in Fig. 12, aigioation for which vortex-induced

vibration could occur in vertical and lateral berglimodes of arch ribs in the completed
bridge structure and during construction, for exemthe maximum rib cantilever and the
completed arch ribs. Careful investigation in agr@inic aspects on wind induced oscillation
of Lupu Bridge has been conducted based on tharteaft the wind environment around the
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bridge site in Shanghai in order to ensure aeraaymatability and safety of the arch ribs and
the whole bridge during construction and after clatign. It was found from the
investigation that the most unfavorable aerodynaaffect is severe vortex-induced vibration
(VIV) of arch ribs after completion and during ctmstion. In order to avoid severe VIV,
some aerodynamic preventive measures have beestigated, and certain measures should
be adopted in this bridge [15].
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Figure 12: Rib cross section (Unit: mm) igufe 13: Preventive measures of arch rib agaihgt V

4.2 Numerical Smulation of Preventive Means

Although bridge aerodynamics is traditionally intigated through physical testing
methods or analytical approaches based on expdaihendentified parameters, the
application of numerical simulation becomes morel amore accessible to aerodynamic
design of bridge member geometry and checking nfctiral performance. Numerical
simulation based on computational fluid dynamicB{ provides alternative possibilities for
physical experimentation, for example, wind turtesting, which often proves expensive and
time-consuming.

The random vortex method code RVM-FLUID [16] deyadd in Tongji University in 2002
was used to analyze the two-dimensional model obuple of rib cross sections with the
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average depth of 7.5m. It was found that severe Md@gpens with the amplitude of 0.028H
(rib depth) at the Strouhal number (reduced freque® = 0.156. In order to improve
resistance to VIV of the bluff cross section of thies, several aerodynamic preventive
measures as shown in Fig. 13 were numericallydested the calculation results including
Strouhal numbers and relative amplitudes are listélchble 11. There are only four effective
schemes of preventive measures, including CS-26,05S-7 and CS-8, which can reduce
amplitude of VIV to some extent. Among these fothieanes, the best solution is the scheme
of the full cover plate (CS-8), which can reduce #mplitude to only about 40% of that in the
original configuration [17].

Case Rib Configuration Strouhdl  ZyadH Reduced
Cs-1 Original structure 0.156 0.028
CS-2 2m middle plates 0.220 0.025 11%
CS-3 2m bottom plates (H) 0.137 0.034
CS-4 2m bottom plates (V) 0.137 0.032
CS-5 4m top stabilizer 0.137 0.032
CS-6 4m bottom stabilizer 0.156 0.017
CS-7 4m corner deflectors 0.175 0.023
CS-8 Full cover plate 0.156 0.011

"Zmex IS the maximum VIV amplitude, artd is the rib depth.

Table 11: Strouhal number and relative amplitudes

4.3 Wind Tunnel Testing Confirmation

The aeroelastic model for confirming effectivene$sshe full cover plate was designed
with a linear scale of 1:100 of the prototype sue with the entire model simulated in
sufficient detail including anti-collision walls dnother deck details. Apart from Reynolds
number, the similarities of the other dimensionigsantities were carefully adjusted. The full
aeroelastic model of Lupu Bridge was designed awodstcucted for the structure
configurations corresponding to three construcsitages, the maximum rib cantilever (MRC),
the completed arch rib (CAR), and the completedd®istructure (CBS). The wind tunnel
experiments of VIV with aeroelastic models wereriear out in the TJ-3 Boundary Layer
Wind Tunnel as shown in Fig. 14 [17].

Figure 14: Aerodynamic model of Shanghai Lupu Beidg
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Several wind tunnel testing cases were conductedhiee bridge configurations with or
without preventive measures under different angleattack and different yaw angles. The
measured data include the displacements of archanild stiffening girder at the mid-span
(L/2) and the quarter span (L/4) of the centre saudl the displacements at the top of one
temporary tower. Due to the bluff feature of theharib sections, significant VIV oscillation
was observed in vertical and lateral bending matiggg testing. Two types of aerodynamic
preventive measures were experimentally investijateluding the full cover plate between
two arch ribs (scheme A) and the partial covereplaith 30% air vent (scheme B). The main
experimental results including the maximum disphaepts of vertical and lateral VIV of the
arch ribs at the mid spah/) and the quarter spah/4) are listed in Table 12. It can be
concluded that scheme A or B effectively make®ggible to reduce VIV amplitudes [15].

Erection | Attack | Control | Speed| Frequency (Hz) L/2 Amplitude (m)]  L/4 Amplitude (m
Stage Angle | Measures| (m/s) | Vertical | Lateral | Vertical | Lateral | Vertical | Lateral

16.3 0.393 0.408 0.813 0.308 0.21
Maximum 26.3 | 0.393 0.408 0.656 0.277 0.17
Rib Scheme | 17.5 | 0.393 0.408 0.590 0.237 0.16
Cantilever A 25.0 | 0.393 0.408 0.333 0.144 0.10
(MRC) Scheme | 16.3 | 0.393 0.408 0.249 0.115 0.06
B 42.5 0.883 | 0.408 0.374 0.199 0.26

Original

Completed Original 31.3 0.679 0.441 0.115 0.631
Arch Ribs Type A 33.8 0.679 0.441 0.066 0.074 0.35
(CAR) Type B 31.3 0.679 0.441 0.047 0.05 0.35

O[T N OO OO0 O

175 | 0.368 0.040 0.164
Completed 35.0 | 0.368 0.135 0.588

Bridge Type | 175 | 0.368 0.067 0.070
Structure A 325 | 0.368 0.047 0.239

Original

(CBS) Type 175 0.368 0.067 0.023
B 32.5 0.368 0.037 0.203

Table 12: Maximum VIV amplitudes of arch ribs armresponding wind speeds

5 CONCLUSIONSAND PROSPECTS

With the experience gained from the recently bsilspension bridges, such as Akashi
Kaikyo, Zhejiang Xihoumen, Great Belt, Jiangsu Ramy and Hong Kong Tsing Ma, the
intrinsic limit of span length due to aerodynamiabslity is about 1,500m for a traditional
suspension bridge with either a streamlined box @& ventilative truss girder. Beyond or
even approaching this limit, designers should lepg@red to improve aerodynamic stability of
a bridge by modifying cable system or adopting sa@mentermeasures for girder, including
vertical and/or horizontal stabilizer and slotteeckl as well as passive and active control
devices. Based on a preliminary study, either aelyidlotted deck or a narrowly slotted deck
with vertical and horizontal stabilizers could pide a 5,000m span-length suspension bridge
with high enough critical wind speed, which can maerodynamic requirement in most
typhoon-prone areas in the world.

The practice of the latest record-breaking caldgest bridges, Jiangsu Sutong, Hong Kong
Stonecutters, Hubei Edong, Tatara and Normandyegilmhe facts that long-span cable-
stayed bridges with spatial cable planes and bi@elgirder have high enough critical flutter
speed and main aerodynamic concern in rain-windded vibration of long stay cables. It
seems that there is still room to enlarge main sfacable-stayed bridges in the aspect of
aerodynamic stability. With the development of efifee solution for cable vibration
mitigation, further increase or jump of span lenggin be expected in the near future.
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The span length of arch bridges has not grown stsaasuspension bridges and cable-stayed
bridges, and structural stiffness has also notaediso much as the other two types of bridges.
Based on the evidence that only one out of tendsiagpan arch bridges suffered in vortex-
induced problem, the enlargement of span lengtrdi bridges should not be influenced by
aerodynamic requirement, but possibly by othereetsp for example, static instability,
horizontal thrust, construction technology, anaso
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