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The People’ s Republic of China
Ministry of Transport

Public Notice

No.79

Public Notice on Issuing of the Specifications for resistant

Design of Highway Bridges.

The Specifications for Wind-Resistant Design of Highw s (JTG/T 3360-01—2018) is

hereby issued as one of the industry standards f ’j/ghway gineering to become effective on

March 1, 2019. The former edition of the S @sns (JLG/T D60-01—2004) and its
English version shall be superseded from

The general administration and n @Etatlo Specifications for Wind-Resistant
Design of Highway Bridges (] '@)-Ol— 01 ng to the Ministry of Transport,
or 1cat1

while particular 1nterpretat1}y{ \}me administration of the Specifications

shall be provided by Tong ity. \\
& 1nqu11‘les%

Comments, suggesti welcome and should be addressed to Tongji

University % 313, Department of Brldge Engineering, Tongji University, No. 1239

Siping Road, ai 200092 , China).

It is hereby announced.

The Ministry of Transport of the People’ s Republic of China
November 19, 2018

General Office of Ministry of Transport Printed on November 20, 2018




Introduction to English Version

Standards reflect the achievement of civilization, provide”common languages for
technical communications and improve global connectivity. XIn recent years, the
Chinese government has been proactively implementing stanidardization to stimulate
innovation, coordination, greenness and opening up for shared development in China
and worldwide. To align with the Belt One Road Initiative’for mutual development, the
Ministry of Transport of the People’ s Repulili¢ 0F*China organized the compilation and
publication of international version of Chinese\ahsportation industry standards and
specifications to meet the incredsing “démands Jfor international cooperation in
transportation, enhance global /Conneetivity, promoteSknowledge dissemination and

sharing of experience.

JTG is the designation yefering to, the/ standards and specifications of highway
transportation indtispry”, i¥sted by thé Ministry of Transport of the People’s Republic of
China. This systeml emcompasses thé, entisé lifecycle of highway engineering projects,
from plarhing artg-e6nstruction ‘to“maintenance and operation management. It includes
standards/ fer 2 the facilittes, |technologies, management, and services required
throughoutese processes, as well as standards related to safety, environmental

protéction, and economic evaluation.

In the highway standard system, it includes a number of standards for design,
construction and maintenance of bridges, which have effectively supported the
rapid development of highway bridges in China. The current bridge design
specifications include ; General Specifications for Design of Highway Bridges and
Culverts, Specifications for Design of Highway Reinforced Concrete and Prestressed
Concrete Bridges and Culverts, Code for Design of Highway Masonry Bridges and
Culverts , Specifications for Design of Highway Cable-stayed Bridge, Specifications
for Design of Highway Suspension Bridge, Specifications for Design of Highway
Concrete-filled Steel Tubular Arch Bridges, Specifications for Design of Highway
Precast Concrete Bridges, Specifications for Wind-Resistant Design of Highway
Bridges, Specifications for Collision Design of Highway Bridges, Specifications for
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Landscape Design of Highway Bridges, etc. Among them, the Specifications for
Wind-Resistant Design of Highway Bridges is the sole recommended standard for
wind-resistant design in the highway engineering industry. It plays a critical role
in ensuring the structural safety and durability of highway bridges and has been

widely adopted in the transportation construction sector of China.
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, China developed and published its firstGuideline for Wind-Resistant
Design of Highway Bridges. Building upon this foundation, the Wind-resistent

Design Specification for Highway Bridges ( JTG/T D60-01—2004 ) ( hereinafter
referred to as the “ Specification 20047 ) was formulated and promulgated for
implementation in 2004. Subsequently, the Specification 2004 underwent a
comprehensive revision, resulting in the Chinese version of the Specifications for
Wind-Resistant Design of Highway Bridges ( JTG/T 3360-01—2018 ) compiled
herein. This updated version was issued in November 2018 and became effective

on March 1, 2019.

The Specifications for Wind-Resistant Design of Highway Bridges ( JTG/T 3360-
01—2018) establishes the design principles of safety and reliability, advanced



technology, and economic rationality. It incorporates a performance-based design
philosophy and employs a limit state design methodology featuring partial factors.
The Specifications refines the wind load calculation system and wind-resistant limit
state design methodology. This ensures bridges meet requirements for wind
stability, traffic safety and ride comfort, as well as structural durability throughout
their design life. The Specifications provides a standardized wind-resistant design
framework for all categories of highway bridge projects, advancing the refined

wind-resistant design for long-span bridges.

The release of the English version of the Specific aims to share the

engineering experience and technical achievements {roy

references for other countries to build highway ‘m ang

construction conditions.

Ghina and provide

1 culverts with similar

-

The editing of the English version x’mf?as/con cted by Fuzhou University under the

authorization of the Ministry of T s«[%}f ‘he People’ s Republic of China and
approved by the Highway De r‘r&'\
Republic of China. 7;;

v
The contents and ny@%@f th(Vha e ctions, clauses and sub-clauses in
the English version ateeonsistertt with, those in the Chinese version. In the event
RN (i S
of any ambigu Wlscrep cy he
N .

version e ication ,}sg hinese version shall prevail.

e Mi { Transport of the People’ s

_—

en the English version and the Chinese

- -
/G‘!QUMenhere to %s. Chen Airong and Ma Rujin, the editors of the

ersion, for the valuable guidance and comments during the review of the

English version.

Feedbacks are welcome and will be taken into account in future editions. Please
address them to the editing organization for the English version in writing
(Address: No. 2, Wulongjiang North Avenue, Fuzhou University Town, Fuzhou,
Fujian, China, Postal Code: 350108, E-mail: zhchen@ fzu. edu. cn).

Chief editing organization for English version:

Fuzhou University

Chief editor for English version:
Chen Zhaohui



Associate editors for English version :
Chen Baochun, Ahad Javanmardi

Review editor for English version:
Khaled Sennah

Associate review editors for English version:
Zhang Huiyu,Guo Yanlin, Dong Yanfeng, Huang Liji, Zhao Ji,
Krishna Shrestha
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Foreword to Chinese Version

The revision of the Wind-resistent Design Specification for Highway Bridges (JTG/T
D60-01—2004 , hereinafter referred to as the “Specificatio»2004” ) , pursuant to
the Notice on Planning of Compilation and Revisiod \Programs of Highway
Engineering Industry Standards and Specificatiohs dn 2013 ( Transport Highway
Document [ 2013 ] No. 169 ) issued by the General” Office of the Ministry of
Transport of the People’s Republic of China; Avas: carried out by the chief editing

organization for Chinese version, Tongji Uniyersity.

The Specifications constitutes & éomprehénsivetéyision of the Specifications 2004.
Upon approval, it is issuédVand~“implemented\as\the Specifications for Wind-
Resistant Design of Highgtay Bridges (JPG/18360-01—2018).

This revision of th& Spécifications systématically summarizes the experience gained
from highway <bridee’ constrtetion™inh “China since the implementation of the
Specifications, 2004. Buildings ‘en” the comprehensive integration of recent
advanceniéntssin bridge wind [resistance research and design practices in China,
dédicated!supporting research projects were conducted to address specific technical
chaletiges. The revision also refers to international standards, research findings
and/ practices, including Eurocodes, British Standard BS 5400, American highway
bridge design specifications, and specifications or guidelines of Japan and
Denmark. After multiple rounds of consultations and revisions, the final draft was
reviewed and approved by the competent authorities of the Ministry of Transport

and relevant departments.

The main contents of this revision include; adding provisions on basic
requirements, wind-induced traffic safety, virtual wind tunnel testing, and wind
observation at bridge sites; revising the basic wind speed map and wind speed
value tables of China; adjusting provisions for determining wind speed parameters;

supplementing provisions on design turbulence intensity ; modifying and expanding
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provisions for determining wind loads; supplementing estimation of fundamental
frequencies for dynamic characteristics of stay cables and hangers and revising the
content on determining damping ratios; revising provisions on wind-resistant
ultimate limit state and serviceability limit state designs; and supplementing

provisions on vibration damping device design.

The Specifications was drafted by Chen Airong for Chapters 1, 2, and 3; by Chen
Airong and Ma Rujin jointly for Chapters 4, 9, and Appendix A; by Ma Rujin for
Chapters 5 and 6; by Chen Airong and Wang Dalei jointly, for Chapters 7 and 8 ;
by Wang Dalei and Ma Rujin jointly for Chapter 10; by Wang Dalei for Chapter
11; by Wang Dalei and Liu Gao jointly for Appendix B4 \by Wang Dalei and Ai
Huilin jointly for Appendix C; and by Ai Huilin, Tiu Gao and Liu Tiancheng
jointly for Appendix D.

Feedback is welcome and will be taken into\aécount in future editions. Please
address them to the chief editing”efgarization for the Chinese version ( Chen
Airong, Address; Room 313, Deépartmentof” Bridge Engineering, Tongji
University, No. 1239, Sipmg/Read, Shanghai\200092, China; Tel. No. : 021-
65981871, Fax No. ; 92465984211 ; Ewall 5y a. chen@ tongji. edu. cn).

Chief editing organization for, ‘€hinese version:

Tongji Universiy

Associatecediting organizations for Chinese version:
CCdC Highway Consultants Co. , Ltd.
SHanghai Norma Civil Technology Co. Ltd.
CCCC Highway Bridges National Engineering Research Center Co. , Ltd.

Chief editor for Chinese version:

Chen Airong

Associate editors for Chinese version:
Ma Rujin Wang Dalei Liu Gao Ai Huilin Liu Tiancheng

Chief review editor for Chinese version:
Ji Lin



Other review editors for Chinese version:

Chen Zhengqing Liao Haili Li Long’ an
Peng Yuancheng Han Dazhang  Ma Biao
Mao Zhaoxiang Xu Fuyou Liu Zhiwen
Li Jiawu Wang Sishun ~ Wu Huaiyi
Participating personnel ;
Li Qiheng Cui Chuanjie
N

Yuan Hong
Zhou Liang
Ma Renle
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1 General Provisions

1.0.1 The Specifications is developed for regulating and guiding -the wind-resistant design of
highway bridges in accordance with the principles of safety»and relidbility, advanced technology,

and economic rationality.

Commentary

In recent years, the construction of\bridges‘in China and @ther 'countries has developed rapidly,
which has benefited from the advaneing theory and”technolo@y of wind-resistant design for various
types of bridges. Recent expefiefice dnd reseairch,'otiteomes on wind-resistant design for bridges in
the world were incorporated ifi thi§ s€vision,\in which the performance-based design philosophy and

the limit state design/methodology expressed with partial factors are adopted.

1.0.2 The Spéeificatipns is applicable for the wind-resistant design of highway bridges except for
beam bridges withlamain span longer than 350 m, arch bridges with a main span longer than 600 m,
cable-stayed bridges with a main span longer than 1200 m and suspension bridges with a main span

longer than 2000 m.

1.0.3 Within the design life, the wind-resistant performance of bridge structures and members

shall conform to the following requirements;

1 Under the design wind actions or their combinations with other actions, the specified

requirements for strength, stiffness, and static stability shall be met.

2 Under the design wind actions, the specified requirements for aerostatic stability and
aerodynamic stability shall be met.



3 Under the design wind actions or their combinations with other actions, the specified
requirements for durability, fatigue, safety, and comfort for moving vehicles and

pedestrians shall be met.

1.0.4 Proper structural system of bridges and aerodynamic shapes of members shall be selected in
accordance with the wind environment at the bridge site, bridge type, span and other factors.
Whenever necessary, aerodynamic countermeasures or additional damping measures shall be

provided to improve the wind resistance of the bridge structures.

1.0.5 In addition to the requirements in the Specifications, the wind-resistant design of highway
bridges shall also comply with the provisions in the current rele tional and industrial

standards.



2 Terms and Symbols

2.1 Terms

2.1.1 Basic wind speed
The annual maximum mean wind speed averaged over,10 minutes with a return period of 100 years
(having a probability of exceedance of 63.2% in 100 years) at a height of 10 m above the ground

surface in flat open country terrain.

2.1.2 Basic wind speed at bridge site

The annual maximum mean wind speed*avesaged over 40 Timaites with a return period of 100 years
(having a probability of excegdance of\03. 2% Sin| 100, years) at a height of 10 m above the ground
or water surface of the bridge/site

2.1.3 Referencewind Specd
The annual maximum medn wind speed averaged over 10 minutes with a return period of 100 years
(having a probability6f exceedance of 63.2% in 100 years) at the reference height of a bridge or

a member.

2.1.4 Bridge reference wind speed

Reference wind speed at the reference height of the bridge girders.

2.1.5 Wind attack angle

The angle between the main flow direction of the wind and the horizontal plane.

2.1.6 Wind yaw angle
The angle between the horizontal projection of the main flow direction of the wind and the vertical

plane normal to the bridge axis, as illustrated in Figure 2. 1. 6.
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Figure 2.1. 6 Definition schematic for wind yaw angle

2.1.7 Gust factor
The ratio of the instantaneous wind speed with an averaging time of 1"~ 3% tosthe mean wind speed

with an averaging time of 10 minutes, as shown in Figure 2. 1. 7%

Wind speed

10-minute mean
wind speed

10min

Figure 2, 17y Definition(schematic for gust factor

2.1.8 Turbulence intensity
A parameter to represetit théfemporal and\spatial variation of fluctuating wind speed, which is the

ratio of the standasd deyiation of the turbulent component of wind speed to the mean wind speed.

2.1.9 Wind action W1

The wind action corresponding to a 10-year return period ( having a probability of exceedance of
65.1% in 10 years).

2.1.10 Wind action W2
The wind action corresponding to a 100-year return period (having a probability of exceedance of
63.2% in 100 years).

2.1.11 Equivalent static gust wind factor
A scale factor for wind speed under along-wind loading considering turbulence intensity, spatial
correlation of fluctuation, loaded length (or height), and height of structural members above the

ground or water surface.

7



2.1.12 Terrain roughness height
A parameter representing the roughness of the ground surface or the height and density of objects on

the ground within the atmospheric boundary layer.

2.1.13 Aerodynamic force

A generic term for all aerodynamic wind-induced forces on structures and members.

2.1.14 Aerodynamic force coefficient
A dimensionless parameter to represent the aerodynamic force on structures and members subjected

to wind actions.

2.1.15 Aerotatic force

The static force induced by the mean wind on structures and members. For main girders under the
transverse wind load, it can be resolved into three static foree componénts. These are lateral force,
vertical force, and torsional moment with respect to body/axes® and drag force, lift force, and
torsional moment with respect to wind axes. Correspondinglyn/their aerodynamic force coefficients
are referred to as lateral force coefficient, vertical force coefficient, and torsional moment
coefficient with respect to body axes; and drag coefficient, liftycoefficient, and torsional moment

coefficient with respect to wind axes.

2.1.16 Static stability

The ability of structures or members fo\maintain, eqdilibrium under static loads.

2.1.17 Aerostatic stability

The ability of bridges\{o\maintain equilibrium under aerostatic forces without the occurrence of
aerostatic instability. The” aerostatic instability is a phenomenon of instability or divergence with
augmenting .mptiohs cdused by the force increment when additional aerodynamic forces produced by
the deformation of the structures under aerostatic forces exceed the structural resistance. It includes

aerostatic lateral buckling and aerostatic torsional divergence.

2.1.18 Aerostatic lateral buckling
An instability phenomenon that occurs when the lateral static wind load exceeds the critical lateral
buckling load of bridge girders.

2.1.19 Aerostatic torsional divergence

A phenomenon of divergence with augmenting angle of rotation that occurs when the incremental
aerodynamic moment generated by the additional wind attack angle, which results from torsional
deformation of bridge girders, exceeds the incremental structural resistance moment under the action

of static torsional moment.

&



2.1.20 Aerodynamic instability

An instability phenomenon of divergent self-excited vibration with gradually or suddenly increasing
amplitude that occurs when bridges or members in motion continually absorb energy through the
feedback mechanism of air flow. Flutter and galloping are two main types of aerodynamic

instability.

2.1.21 Flutter
An instability phenomenon of divergent self-excited vibration with gradually or suddenly increasing
torsion deflection that occurs when bridges or members in motion continually absorb energy through

the feedback mechanism of air flow.

2.1.22 Galloping
An instability phenomenon of divergent self-excited vibration with ygradually increasing cross-wind
bending deflection that occurs when bridges or membersyin motiofi continually absorb energy

through the feedback mechanism of air flow.

2.1.23 Wake galloping
A galloping phenomenon occurring in the dgwnstréam®structureg” ommembers positioned within a
certain distance parallel to upstream ones ,/Andiiced’by the wake\flowafrom the upstream structures or

members.

2.1.24 Vortex resonance
A resonance phenomenon ifiduced/by/ vortexshedding force when the frequency of vortex shedding,
generated when wind flofs through structdiesy, s close to or equal to the natural frequency of the

structures or members.

2.1.25 Buffeting
A random vibratign of structures or members under the fluctuating wind force, the fluctuating force
from the wakes of upstream structures, or the fluctuating force induced by turbulence when wind

flows around structures.

2.1.26 Buffeting inertial load

Inertial force induced by the buffeting of structures.

2.1.27 Wind-rain-induced vibration

A galloping phenomenon occurs on stay cables or hangers under the combined action of wind and rain.

2.1.28 Parametric resonance

A phenomenon of augmenting transverse vibration of stay cables induced by small motions of bridge

5



decks or towers along the chord length of the cables.

2.1.29 Linear internal resonance
A phenomenon of augmenting transverse vibration of stay cables induced by small motions of bridge

decks or towers normal to the chord length of the cables.

2.1.30 Critical wind speed for aerostatic instability
The lowest onset wind speed for lateral buckling and torsional divergence in structures, which is
correspondingly referred to as the critical wind speed for aerostatic lateral buckling and the critical

wind speed for aerostatic torsional divergence.

2.1.31 Flutter critical wind speed

The lowest onset wind speed for the flutter of structures or membess.

2.1.32 Galloping critical wind speed

The lowest onset wind speed for galloping of structurés or niembers.

2.1.33 Onset wind speed for vortex resonance

The lowest wind speed for vortex resonance\of structures or membexs.

2.1.34 Wind tunnel
A tube-like testing equipmentused for\wadrious, derodynamic tests based on the similarity principles,
which is operated to simuldte-aitr floys around a test ‘Object with artificially generated and controlled

air flows of a certain flow, chatacteristics.

2.1.35 Virtuallwind turinel

A simulation’techniqué based on the fundamental principle of computational fluid dynamics used for
simulation, compputing and analysis of the flow around structures or members, aerodynamics, and
aeroelasticity in a wind field, which is a uniform flow or a turbulentflow field generated by

computer simulation.

2.1.36 Wind tunnel testing
An experiment to acquire wind environment parameters and structural aerodynamics and to verify
the wind resistance through investigations on air flows and their interaction with structures and

members in a wind tunnel.

2.1.37 Virtual wind tunnel testing
An experiment to acquire wind environment parameters and structural aerodynamics and to verify

the wind resistance through investigations on air flows and their interaction with structures and

7



members in a virtual wind tunnel.

2.1.38 Sectional model testing
An experiment to acquire wind-induced responses and verify the wind resistance of structures by
using rigid models fabricated or simulated from representative sections of the structures or

members.

2.1.39 Aerotatic force testing

An experiment to acquire the aerostatic forces of structures or members.

2.1.40 Sectional model vibration testing

An experiment to test the vibrational responses of structures or members using sectional models.

2.1.41 Bridge tower model testting
An experiment to test aerostatic forces or vibration respénses’of“bridge towers using bridge tower

models.

2.1.42 Full-bridge aeroelastic model testing
An experiment to acquire wind-induced responses’ and verify the€ wind resistance of structures by
using three-dimensional elastic models<fabricated or simtlated from the bridge structures according

to a certain similarity condition.

2.1.43 Bridge site topogtaphic mid envitenment testing
An experiment to acquir®, wingd-parameters, and\their distributions at the bridge site, considering
the influences of topogtaphiCseatures and ‘buildings at the site and within a certain area surrounding

the site.

2.1.44 Wind egvironment testing for traffic safety on bridge deck
An experiment to acquire the wind speed profile and the flow characteristics within the vertical
clearance for moving vehicles on the bridge deck, considering the influences of bridge towers,

abutment structures, arch ribs, trusses, and other members on the moving vehicles.

2.1.45 Wind-induced vibration control
Techniques to improve the wind resistance of structures or members, including aerodynamic

countermeasures, supplemental damping measures, and additional structure measures, etc.

2.1.46 Wind barrier
A structure installed on bridge girders to reduce the influence of lateral wind speed over the bridge

deck so that traffic safety and ride comfort on the bridge deck are improved. It generally consists of
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posts, strips, anchorages, and damping devices.

2.1.47 Solidity ratio of wind barrier
Ratio of the solid area in the front elevation of the wind barrier to the overall area in the outline of

the wind barrier.

2.2 Symbols
B——-—Characteristic width of the main girder
b Half of the characteristic width of the main girder
D——Characteristic depth of th in gird .
aracteristic depth of the main girder
D, Outer diameter of the stay cable or hanger \
H——-Height of the tower \ ;
Ff Frequency ﬂ

F,——Wind load per unit length

F,——Equivalent static gust load per unit

F,——Horizontal wind load per unit
F, Vertical wind load per unltkl
F,——Along-wind load per upi
F, Cross-wind load pe
g Acceleration of/gf

G,——Equivalent statl ctor
I; Flutter ity 1

1,,1,,I ——Design nal, tran d vertical turbulence intensity, respectively
I, — ﬁnt ertia about the n01pal centroidal axis of the cross-section
I 4 e nt torsional constant of the cross-section
[, — moment of inertia per unit length of main girder
I —Warpmg torsional constant of section

L——Main span length of bridge

[ Length of stay cable or hanger
m——DMass per unit length of structure
U,,—Basic wind speed

U, ,—Basic wind speed at the bridge site
U.,—Galloping critical wind speed
U,
U,

U,—Equivalent static gust wind speed

Reference wind speed

Flutter critical wind speed



7C

U, Design wind speed at the construction stage

U, Onset wind speed for vertical vortex resonance
U, Onset wind speed for torsional vortex resonance

U,——Wind speed at the height Z above the ground or water surface
Z—Reference height of member
)

Terrain roughness height
a——Wind attack angle

o)

Terrain roughness factor
B——Wind yaw angle
0

Logarithmic decrement

0,—Gradient height of wind profile
1n,—Shape factor

Py
n, Factor for attack angle effect
pm—Ratio of structural density to air density \ V
p Air density @ -
{,—Damping ratio of structure 7/ \‘)



3 Basic Requirements

3.1 General

3.1.1 Both the static and dynamic actions of wind shall be‘Considered in the wind-resistant design
of bridges. The design and verification for the ultimate limitstate and serviceability limit state shall

also be conducted according to different requirerients for wind-resistant performance.

Commentary

Effects of wind actions om bridgg Struictures \are, generally classified as static effect, aerostatic
effect and dynamic effect. Stati¢ effect mainly in¢ludes, deformation and internal forces generated in
structures, as well as Agtatic’ instability. <Aer@static effect is the aerostatic instability of structures
induced by the wind ,<fon €xample, aerostatiestorsional divergence and aerostatic lateral buckling.
Dynamic effect imcludes vibrations with limited amplitudes, such as buffeting and vortex resonance,
as well as aergdyhamic instability, such as flutter and galloping. Table 3-1 shows the classification

of wind effects on/bridge structures.

Table 3-1 Classification of wind effects on bridge structures

Classification of effect Action

. Internal force and deformation Static action of wind load or static action of the
Static effect

Static instability combination of wind load and other loads

Aerostatic torsional divergence Static torsional moment of wind

Aerostatic

effect . . Combined action of static resistance and torsional moment
Aerostatic lateral buckling £ wind
Ol wWIn¢
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continued

Classification of effect Action

Buffeting Random excitation of turbulent wind

Vortex-induced force when the frequency of vortex shedding
Vortex resonance .
is close to that of the structure

Dynamic Gallopi
effect atlopmg Action of negative aerodynamic damping caused by the

Torsional flutter self-excited force associated with structural vibration

Flutter Action of aerodynamic damping and stiffness caused by

Flexural-torsional flutter . ) i o
the self-excited force assofiated’With structural vibration

3.1.2 Potential wind-induced vibrations of bridges shall be assessed based on factors such as wind
environment at the bridge site, bridge type, span length; Structural system, and geometries of

structures or members.

Commentary

Table 3-2 provides simplified assessment<titeria for potential wind-induced vibrations in cable-stayed
bridges, suspension bridges, and steel girder bridges:, as specified in Wind Resistant Design Manual

Jor Highway Bridges in Japaf.

Table 3-2 Simplified>assessment criteria_for)potential wind — induced vibrations in bridges

Bridge type [Form of/main, gisder] Assessment criterion Potential wind-induced vibration
Truss L-U,/B>350 Flutter
L-U,/B>350 Flutter
) L-U,/B>330, B/D<5,1,<0.15, )
) Open section ) Galloping
Suspension Steel girder
bridge
& L-U/B>200, I,<0.20 Vortex resonance
Cable-stayed
bridge L-U,/B>520 Flutter
) L-U,/B>330, B/D<5,1,6<0.15, )
Closed section Galloping
Steel girder
L-U,/B>200, I,<0.20 Vortex resonance
Steel girder Plate girder or L-U,/B>330, B/D<5, I,<0.15 Galloping
bridge box girder L-U/B>200, I,<0.20 Vortex resonance




3.1.3 When it is determined that there is a fatigue issue with a structure or member under wind

actions, the design for fatigue resistance shall be performed.

3.1.4 [If it is determined that wind at the bridge deck level has impacts on traffic safety and ride
comfort, the corresponding wind-induced traffic safety shall be assessed and designed in accordance

with the provisions in Chapter 10 of the Specifications.

3.2 Wind-Resistant Design Objectives and Performance Requirements

3.2.1 Wind risk regions for bridges shall be classified based on the baSic'wind speed as specified
in Table 3.2. 1. The risk regions may be determined in accordance with Appendix A. 1 of the

Specifications.

Table 3.2.1 Criteria for classification of wind risk regions for bridges

Risk region Basic ‘wind speed U,,
R1 G,,=32.6 /s
R2 24.5u7s< Ug < 32.6 m/s
R3 Uy < 2475 ni/s
Commentary

Statistical analysis of datasfrom“all-761 metedrological /stations in China indicates that the mean value of
basic wind speed is«29./I)dnxs. Based en\the¢“magnitude of basic wind speed, bridge locations are
classified into thfee ‘riSk~r€gions of R1, R2 and R3, which have comparable probability levels
corresponding/to their wind speed ranges. Also, considering that meteorological wind scales have been
widely accepted, the three risk regions are aligned with the wind scales, namely, Rl corresponds to
Wind Scale 12 or ‘higher, R2 corresponds to Wind Scale 10-11, and R3 corresponds to Wind Scale 9 or

lower. Table 3-3 lists the meteorological wind scales and their corresponding wind speed ranges.

Table 3-3 Wind scales and their corresponding wind speed ranges

Sea state
. . .. Range of
Wind Wave height Conditions of coastal o .
o Conditions on land wind speed
scale (m) fishing vessels
(m/s)
Normal | Very high
0 — — Calm Calm. Smoke rises vertically. 0~0.2
| 0.1 0.1 Ordinary fishing boats wobbly Smoke drift indicates wind direction, 0.3-1.5
’ ' slightly. but wind vanes cease moving. ’ '
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continued

Sea state
) . . Range of
Wind Wave height Conditions of coastal o .
. Conditions on land wind speed
scale (m) fishing vessels
(m/s)
Normal | Very high
2 ~3km Wind can be felt on faces, leaves
2 0.2 0.3 Fishing boats sailed can move | rustle, and the wind vane can be | 1.6~3.3
with wind for 2 ~3 km/h. moved by wind.
5 ~6km : .
o Leaves and smallN\twigs are in
Fishing boats gradually felt . ) .
3 0.6 1.0 . . constant motion, wind extends light | 3.4 ~5.4
the tuckering and moved with "
ags.
wind for 5 ~6 km/h. £
Fishing boats in full sail lean Dust and le0Ose paper are raised
4 1.0 1.5 . 5.5~7.9
to one side. upy small=branches are moved.
. ) Small trees in leaf begin to sway,
Reefing on fishing boats (1,€. .
5 2.0 2.5 o crested /wayelets form on inland | 8.0 ~10.7
part of the sail is reefed).
waters.
Reefifig=on, fishing boats is Lsarge branches are in motion,
6 3.0 4.0 doubled,, | afid “bé\ aware of the/| pOwemlines whistle, and umbrellas | 10.8 ~13.8
risks assoeiateddwith fishing® are difficult to use.
Fishing boats -arémoored in Whole trees are in motion, and
7 4.0 53 the harbor ,=and those, atysea are | inconvenience is felt when walking | 13.9 ~17.1
anchored in situy against the wind.
Fishing boats near the harbor Twigs break off trees, and progress
8 515 7.5 . . 17.2 ~20.7
are stayed. is generally impeded.
. ) Chimney pots and states are
Sailing of steamboats is .
9 7.0 10.0 . removed, and slight structural | 20.8 ~24.4
difficult.
damage occurs.
. . Seldom experienced on land,
Sailing of steamboats is .
10 9.0 12.5 trees are uprooted, or buildings | 24.5 ~28.4
dangerous.
suffer damage.
Sailing of steamboats is Seldom experienced on land,
11 11.5 16.0 . . 28.5~32.6
extremely dangerous. accompanied by widespread damage.
Very rarely experienced, accompanied
12 14.0 — Waves are raging. o -y b >32.6
by devastation.
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3.2.2 The wind-resistant design of bridges shall be determined based on the wind actions W1 and
W2. The corresponding wind speeds and design objectives shall comply with the provisions in
Table 3.2.2.

Table 3.2.2 Wind actions and objectives for wind-resistant design of bridges

Wind action Design wind speed Design objectives

The specified requirements for strength, stiffness,
Design wind speed with a 10-year return | static stability and durability shall be met when the wind
lar load and other actions.

period (having a probability of exceedance | action is combined wi

wi of 65.1% in 10 years). The specified requirements fomfatigue, safety and ride
When the wind speed on main girders | comfort of m \ﬁ’ﬂyﬂllcles and pedestrians shall be met.
determined by is larger than 25 m/s, 25 m/s Vortex res t affects normal operation of
is used. brldges hall cur within the wind speed range
g,m wind action W1 or below.
q

G
7’

ity shall be met.

stati
Design wind speed ar retur! . . . .
—=  The specified requirements for aerostatic stability and
w2 period ( having a/prebabil excee . .

ynamic stability shall be met.

of 63.2% 1.:510

cified requirements for strength, stiffness and

Vortex resonance shall not occur within the wind speed

“Q\S /| ranges corresponding to wind actions W1 and W2.
N

-

-~

7]

Commentary

The wind speeds corresponding to the wind actions W1 and W2 are those with return periods of 10
years (i.e., a probability of exceedance of 65. 1% in 10 years) and 100 years (i.e. , a probability
of exceedance of 63.2% in 100 years) , respectively. The relationship between the probability of
exceedance, P,, within the design reference period and the return period, #,, can be expressed
using Eq. (3-1) .

P,(1<1,) =1 =(1-p)* (3-1)
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where :

P.(t<t)) probability of exceedance within the design reference period;
t, design reference period (year) ;
p annual probability of exceedance, which is generally taken as 1/%,.

The wind action W1 reflects the concept of frequent loads. A 10-year return period (i.e. , a probability
of exceedance of 65.1% in 10 years) is taken as the basis for determining the wind speed under the
wind action W1 in the Specifications. Additionally, a wind speed of 25 m/s at the girder elevation

is specified as the wind speed limit under the combination of wind and vehicular loads.

3.2.3 The design parameters for wind-resistant performance of bridges/Shall be determined in

accordance with Table 3. 2. 3.

Table 3.2.3 Design parameters for wind-resistant performance of bridges

Wind action Action effect Design parameters Design situation
Internal force,\stresss static stability, etc. Ultimate limit state
Wind effect
Deflection, crack widthy, etC! Serviceability limit state
W1
Vibration ‘amplitude ,/aceeleration, onset . o
Vortex resonance \ . Serviceability limit state
Wwinddspeed, ¢quivalent stfess range
Wind effect Internal ferce, Stress;”static stability, etc.
Aerostaticstability Critical wind speed
w2 Vortex resonance Onset wind speed Ultimate limit state
Flutter Critical wind speed
Galloping Critical wind speed

3.3 Combination of Wind Loads and Other Actions

3.3.1 The combination of wind loads and other actions shall comply with the provisions in the
current General Specifications for Design of Highway Bridges and Culverts (JTG D60) and shall
adhere to the following principles:

1  When the wind load is combined with the vehicular load and relevant actions, the wind

76



load shall be determined by the wind action W1.

2 When a relevant limit state design is performed for the wind action W2, the vehicular load

shall not be included in the action combination.

3.3.2 Partial factors and factor for the combination of wind load combined with other actions

shall be determined by the following principles:

1 For the ultimate limit state design under fundamental combinations where wind load serves
as the primary variable action, the wind speed shall be selected according to the wind
action W2, the vehicular load shall not be included, and thé€ partial factor, y,, for the
wind load shall be 1.4.

2 For the ultimate limit state design under fundamental, combinations where vehicular load or
other variable actions serve as the primary variable/action, the wind speed shall be selected
according to the wind action W1, the partial factor), %, , for the wind load shall be 1.1,

and the factor for combination, ¥, shallsbe’ Y. 0"

3 For the serviceability limit state design, “the wind- speed, shdll be selected according to the
wind action W2, both the faCtdr, %, for theMrequent value of the wind load and the

factor, ¢, for the quasi-periianent valugZef the wind load shall be 1.0.

Commentary

It is specified inthe General Specifications for Design of Highway Bridges and Culverts (JTG D60 )
that the fundamental combination is the combination of design values of permanent and variable
actions. In practical applications, one action is selected as the primary variable action, while other
actions are involved in the combination. There are two possible combination scenarios for wind
load: 1) the wind load acts as the primary action, and 2) the wind load combined with vehicular
load or other actions serves as the primary action. Design wind speeds for these two scenarios are

selected according to the two wind actions, respectively.

3.4 Wind-Resistant Design Process for Bridges

3.4.1 Wind-resistant design process for bridges may be carried out according to Figure 3.4. 1.
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Figure 3. 4. 1V Wind-besistantrdesign process for bridges

Commentary

The wind-resistant=design of bridges is involved throughout all stages of bridge design and can be
implemented” in-phase§ according to the risk region of the bridge site and structural characteristics.
For structures or members insensitive to the dynamic effects of wind, only the static effects of wind
can be considered in the design. For structures or members sensitive to the dynamic effects of
wind, wind-resistant design under static and dynamic actions of wind needs to be carried out

simultaneously. For bridges where wind has an impact on traffic safety, the issue of wind-induced

traffic safety needs to be considered.
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4 Wind Speed Parameters

4.1 Basic Wind Speed

4.1.1 If there are sufficient continuous wind observation ‘dataprovided by meteorological stations
in the area of the bridge location, the probabilityjdistribution model of 10-minute annual maximum
mean wind speed from the local meteorologicalj statiens\should be used to estimate the mathematical
expectation of the wind speed with a returiy periodof 100 years (1\e.~ a probability of exceedance

of 63.2% in 100 years) , which is taken as<hebasic wind speed, U,,.

4.1.2 If wind observation data afe)unavailable\, the basic wind speed in the area of the bridge
location may be taken as the Adrger yvalue ebtained \frofm Appendix A.2 or Appendix A.3 in the

Specifications.

Commentary.

The wind speed given in Appendixes A.2 and A. 3 of the Specifications were obtained based on the
wind speed data recorded by 761 meteorological stations in China from their establishment to 2015.
The historical data from the meteorological stations covers the period from 1953 to 2015. To obtain
these basic wind speed values and other wind speed values with different return periods, the missing
data were imputed by the predictive mean matching method, the extreme wind speed of each station
was determined by the fourth-order linear moment test method, and the optimal probability model
and distribution parameters were fitted, and the calculation was performed according to different

return periods on the basis of achieving a 99% confidence level.

4.1.3 The wind speed probability distribution model and its parameter values of each meteorological

station in China may be selected in accordance with Appendix A.4 of the Specifications.
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Commentary

Since there are large differences in the regional distribution of the historical data of each
meteorological station in China, and the probability distribution models are different, it is not
reasonable to use a single extreme distribution type for the calculation of extreme wind speed. In order
to fully consider the statistical characteristics of the parent sample data, it is necessary to select the
optimal probability model according to the distribution conditions, and then predict the extreme
wind speed. The fourth-order linear moment test method determines the optimal probability density
model function according to the minimum absolute value of the differerceSbetween the probability
density distribution function and the fourth-order linear moment coefficignt\between the sample. In
the calculation of the extreme wind speed, the optimal distribution function as well as the
corresponding location parameters, scale parameters and shape parameters are determined from the
generalized extreme value distribution, Pearson Type€ IN, distribution, generalized logistic
distribution, generalized Pareto distribution and generalizedyfi6tnial distribution, and the basic wind

speed is predicted by using the optimal model and the parameters.

The probability distribution model in Appendix A=4 of the Specifieations is fitted from the historical
data of meteorological stations. The wind speed, values with différent return periods obtained by this
model may differ from those in Appendix®A. 2€and Appendix|A. 3 of the Specifications, because the
wind speed values in Appendix A\2zand\Appendix A. 3 of the Specifications have been corrected

for correlation with adjacent meteorological stations,

4.1.4 When the basie’wind speed, 6, \obtained from the statistical analysis of meteorological
stations or Appendix A%et the Specifications 1s less than 24.5 m/s, U,, shall be taken as 24.5 m/s.

Commentary

In order to ensure the fundamental wind-resistant capacity of bridges, according to the principle of
capacity-based design, the minimum requirement for the basic wind speed of 24.5 m/s is stipulated

in the Specifications.

4.2 Reference Wind Speed

4.2.1 Terrain roughness factor, «,, and terrain roughness height, z,, may be selected in accordance

with Table 4.2.1. When the roughness varies around the bridge location, they may be determined

by the following method:

20



1  When two terrain categories have significantly different roughness within the considered

range, their average terrain roughness factor may be adopted.

2 When there are two similar terrain categories within the considered range, the one with the
smaller terrain roughness factor may be used. When the terrain categories on the upstream
and downstream sides of a bridge are different, the value may be taken according to the

side with the smaller terrain roughness factor.

3 The influence range of the terrain roughness factor may be selected from Figure 4. 2. 1

according to the maximum height, %,, and length, [ , of the structural member.

as

Table 4.2.1 Terrain categories

Terrain . . Terrain roughness Terrain roughness
Terrain condition .
category fagtor’, o, height, z,(m)
A Sea, coast, open water, desert 0.12 0.01

Fields, countryside, jungles, flat open ar€as”and areds
B . . o 0.16 0.05
with few low-rise buildings

C Areas with dense trees and low-rise,buildings, ageas with o 0.3
few mid- and high-rise buildings, .4nd)gentle“hills ’ '

Areas with dense mid- and highsrise buildings, Aindalat®
D . . 0.30 1.0
ing hilly areas

(a) Transverse direction of the bridge (b) Longitudinal direction of the bridge

Figure 4.2.1 Determination of influence range of terrain roughness factor

Commentary

Within the atmospheric boundary layer, wind speed gradually increases with height above the

ground. The increase of wind speed with height depends mainly on theterrain category and the
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vertical temperature gradient. It is generally believed that at heights of 300 m ~ 500 m above the
ground surface, the wind speed is no longer affected by the terrain category, that is, the so-called
“gradient wind speed” is reached, and the height is termed the gradient height, §,. The terrain
roughness factors, o, of various terrain categories in the Specifications are 0.12, 0. 16, 0.22 and
0.30, respectively; the terrain roughness heights, z,, are 0.01 m, 0.05 m, 0.3 m and 1.0 m,
respectively; and the gradient heights, J,, are 300 m, 350 m, 400 m and 450 m, respectively.
Figure 4-1 shows the variation law of the wind speed profile and the corresponding gradient height
for different terrain categories, and the wind speed is considered to be constant when the gradient

height is reached.

500 T
450 6,,=450m
Category A

400—- - - - Category B - 8,c=400m —

350" "~ Category C Ll 60B:350m /'/
T L= Category D R
= 300 6,,=300m <t
—ED /'/ ,/
‘5 250 B
) A /

200 1

150 /
100 S /

50 RS W

0 20 40 60 80 100
Wind speed/gradient wind speed (%)

Figure 4-1 Curves,of wind+speed distributiontaloeng height for four terrain categories

4.2.2 The reference héight, Z, of each bridge member may be taken from Table 4.2.2.

Table 4.2.2 Method for determining reference height Z

Suspension bridge, . .
Member . Arch bridge Other bridge types
cable-stayed bridge

Take the greater of the following

two values
Main sird Average height of the deck at the main span of the girder (D Average height of support +
ain girder
& above the water or ground surface (maximum elevation of bridge deck-

average elevation of support) x0.8;
(2Design height of the bridge.

Hanger, stay Average height of the Height of the midpoint of the
cable or member above the water or | hanger above the water or —

suspension cable | ground surface ground surface
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continued

Suspension bridge, . .
Member Arch bridge Other bridge types

cable-stayed bridge

65% of the height of the Height of the midpoint of the 65% of the height of the tower
tower (pier, column) above | column from the water or | (pier, column) above the water or

Tower

(pier, column)
the water or ground surface | ground surface ground surface

Height of the arch crown

Arch rib — from the water or ground sur- —
face
4
Note: The water surface is referenced to the lowest water level of the river or sea surf \

4.2.3 The reference height, Z, of bridges spanning deep r1V; W‘s or mountain valleys and

their members may be selected according to Figure 4.2. the following method .

1 The reference height, Z, of the main g1rd dg} may be determined using Eq. (4.2.3):

<§2\ .

where,
—height of the bridge deck ‘@ ate ace orthe valley bottom.

2 The reference helg the be ?her than the main girder may be taken as the
distance bet dpomtﬂ) r or the position at 65% of the height of the
tower and t helght for daltulation or the ground surface.

- A
'/l‘ ‘ 2
/ Main girder / Main girder
VA zZ
V4 2 Z 2
z= 3 Z, z= 3 Z,
7 ; &
/ Starting height
- Starting height for calculation
for calculation
Water level
Valley bottom
(a) Bridge spanning mountain valley (b) Bridge spanning river valley

Figure 4.2.3 Schematic of reference heights for bridges spanning
deep river valley or mountain valley
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Commentary

The reference height of the main girder of a bridge spanning a river valley or mountain valley is
obtained based on the principle of equivalent displacementunder transverse wind load on the bridge.

This method has been verified to be reasonable through its applications in several existing bridges.

4.2.4 The basic wind speed at bridge site, U,,, may be calculated according to the terrain

category of the bridge site using Eq. (4.2.4):

U, =k.U, (4.2.4)
where,
kC

transition factor for basic wind speed based ongterrain category, which is taken from
Table 4.2.4;
U,,—basic wind speed (m/s).

Table 4.2.4 Transition factor,k_, fox basic wind speed based on terrain category

Terrain category A B (G D
Transition factor, &, 1.174 1.0 0.785 0.564
Commentary

According to the definjtion' of basic wind speed, U, is the wind speed at a height of 10 m above the
ground surface’of Terrain Category B in the bridge location area. However, the basic wind speed at
bridge site, Ul,,;-#s"the wind speed at a height of 10 m above the ground or water surface at the
bridge site, and their transition is based on maintaining the consistency of the wind speeds at the
gradient height. For example, Terrain Category A has a gradient height, §,, of 300 m, while that
of Terrain Category B is 350 m. Based on the consistency of the gradient wind speeds for these two

terrain categories, the following is obtained .

300 0.12 350 0.16
Uso (10] =U, (10] (4-1)
Then,
U, =1.174U, (4-2)

For Terrain Categories C and D, the corresponding transition factors can be obtained to be 0. 785

and 0. 564, respectively, by the same method.
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4.2.5 When wind observation data at the bridge site are insufficient, or when the meteorological
station in the area where the bridge is located is far from the bridge site and the topography is quite
different from that of the nearby meteorological station, a wind observation station at the bridge site
should be set up for important bridges sensitive to wind actions, and wind observation should be
conducted in accordance with the provisions of Appendix D in the Specifications to obtain the basic
wind speed at bridge site. When the basic wind speed at the bridge site, U ,,, obtained from wind
observations, is converted to a basic wind speed, U,,, less than 24.5 m/s, the basic wind speed is
taken as 24.5 m/s.

Commentary

The basic wind speed at the bridge site can be determined by wind,observdtions. Table 4-1 shows

ten cases where the basic wind speeds at bridge sites were @btained {thfough wind observations.

Table 4-1 Cases of determining basic wind speed” at bridge/site through wind observations

Bridge Bridgetype Main span (m) Terrain feature
Sutong Yangzi River Bridge Cable-stayedibridge 1088 Wide river surface
Edong Yangzi River Bridge Cable-stayed bridge 926 River surface
Jiangshun Bridge in Guangzhou Cable-stayed bridge 700 River surface
Hong Kong-Zhuhai-Macau Bridge Cable-stayed bridge 458 Wide sea surface
Runyang Yangzi River Suspension Bridge Suspeénsion, bridge 1490 River surface
Aizhai Bfidge Suspension bridge 1176 Canyon
Baling River Bfidge Suspension bridge 1088 Canyon
Taizhow Yangzi River Bridge Suspension bridge 1080 River surface
Sidu River Bridge Suspension bridge 900 Canyon
Beipanjiang Bridge (Zhensheng Highway ) Suspension bridge 636 Canyon

4.2.6 The reference wind speed of a bridge or member at the reference height Z may be calculated
using Eqs. (4.2.6-1) and (4.2.6-2) .

zZ.“
U, =k (E) U.o (4.2.6-1)
or U, = kk,k,U,, (4.2.6-2)
where,
U, reference wind speed of a bridge or member at the reference height Z (m/s) ;
o, terrain roughness factor at the bridge site, which may be selected according to Table 4.2.1;
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k; wind risk factor, which is determined according to the wind risk regions for bridges

and Table 4.2.6-1;

Table 4.2.6-1 Wind risk factor,k,

Risk region R1 R2 R3
Basic wind speed,U,,, (m/s) U, > 32.6 24.5< U,<32.6 U,<24.5
Wind risk factor, k, 1.05 1.02 1.00
k, terrain condition factor, which may be taken as 1.0 for flat and open terrain, and may
be 1.2 ~1.5 for canyon mouth or mountain pass. For important bridges, it may be obtained
by wind tunnel testing or virtual wind tunnel testing and shall not be less than 1.0;
k, correction factor for transition between terrain categories and height‘ef wind speed, which

may be selected from Table 4.2. 6-2 according to the referenee height of members, and also
may be determined using Eqs. (4.2.6-3) ~ (4.2.6-6). "When the calculated factor is
smaller than 1.0 or larger than 1.77, the valueyiny’Table 42.6-2 shall be selected.

Table 4.2.6-2 Correction factor,k,, fop transition between
terrain categories andheight of wind/speed

Terrain<Category
Reference height,Z (m)

A B C D
5 1.08 1.00 0.86 0.79
10 1.17 100 0.86 0.79
15 1.23 N7 0.86 0.79
20 1.28 1.2 0.92 0.79
30 1634 19 1.00 0.85
40 1.39 1.25 1.06 0.85
50 1.42 1.29 1.12 0.91
60 1.46 1.33 1.16 0.96
70 1.48 1.36 1.20 1.01
80 1.51 1.40 1.24 1.05
90 1.53 1.42 1.27 1.09
100 1.55 1.45 1.30 1.13
150 1.62 1.54 1.42 1.27
200 1.68 1.62 1.52 1.39
250 1.73 1.67 1.59 1.48
300 1.77 1.72 1.66 1.57
350 1.77 1.77 1.71 1.64
400 1.77 1.77 1.77 1.71
450 1.77 1.77 1.77 1.77

=



o

ko, = 1. 174(10) (4.2.63)

K :1_0(1@0'16 (4.2.6-4)
o

k,. =0.785 (10] (4.2.65)
70

k,, =0. 564(10) (4.2.6-6)

Commentary

The variation of wind speed with height is complex and S 4affécted by both the terrain category and
the temperature. In practice, logarithmic or exponential formulas are commonly used to describe
the variation of wind speed with height. In the/Specifications, the exponential rule is used to
represent the distribution of wind speed alongi the “height. Cofisidéting that areas with high basic
wind speeds are typically prone to strong winds‘andyfrequent typhoohs ,-a risk factor for wind-resistant
design is proposed in the Specifications, and-t 18.determined’based on the risk region categorization.
The risk factors for wind-resistantydesigizncerresponding/to/RL, R2, and R3 are equivalent to wind
speed increase factors for windr speedywith return|{periods of 150 years, 120 years and 100 years,

respectively.

4.2.7 The terrainreughness factor for<bridges”spanning river valleys or mountain valleys may be
determined based’on “Terrain Category C or D. When the bridge structure is sensitive to wind-induced
vibrations, it/shotld be determined through wind tunnel testing and/or virtual wind tunnel testing on
simulated terrdins,/ and shall also comply with the relevant provisions in Appendix B.7 and Appendix
C.5 of the Specifications.

Commentary

Wind observations and wind tunnel tests for topographic wind environment at multiple bridge sites
spanning valleys or mountain valleys have shown that the wind speed distribution at these bridge
sites generally conforms to that of Terrain Category C or D. Table 4-2 lists the terrain categories

obtained through wind tunnel testing and/or virtual wind tunnel testing for several bridges.
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Table 4-2 Examples of methods for determining terrain category of

several bridges spanning river valleys or mountain valleys

Determination method
Main Wind .
. . . Wind Terrain
Bridge Bridge type Span Terrain Virtual wind | observation
tunnel . . category
(m) . tunnel testing | at bridge
testing .
site

Beipanjiang Bridge

panjiang . & Suspension bridge 636 Canyon vV V V D

(Zhensheng Highway )

Beipanjiang Bridge

panjtang BHCg Cable-stayed bridge | 720 | Canyon Y D
(Hangrui Highway )

Dimu River Bridge Suspension bridge 538 Canyon V D

Sidu River Bridge Suspension bridge 900 Canyon vV Al D

Baling River Bridge Suspension bridge 1088 Canyon \/ vV VvV D

Aizhai Bridge Suspension bridge 1176 Canyon A\ Vv VvV D

Yachi River Bridge Suspension bridge 800 Capyon V V D

. . . . Rivér
Hezhang Bridge in Guizhou Beam bridge 180 " VvV C
valley

4.2.8 In the absence of correlation-data’ between” wind sp€eds at the bridge site and surrounding
meteorological stations, the ref€rence wind speed, U, for'the bridge or its members may be determined
based on the principle that the_gtadieht wind Speedsvat the bridge site and surrounding meteorological

stations are consistent-agd™according to"Eqsy (4)2.8-1) and (4.2.8-2):

U,=A.Us (4.2.8-1)
U‘S*‘zg’lniUﬁfznanl +m,Us + -+, U, (4.2.8-2)

where,
A, scale factor for wind speed at reference height Z, which is the proportional coefficient

between the wind speed at the reference height and the gradient wind speed at the
bridge site, and may be obtained through wind tunnel testing and/or virtual wind tunnel
testing on simulated terrain;

U,,——gradient wind speed at bridge site (m/s) ;

n number of meteorological stations near the bridge site, which shall not be less than 3;

U,,——gradient wind speed at the i th meteorological station (i = 1,2, ---, n) (m/s);

n,——weighting coefficient for the gradient wind speed at the i th meteorological station.
Assuming the distance between the ith meteorological station and the bridge site is d,

(i =1,2, -+, n), n may be determined according to Eq. (4.2.8-3).
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Commentary

Taking a mountain bridge as an example, the wind speed distribution along different heights and the
gradient wind speed were obtained through topographic wind environment simulation tests. The
scale factor,A_, between the wind speed at the deck elevation and the gradient wind speed is 0. 63.
The distances from the bridge site to three neighboring meteorological stations are 50 km, 37 km
and 43 km, respectively. The basic wind speeds at these three stations are 23.7 m/s, 24.5 m/s
and 25.2 m/s, respectively. Based on the topographic features of the mgteorological stations, the
corresponding gradient wind speeds are estimated to be 41. 9 m/s,/48_4N\m/s and 44. 6 m/s,
respectively. According to Eq. (4.2.8-2), the gradient wind speed at‘the\bridge site is calculated
to be 43.4 m/s. Finally, with A_ = 0.63, the reference wind speed forthe main girder is determined
to be 27.3 m/s.

4.2.9 The design wind speed at the construction<phase may*be determined using Eq. (4.2.9) .
B )=k B, (4.2.9)

where,

U,,——design wind speed at the €omstruetion phase {m/s) ;

k., wind risk factor duringsthe eonstruction périod; which generally may be selected from
Table 4.2.9, and may also»be determined through risk assessment based on the specific

conditions_of the bridgé and different®wind-resistant design objectives.

Table 4229/ Wind risk factor, k,, during the construction period

Constructjon dgration Risk region
<3 0.88 0.84 0.78
>3 0.92 0.88 0.84
Commentary

Wind-resistant design for bridges during construction needs to account for factors such as risk
region, construction duration, wind-resistant design objectives, and magnitude of risk loss.
Considering that the probability of encountering extreme wind speeds during the construction period
cannot be equated with that during the service period, the design wind speed at the construction

phase is generally determined by combining the construction duration with the probability of not
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exceeding the design wind speed for the completed bridge (e. g., 80% ). The probability of not

exceeding can be expressed as:

where ,
P
T
R

Return period (year).

P=(1-1/R)"

Non-exceedance probability ;

Construction duration (year) ;

(4-3)

The wind risk factor during construction is comprehensively determined based on Tables 4-3 and 4-4.

It is also advisable to adopt risk management methodologies to reasondbly determine the wind risk

factor during construction, taking into account risk assessment, identificatign of key wind-resistant

states of bridges, rational arrangement of construction schedule, ‘and different wind-resistant design

objectives.

Table 4-3 Relationship between return period, R, /of wind‘\speed, non-exceedance probability,

P, and construction duration, 7

Non-exceedance

Canstructiog” duration X

probability 1 year 2 yeats 3 years S years 10 years 20 years
0.95 20.0 39N 59.0 98.0 195 390
0.90 10.0 195 29.0 48.0 95.4 190
0.85 6.7 12.§ 19/0 31.3 62.0 124
0.80 5.0 9.5 14.0 22.9 45.3 90. 1
0.70 345 641 8.9 14.5 28.5 56.6
0.60 2.5 4.4 6.4 10.3 20.1 39.7
0.50 2.0 3.4 4.8 7.7 14.9 29.4

Table 4-4 Reference table of wind risk factors at different return periods of wind speed

Return period of
. 5 10 20 30 50 100
wind speed ( Year)
ky 0.78 0.84 0.88 0.92 0.95 1

4.3 Design Turbulence Intensity

4.3.1 The design turbulence intensity of bridges may be calculated using Eqs. (4.3.1-1) ~

(4.3.1-3). For the longitudinal fluctuating wind speed component, the design turbulence intensity,

SO



I,, may alternatively be selected from Table 4.3.1.
[ =) (4.3.1-1)
' In (Zj
2o
I,=0.881, (4.3.1-2)
I,=0.501, (4.3.1-3)
where ,
I,——design longitudinal turbulence intensity ;
I, design cross-wind turbulence intensity ;
1 ,——design vertical turbulence intensity ;
Z reference height of the bridge structure or member (m) ;
z,—terrain roughness height of the bridge site (m).
Table 4.3.1 Design longitudinal turbulence intensity,/,
Terrain®\ategory
Height (m)
A B C D
10 < Z<20 0.14 Q. I'% 0.25 0.29
20 < Z =30 0.13 0.16 0.23 0.29
30 < Z <40 0.12 0.15 0.21 0.28
40 <Z =50 0.12 0.15 0.20 0.26
50< Z<70 0714 [UNE 0.18 0.24
70 < Z < 100 0.11 0,43 0.17 0.22
100 < Z = 150 O0rt0 0.12 0.16 0.19
150 <Z = 200 0.10 0.12 0.15 0.18
Commentary

Turbulence intensity is the most fundamental parameter to characterize the degree of variation of

wind speed with time and space. The incoming wind has a horizontal component ( X direction )
with a wind speed of U, and its average wind speed is U; the transverse wind speed is V, and the
vertical wind speed is W, with their mean wind speeds being V and W, respectively. Generally,

V=W=0 can be assumed. Let u, v, and w be the fluctuating components of U, V, and W,
respectively, and o,, o, , and o, be the standard deviations of U, V, and W, respectively, as
shown in Figure 4-2, then the turbulence intensities of the fluctuating wind speed in these three

directions are defined as:.



[ =2 (4-4)
U

=2 (4-5)
7

[ =2 (4-6)
U

Figure 4-2 Definition schematic for fluctu. 1nm0mponents u, v, and w
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5 Wind Loads

5.1 General

5.1.5 Wind loads acting on bridge structures or memberSshatl cohsider both static wind effects and

dynamic wind effects.

Commentary

Both static and dynamic effects can<bé generated when’wind-acts on bridge structures or members.
The characteristics of wind-indticeds structural\tespense under wind action are related to the
magnitude of structural stiffnesss When the structural stiffness is low, the dynamic response
characteristics gradually/appear,” leading/tq relatively significant dynamic effects. In the wind-
resistant design, the dynamuC action andyits effects need to be considered for lightweight and

flexible bridges Or=members.

5.1.2 The along-avind load on bridge structures or members may be calculated using the equivalent
static gust wind load method specified in this chapter. When the dynamic effects of wind action on
the bridge are determined to be significant, necessary wind tunnel testing, virtual wind tunnel
testing and corresponding numerical analysis shall be conducted to obtain cross-wind loads and their

effects on the bridge structures or members.

Commentary

Natural wind is generally decomposed into mean wind and fluctuating wind components. Structures
under the action of natural wind will experience both mean wind effects and fluctuating wind

effects. The fluctuating wind effects consist of background response and resonance response
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components, as shown in Figure 5-1. The energy distribution corresponding to the shaded area A is
similar to that of wind speed, representing the power spectrum without considering the structural
resonance response. The energy distribution corresponding to the shaded area B is the power
spectrum of the structural resonance response. When the structural stiffness is sufficiently high, the

resonance response component becomes negligible.

Power spectrum of wind-induced
vibration response

Frequency

Figure 5-1 Schematic for decomposition of power spectfumef wind —induced vibration response

Along-wind loads are expressed in the form of equivalengstatic gust wind loads in the Specifications
by taking into account factors such as the spatial ¢orrélation of{wind. Detailed wind load response
analysis is required for cross-wind load respenses;)special struefures, .Oor special construction phases

of structures (e. g., bridges in balanced cantilever construction State) .

5.2 Equivalent Static'Gusy Wind, Speed

5.2.1 The equivaleaf Stati¢ gust windspeedy U, , may be calculated using Eq. (5.2.1):

U,=G,U, (5.2.1)
where,
G, equivalent static gust factor, which may be selected from Table 5.2.1;
U, reference wind speed (m/s).
Table 5.2.1 Equivalent static gust factor,G,

Terrain Horizontal wind loaded length (m)

category <20 60 100 200 300 400 500 650 800 1000 | 1200 | 1500 | =2000
A 1.29 | 1.28 1.26 | 1.24 | 1.23 1.22 | 1.21 1.2 1.19 | 1.18 | 1.17 1.16 1.15
B 1.35 1.33 | 1.31 1.29 | 1.27 | 1.26 | 1.25 1.24 | 1.23 1.22 | 1.21 1.20 1.18
C 1.49 | 1.48 | 1.45 | 1.41 | 1.39 | 1.37 | 1.36 | 1.34 | 1.33 | 1.31 | 1.30 | 1.29 | 1.26
D 1.56 | 1.54 | 1.51 1.47 | 1.44 | 1.42 | 1.41 1.39 | 1.37 1.35 1.34 | 1.32 1.30

Note: (1) In the completed bridge state, the horizontal wind loaded length is the full length of the main bridge.



(2) The wind loaded length of a multi — span continuous bridge with multiple units is determined by the length of
its individual structural unit.
(3) For a bridge under cantilever construction, the horizontal wind loaded length is selected based on the length of

the assembled main girder in that construction state.

Commentary

The gust wind speed that takes into account the spatial correlation of wind on structures or

components is defined as the equivalent static gust wind speed in the Specifications. When

considering the along-wind load on structures or members, the equival ic gust wind load is

used in the analysis. The equivalent static gust factor is essentially a scaling factor when
applying the along-wind load that accounts for factors such“as.turbulence intensity, spatial

correlation of fluctuating wind, loaded length (height) , and the ev structural members above

the ground or water surface.
-
-y

For the horizontal structural member in Figure S-Z%Winﬁ ressure per unit length at position x

and time 7 is given by: \\0

P(x,t) :% C @x,t P+ Pu(x,t) (5-1)
/L
R

where, %
P—— the mean wind [yc(s )reéx late Bq\gd\ he 10-minute mean wind speed.
- /?U PV x \(K \

I | &f

AN e ’
i

Figure 52 A horizontal structural member

Then, the total pressure on the member is;
{ _ ) _
Py = [ Px,t)de = P+ | 2P (v )dx = P+ P(1) (52)
0 0 U

P(t) is the fluctuating wind pressure. While

5,0 = () 14,(m)

’S,(n) (5-3)
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where,

S,(n) spectral density function of fluctuating wind pressure, P(?) ;
S,(n) spectral density function of fluctuating wind speed ;
|J,,(n) |*——joint acceptance function, expressed as

Lol
‘]H(n) ‘2 — ;TJ) JOeT\x|—;v3 ‘dxldxz (5_4)
(

K, is the correlation coefficient of fluctuating wind, and is generally taken to be 7 ~21. The

standard deviation of the fluctuating wind pressure is:

- ([sman) (55)

Ve

According to Davenports theory, the expected value of @v@mum wind pressure is:
-

E[P, #/’ ‘\) (5-6)

(5-7)

@“ m% (5-8)

Hence, the equivalent statlc %ressu& } n be obtained, which is the ratio of the

expected value of the ax1 d pres 10-minute mean wind pressure ;
-
- -
E I: max :I I
f_ e e R s (5-9)
The equival n’x«}b{ust factor is;
U,
Gy=1 =G, (5-10)
z

The equivalent static gust factor, G,, for different averaging times, can be obtained through the
following method. Since the expected maximum value of u (¢) is derived from a series of
measurements, the actual spectrum, S, (n), is limited by the finite observation time 7 and the
finite response time 7 of the recording instrument, forming a spectral window where the low-
frequency components are truncated by 7" and the high-frequency components are dependent on .
Given that the averaging time 7 for mean wind is typically 10 minutes, the low-frequency cutoff is
negligible, while the high-frequency components can be considered by replacing the instantaneous

expected maximum value with the average expected maximum value over a short averaging time 7.
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The average maximum wind speed within the finite response time,7 , can be obtained using Egs.
(5-11) ~(5-12) .

U(1)=G,(7) - U (5-11)

G,(r)=.1+g(7) ~0o,(7)/P (5-12)

In the equations,g(7) and o, (7) can be calculated according to the aforementioned Eqs. (5-7)

and (5-5), but the spectral density function S, (n) of the fluctuating wind speed needs to be
replaced using Eq. (5-13).

S.(n,7) =8, (n)x(n,7) (5-13)

x(n,7) =sin’(wnr)/(@wnt)’ (5-14)

The equivalent static gust factors for different reference wind speeds, terrain categories, several
correlation coefficients and various deck elevations were calculated \forsthe Specifications based on
the Kaimal horizontal wind spectrum. Calculations indicat€ that forthe same terrain category, the
equivalent static gust factor varies little with changes in the“reference wind speed and shows only
minor variations with changes in the deck elevation. Ith also exhibits minimal changes with
variations in the horizontal correlation coefficient \bat(is/Significantly influenced by changes in the
terrain category. Table 5-1 presents the equivalent static gust\factors for different averaging times,
while Tables 5-2 and 5-3 provide the equivalerit, static gustfactors for different heights and different

reference wind speeds, respectively.

Table 5-1 Equivalent static gust factors for different averaging times

Averaging Horizontal wind/loaded length (m)

time (s) | 100 200 300 400 500 650 800 1000 1200 1500 1800 2100

1 1.31 | #.29 N 27 1.26 1.25 1.24 1.23 1.22 1.21 1.20 1.19 1.18
3 1.287| K26 1.25 1.24 1.23 1.22 1.21 1.20 1.20 1.19 1.18 1.17
5 1.26/ | 1)25 1.24 1.23 1.22 1.21 1.20 1.19 1.19 1.18 1.17 1.16

10 1.22 | 1.21 1.21 1.20 1.20 1.19 1.18 1.18 1.17 1.16 1.15 1.15

20 1.18 | 1.18 1.17 1.17 1.16 1.16 1.15 1.15 1.14 1.14 1.13 1.13

30 1.16 | 1.15 1.15 1.14 1.14 1.14 1.13 1.13 1.13 1.12 1.12 1.12

60 .11 | 1.11 1.11 1.11 1.11 1.10 1.10 1.10 1.10 1.09 1.09 1.09

180 1.06 | 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.05 1.05 1.05

300 1.04 | 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04

Note ; The calculation conditions in the table are: Terrain Category B, a reference height of 40 m for members, and a

reference wind speed of 40 m/s.

For the equivalent static gust wind load, the averaging time of wind speed is taken as 1 ~3 s. For

typical long-span bridges, the bridge height is generally in the range of 30 ~ 70 m, and the
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reference wind speed is usually between 20 and 50 m/s. It is recommended in the Specifications to
adopt the result for an averaging time of 1 s, a reference height of 40 m for the bridge deck, and a

correlation coefficient of 7 for the fluctuating wind, as shown in Table 5-4.

Table 5-2 Equivalent static gust factors for different reference heights

Height of bridge deck Horizontal wind loaded length (m)
above the water or
ground surface (m) | 100 200 300 400 500 650 800 1000 | 1200 | 1500 | 1800 | 2100
20 1.32 | 1.30 | 1.28 | 1.26 | 1.25 | 1.24 | 1.22 | 1.21 | 1.20 | 1.19 | 1.18 | 1.17
40 1.31 | 1.29 | 1.27 | 1.26 | 1.25 | 1.24 | 1.23 | 1.22 | J§21yp| 1.20 | 1.19 | 1.18
60 1.30 | 1.28 | 1.27 | 1.26 | 1.25 | 1.24 | 1.23 | 1.227 | 21N\ 1.20 | 1.19 | 1.19
80 1.30 | 1.28 | 1.27 | 1.26 | 1.25 | 1.24 | 1.23 |[S224| 1.21 | 1.20 | 1.20 | 1.19

Note: The calculation conditions in the table are. Terrain Category B, averaging timé = = 1 s, and reference wind speed
of 40 m/’s.

Table 5-3 Equivalent static gust factors’fon, different reference wind speeds

Reference wind Harizontal ‘wind/loaded Jength (m)

speed (km/h) 100 200 300 400 S00 650 8007['W000y | 1200 | 1500 | 1800 | 2100
20 1.30 | 1.28 | 1.26 | 1.25//1824n| 1.23 ) w22 |\ 1.21 | 1.20 | 1.19 | 1.18 | 1.17
30 1.31 | 1.28 | 127|426, | 1.25 | 12238 1422 | 1.21 | 1.20 | 1.19 | 1.19 | 1.18
40 1.31 | 1.29  1.20N/WK26 | 1.25-%1.24 | 1.23 | 1.22 | 1.21 1.2 1.19 | 1.18
50 1.31 | L29 9128 | 1.26 | I™N23  [\4.24 | 1.23 | 1.22 | 1.21 1.2 1.19 | 1.19

Note: The calculation conditions ‘in_the table are,fTerrain Category B, averaging time 7 = 1 s, and reference wind speed
of 40 m/s.

Table 5-3 Equivalent static gust factors for different terrain categories

Terrain Horizontal wind loaded length (m)

category <20 | 60 | 100 | 200 | 300 | 400 | 500 | 650 | 800 | 1000 | 1200 | 1500 | 1800 | 2100
A 1.29 11.28 {1.26 | 1.24 | 1.23 | 1.22 ({1.21 | 1.20 | 1.19 | 1.18 | 1.17 | 1.16 | 1.16 | 1.15
B 1.351.33 | 1.31 | 1.29 | 1.27 | 1.26 | 1.25 | 1.24 | 1.23 | 1.22 | 1.21 | 1.20 | 1.19 | 1.18
C 1.49 | 1.48 | 1.45|1.41 | 1.39 [1.37 | 1.36 { 1.34 | 1.33 | 1.31 | 1.30 | 1.29 | 1.27 | 1.26
D 1.56 | 1.54 | 1.51 | 1.47 | 1.44 | 1.42 | 1.41 | 1.39 | 1.37 | 1.35 | 1.34 | 1.32 | 1.31 | 1.30

Note ;: The calculation conditions in the table are: averaging time T = 1 s, reference height of 40 m for members, and

reference wind speed of 40 m/s.

5.2.2 Equivalent static gust factors for bridge towers and piers may be taken from Table 5. 2.2

according to the height of the members.
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e



Table 5.2.2 Equivalent static gust factors for bridge towers and piers, G,

Structural height (m)
Terrain category
<40 60 80 100 150 200 300 400
A 1.19 1.18 1.17 1.16 1.14 1.13 1.12 1.11
B 1.24 1.22 1.20 1.19 1.17 1.16 1.14 1.13
C 1.33 1.29 1.27 1.26 1.23 1.21 1.18 1.16
D 1.48 1.42 1.39 1.36 1.31 1.28 1.24 1.22
Commentary

For the vertical member shown in Figure 5-3, at the heightz an%tlvwhe wind pressure per unit
length is;

P(2.1) = 4pC,B (U(2) +u(z z) @) 2P(Z)u(z ) (5-15)

Then, the total pressure on the member i 1s \\0 &\
?(P(z u(z t))dz (5-16)
)é% W,a 5, (n) (5-17)

where ,
S,(n,z) sity func‘ae uctuatlng wind pressure P(z,t) at heightz;
‘freq y of wind (Hz) 3
S, (n yﬂ tral density function of fluctuating wind I‘E’I__

speed at height z, which is taken as the
Davenport wind speed spectrum keeping
constant along the height, and is expressed as;
S, (n) =4K*v,,x*/(n (1 +x2)%) , where x =
1200n/U,,, U,, is the mean wind speed at the
height of 10 m, and K is a factor related to the

ground surface roughness. z

1 h rh s L .
[ Ju(n,2) ‘Z—UH(n,z) |2 = Wl foe “lamnldz dz, | and is

the joint acceptance function at heightz, in
. . . . Figure 5-3 Illustration of a
which K, is the correlation coefficient of .
vertical structural member

fluctuating wind and is taken as 7.



The equivalent static gust factor is also calculated under the conditions of an averaging time of 1 s,

a basic wind speed of 40 m/s, and a correlation coefficient of 7 for the fluctuating wind.

5.3 Equivalent Static Gust Load on Main Girder

5.3.1 The along-wind equivalent static gust load, F,, per unit length of the main girder under the

transverse wind load may be calculated using Eq. (5.3.1):

1

F,=5pU,CyD (5.3.1)
N
where ,
F, along-wind equivalent static gust wind load acting \nV?mit length of main girder
(N/m) ;
p air density (kg/m’), which may be as @Z{g/ m’
U, quivalent static gust wind speed (
Cy lateral force coefficient of the m
D——characteristic depth of the méy{ (m)
/
Commentary \)
In the body axis coo 5—4 the aerostatic force acting on the unit
length of the main-gi compose average wind loads in three directions, which are
expressed as;
q
Aerodynami late al force:
Fy=3pUC,D (5-18)
Aerodynamic vertical force:
Fy=3pUC,B (5-19)
Aerodynamic torsional moment ;
=%,0U2 C,B (5-20)
where
B——characteristic width of the main girder (m) ;
C, vertical force coefficient of the main girder;
Cy torsional force coefficient of the main girder.

0



F, v
M F,
Body axis % F,
ind axi§| .
jon
3 direet©
Wind

Figure 5-4 Wind axis and body axis coordinate systems and their aerodynamic force directions

The mean wind loads in three directions can also be expressed in the form of wind axis, and
are generally represented by drag coefficient, C,, lift coefficient /ACand torsional force
coefficient, C,,. The coefficients of forces in the three directions areddble\to convert between
the body axis and the wind axis, and the conversion relatiohship, is determined using Eqs.
(5-21) and (5-22) .

C,=C,cos(a) —%CLsin(a) (5-21)
D . .
CV:ECDsm(a) +Ccos( ) (5-22)
where ,
C, drag coefficient of main girder’eh wind axis;
C, lift coefficient of mainygitdéen wind axis;
ol wind attack angle¢°).

Air density is signifigantly Ninfluenced< b¥ ‘atmospheric pressure and temperature, exhibiting
noticeable variations. AXtypical characteristie=is-that the atmospheric pressure is low and the air is
thin at high altitudes,Nahdsthe air density”is' also relatively low. Additionally, when atmospheric
pressure remainhs ¢onstant, air density increases as temperature decreases. The relationship between

air density, temperature, and atmospheric pressure is shown in Table 5-5.

Table 5-5 Relationship between air density, p, temperature, and atmospheric pressure (kg/m’)

Temperature 0.7 atm 0.8 atm 0.9 atm 1 atm 1.1 atm 1.2 atm
-30 °C 1.017 1.162 1.307 1.453 1.598 1.743
-25°C 0.996 1.139 1.281 1.423 1.566 1.708
-20 °C 0.977 1.116 1.256 1.395 1.535 1.674
-15°C 0.958 1.095 1.231 1.368 1.505 1.642
-10 °C 0.939 1.074 1.208 1.342 1.476 1.611
-5°C 0.922 1.054 1.185 1.317 1.449 1.581
0°C 0.905 1.034 1.164 1.293 1.422 1.552
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continued

Temperature 0.7 atm 0.8 atm 0.9 atm 1 atm 1.1 atm 1.2 atm
5°C 0.889 1.016 1.143 1.270 1.397 1.524
10 °C 0.873 0.998 1.123 1.247 1.372 1.497
15 °C 0.858 0.981 1.103 1.226 1.348 1.471
20 °C 0.843 0.964 1.084 1.205 1.325 1. 446
25 °C 0.829 0.948 1. 066 1.185 1.303 1.421
30 °C 0.816 0.932 1.049 1.165 1.282 1.398

Note: atm denotes standard atmospheric pressure, which is 101325 Pa.

5.3.2 When the main span of a bridge is less than or equal to 200 m, ‘th€ lateral force coefficient

C,, of certain forms of girder sections may be determined by the following ‘method :

1 The lateral force coefficient, C,,, of main girders M&ith I-shaped, II-shaped or box section
may be calculated using Eq. (5.3.2-1):

2.1 - NI F& <8
C,= 3 (5.3.2-1)
13 8 <5
where ,
B characteristic widthyof theymain girder{(ta) ;
D projected height, of thesmain girder ¢ ml )%

2 When the_main*girder section of\a bridge has inclined webs, the lateral force coefficient,
C,, may be redue€d according to the angle of inclination of the web plates. The reduction
coefficiefit, n,, for the lateral force coefficient corresponding to the angle of inclination of

the web plates may be determined using Eq. (5.3.2-2):

1 -0.005 xB, 0°<pB, <60°
n, = (5.3.2-2)
0.7 B,=60°
where,
B, angle of inclination of web plate (°), as shown in Figure 5.3.2-1.

.L ’ |

D

d

Figure 5.3.2-1 Definition schematic for angle of inclination of inclined web



3 The lateral force coefficient, C,, for the superstructure of truss bridges may be selected
from Table 5.3.2-1. When the superstructure consists of two or more trusses, the lateral
force coefficient for each truss may be taken as nC,, where 7 is the shielding factor and
may be adopted according to Table 5. 3. 2-2; the lateral force coefficient for the deck
system may be taken as 1.3.

Table 5.3.2-1 Lateral force coefficient,C,,, for a truss

o ) Rectangular and Round members (d is diameter of member)
Solidity rato H-shaped members dU,< 6 m’/s dUu,> 6 m’/s
0.1 1.9 1.2 0.7
0.2 1.8 1.2 0.8
0.3 1.7 1.2 0.8
0.4 1.7 1.1 0.8
0.5 1.6 v 1 0.8
Note: The solidity ratio of the truss is the ratio of the net area to th&verallyarea of the truss.
Table 5.3.2-2  Shielding factor for a’truss,”n
Solidity ratig
Spacing ratio
0.1 0.2 073 0.4 0.5
<1 1.00 0290 080 0.60 0.45
2 1.00 0,90 0.80 0.65 0.50
3 1.00. 0.95 0.80 0.70 0.55
4 1. 00 0-95 0.80 0.70 0.60
5 100 0295 0.85 0.75 0.65
6 h-00 0.95 0.90 0.80 0.70

Note: The Spacing ratigfis the center-to-center distance between two trusses divided by the depth of the windward truss.

4 The lateral force coefficient, C, , for the completed state of a streamlined closed-box girder
bridge may be taken as 1. 1. Correspondingly, for the construction state without guardrails
and traffic barriers, the lateral force coefficient may be taken as 0. 8. When additional
measures such as wind barriers are installed, the lateral force coefficient should be

determined through wind tunnel testing or virtual wind tunnel simulations.

Commentary

The depth and width of main girders with I-shaped, II-shaped or box sections can be determined by

referring to Figures 5-5(a) ~5-5(c¢). When railings, wind barriers or sound barriers are attached
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to the bridge deck, the girder depth can be determined by referring to Figure 5-5(d).

| | sl 1 =

| B | | B |
I I | !
(a) II-shaped girder section (b) Multiple-T girder section
1 | I
1 1
: :
sl : A
L]

| B l o

| | | B |
| |

(c) Box girder section (d) Section of main girder attached with railings,

wind barriers, or sound barriers

Figure 5-5 Schematic for determination of the depth of the mainygirder for wind load analysis

The lateral force coefficient of a truss girder is composéd af, two parts. One is the lateral force
coefficient of the truss, and the other is the lateral force go€tficient of the deck system. In the
calculation of the drag coefficient for a single truss, £h¢ selidity/fatio is the ratio of the net area to
the overall area of the truss, which is the rafio\of thé\shaded(areq to“the area enclosed by abcd, as
illustrated in Figure 5-6. For multiple trusses that are clogely spaced, the shielding effect between

trusses on wind loads needs to be considered:

NN

d c

Figure*5-6 | Schematic for the calculation of wind loads on a truss structure

The lateral force coefficient for a streamlined closed-box girder is influenced by the depth and width
of the girder as well as the presence or absence of aerodynamic countermeasures. Based on the
summary of existing bridges, the lateral force coefficient for streamlined closed-box girders is
derived statistically in the Specifications. Table 5-6 shows the lateral force coefficients for some
typical streamlined closed-box girders.

Table 5-6 Lateral force coefficients for streamlined closed-box girders

. . Girder width Girder depth C, for the C,, for a bridge
Bridge Bridge type
(m) (m) completed bridge | under construction
Sutong Yangtze .
. . Cable-stayed bridge 41.0 4.0 0.979 0.353
River Bridge
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continued

. . Girder width Girder depth C, for the C,, for a bridge
Bridge Bridge type
(m) (m) completed bridge | under construction
Jivjiang Yangtze .
. . Cable-stayed bridge 38.9 3.6 0.992 0.773
River Bridge
Runyang Yangtze River . .
. i . Suspension bridge 35.9 3.0 0.791 0. 406
Bridge ( Suspension Bridge)
Zhujiang Huangpu Bridge . .
. . Suspension bridge 39.6 3.5 0. 686 0.529
( Suspension Bridge)
Zhujiang Huangpu Bridge .
. Cable-stayed bridge 41.0 3.5 0645 0.563
( Cable-stayed Bridge)
Jiangyin Yangtze . .
. . Suspension bridge 36.9 3.0 1.063 /
River Bridge
Taizhou Yangtze . .
. . Suspension bridge 39.1 845 0.839 /
River Bridge
Yichang Yangtze . .
. . Suspension bridge 30.0 3.0 0.925 /
River Bridge

Note: The lateral force coefficients in this table are théymaximum values for the wind attack angle between —3° ~ +3°.

5.3.3  When the main span of a bridge, s larger(tlfan 200 m, the lateral force coefficients for truss
girders and other girders with e¢omplex sectionsvshallibg’determined through wind tunnel testing or

virtual wind tunnel testing.

Commentary

The main truss girder has a relatively complex form, including single-layer and double-layer
structures, and there are also significant differences in the truss spacing, depth, and overall width
of the bridge. The lateral force coefficients of long-span truss bridges are generally obtained through
aerostatic force testing. Table 5-7 presents the lateral force coefficients of ten completed truss

girders.

Table 5-7 Lateral force coefficients of truss girders

i . Total width of Depth of truss C,, for the C,, for a bridge
Bridge Bridgetype L . .
main girder (m) completed bridge |under construction

Second Dongting

. Suspension bridge 36.1 9.0 1.010 0.830
Lake Bridge




continued

) . Total width of Depth of truss C,, for the C,, for a bridge
Bridge Bridgetype L )
main girder (m) completed bridge |under construction
Beipanjiang Bridge . .
. Suspension bridge 28 7.57 1.049 0.950
(Zhensheng Highway )
Dimu River Bridge Suspension bridge 27 4.5 0.982 /
Sidu River Bridge Suspension bridge 26 6.5 1.036 /
Beipanjiang Bridge .
L Cable-stayed bridge 27 8.0 0. 742 0.632
(Hangrui Highway )
L . . 44.0 (Top deck)
Shanghai Minpu Bridge | Cable-stayed bridge 11.62 0. 886 0.810
28.2 (Bottom deck)
Wuhan Tianxingzhou Cable-stayed bridge
. . ) . 30 15.2 0.894 0.848
Yangtze River Bridge |(railway and highway )
nqing Yangtze Cable-stayed bridge
ames Tans wyed drce 28 {s 0.979 0.847
River Bridge (railway )
Tongling Yangtze Cable-stayed bridge
sing Tang AvieTsiyee brcs 55 1575 0.709 0.563
River Bridge (railway and highway)
Hanjiatuo Yangtze River| Cable-stayed bridge
. . . . 18 14 0.835 0.789
Bridge in Chongging (railway )

Note: The lateral force coefficiénts/in_this table are the,makimumvalues for the wind attack angle between —3° ~ +3°.

5.3.4 When the clear spacing betweenwseparated twin-deck bridges is less than 5 times the main
girder width of the singlé-deck bridge, thé aerodynamic interference effects between the twin decks
of the bridge shotlld be considered in the determination of the lateral force coefficient for the single-
deck bridge.

Commentary

Figure 5-7 illustrates the configuration of the main girder for a twin-deck bridge. According to
research findings on the aerostatic coefficients of rectangular, IT-shaped and streamlined sections
with a width-to-depth ratio of 5, the aerodynamic interference factor for the drag coefficient of
upstream bluff sections ( rectangular and II-shaped sections) is approximately 0.9 when the spacing
ratio 0.02 < B/B =< 1.0, and approaches 1.0 when B,/B = 2.0. For upstream streamlined
sections, the aerodynamic interference factor for the drag coefficient approximately ranges from
0.51 to 0. 90 when 0. 02 B./B 1. 0, and approaches 0. 82 when B/B = 3. 0. For

<

~

<

=
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downstream bluff sections ( rectangular and Il-shaped sections), the aerodynamic interference
factor for the drag coefficient increases linearly with the increasing spacing ratio, B, /B, when 0. 02
< B/B = 2.0, and is approximately from 0. 1 to 0. 65. When 2. 0 < B/B =< 5.0, the
aerodynamic interference factor for the drag coefficient changes more gradually, approximately
ranging from 0. 65 to 0. 80. For downstream streamlined girder sections, the aerodynamic
interference factor for the drag coefficient is larger than that of the upstream section when B /B <
3.0, meaning that the drag coefficient of the downstream section is larger than that of the upstream
section. When B,/B = 3.0, the aerodynamic interference factor for the drag coefficient for the
downstream streamlined girder section is 0. 75.

————— —

~_ D 4

Figure 5-7 Schematic for main girder layout of a twin‘deck bridge

5.3.5 For bridges with a span less than or equalst0o,200 niy the longitudinal wind load per unit

length on main girders may be selected according, td.the following two scenarios;
1 For solid girders, it may be taken as’0N235 times the tranisverse wind load.
2 For truss girders, it may be /taken as 0. S0rtim€s the*fransverse wind load.

5.3.6 For bridges with a“span Jarger than*200 m,, {th€ longitudinal wind load per unit length may
be calculated using Eq.L (5. 3.6 and_-based ‘erm\the’ friction force generated between the wind and

the surfaces of maift gitdess’
1
F, =5pU,Cs (5.3.6)
where,
Ug
F,—friction force per unit length (N/m) ;
C; coefficient of friction, taken from Table 5.3.6;

equivalent static gust wind speed (m/s) ;

S perimeter of main girder (m). For truss girder sections, it is the perimeter of the outer

profile of the girder.

Table 5.3.6 Coefficients of friction, C,

Conditions of upper and lower surfaces of main girder Coefficients of friction, C;
Smooth surfaces ( smooth concrete or steel surfaces) 0.01
Rough surfaces ( concrete surfaces) 0.02
Very rough surfaces ( with ribs) 0.04
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continued

Conditions of upper and lower surfaces of main girder Coefficients of friction, C,

Single layer of carriageway 0. 065

Truss section

Double layers of carriageway 0.10

Commentary

Studies have shown that the longitudinal wind load increases initially and then decreases as the wind
yaw angle of wind increases. The most unfavorable longitudinal winddoad does not occur in the
longitudinal direction of the bridge but rather at a wind yaw angle of 45”%60%. Figure 5-8 shows
the test results of the friction coefficient for a single-deck truss Ygirder under the longitudinal wind
load with different wind yaw angles obtained through sectignal modelAesting. By conversion, the
maximum friction coefficient is approximately 0. 065. Wind tunnel tests on a sectional model of the
double-deck truss girder of the Minpu Bridge have indicated afriction coefficient of 0. 10. When
using the coefficients in the table, the perimeter of thetruss girder is determined based on the outer

contour of the geometric space enclosed by the height“and width of\the truss.

0.08

0.07 -
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—e— Completion state of bridge
—a— Construction state of bridge

0.00 ./ 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90
Wind yaw angle (°)

Figure 5-8 Test result of friction coefficients for a single-deck truss girder

5.3.7 Aerostatic coefficients of main girders should be determined based on the most unfavorable

values with the wind attack angle in the range of —3° ~ +3°.

5.3.8 Under the wind action W1, when the wind load is combined with vehicular loads, the

wind load on the main girder shall include the transverse load acting on the vehicles, and the
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increment may be 1.5 kN/m. If wind barriers or sound barriers are installed, the transverse load on

the vehicles may not be considered.

Commentary

Under the wind action W1, when the wind load is combined with vehicular load, the wind
effects on vehicles need to be considered. The wind effects on vehicles for various wind yaw angles

are given in the AASHTO specifications, as shown in Table 5-8.

Table 5-8 Wind effects on vehicles in AASHTO specifications ( basic-wind{speed of 24.6 m/s)

Wind yaw angle (°) Wind load normal to bridge axis (kN/m) Wind.load parallel to bridge axis (kN/m)
0 1.459 0.0
15 1.284 0.175
30 1.197 0.350
45 0.963 0.467
60 0. 496, 0.554

Aerostatic force tests on sectionalymodels\with and without vehicles on the deck have shown that,
for the wind effect on a closed box( girder with~a depth of 3.5 m, the transverse aerostatic
coefficient increases by 42% considering the scéndrig\with vehicles fully occupying the deck. Based
on calculations for a 200 ,n 1ong bfidge with\l'errain/Category B and a wind speed of 25 m/'s on the
deck level, the transv€rse/agrostatic coefficient increases by 1260 N/m, which is slightly less than
the result obtaingd ffom th€ AASHTO specifications. Figure 5-9 schematically shows the vehicle
arrangement for the sectional model testing considering moving vehicles on the deck and the test

results of aerostatic coefficients.

In Eurocode, the transverse wind effects on the main girder due to the presence of vehicles are
considered by adjusting the calculated depth of the girder. Taking a main girder with a width of 35
m and a depth of 3 m as an example, considering an additional vehicle height of 2. 5 m, the
calculated depths of the girder with and without the vehicles are 3 m and 5.5 m, respectively. The
corresponding drag coefficient is taken as 1.0. If the turbulence intensity on the bridge deck is 0.
15, the load increment is 1761 N/m, which is slightly larger than the calculated result according to
the AASHTO specifications. Based on all the results from the test and both standards, an increment
of 1.5 kN/m for the transverse wind load on the deck, considering the influence of vehicles, is

adopted in the Specifications.
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Figure 5-9 Aerostatic coefficients of the main girder conside@g}he influence of vehicles

%

5.4 Equivalent Static Gust Wind Load on Jiefs, Towers, Stay Cables,
Suspension Cables, and Hang

5.4.1 Wind loads on piers, tower s, as\well as equivalent static gust wind loads on
stay cables and suspension cable %Stransv se dlaction, may be calculated using Eq.
(5.4.1):

\@
(5.4.1)
where, ‘ \

-
F— d oad per unit length on member (N/m) ;
p air depsity (kg/m’), which may be taken as 1.25 kg/m’;

U,——equivalent static gust wind speed at the reference height of the member (m/s) ;
C, drag coefficient of member;

A, along-wind projected area of member per unit length (m’°/m), which is taken as the

outer diameter of a stay cable, a suspension cable, and a hanger.

5.4.2 The drag coefficient, C,, for piers or towers may be selected from Table 5. 4. 2-1, and
that for individual members of steel structures may be selected from Table 5.4.2-2. For piers or
towers with complex cross-sections, the drag coefficient may be obtained through wind tunnel
testing or virtual wind tunnel testing, and the most unfavorable value within 30° wind yaw angles in

the transverse or longitudinal direction of the bridge may be taken.
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Table 5.4.2-1 Drag coefficients,C,,, of piers and towers

Ratio of height to width of pier or tower,h/w

Cross-section t/w
1 2 4 6 10 | 20 | 40
t
Wmddlrectlonﬂw /4 | 1.3 | 1.4 | 1.5 1.6 | 1.7 1.9 2.1
L 1/3
Wind direction| |, 1.3 | 1.4 | 1.5 | 1.6 | 1.8 | 2.0 | 2.2
— ~1/2
t
Winddirectioan 2/3 1.3 | 1.4 | 1.5 1.6 | 1.8]20] 2.2
. . . t
Wind direction w 1 1.2 1.3 | A4 1.5 1.6 | 1.8 20
t
Wind direction w 32 | 1.0 [N | .21 1.3 ] 1.4 15 1.7
t
Wind direction w 2 689 | 1.0 1.1 ]|1.2]13]| 1.4
t
Wind direction w 5 0.8 0.8 |0.8]09/[09|10]1.2
t
Wind direction w 4 0.8 %0.8| 0.8 0.8 |08]09]| 1.1
Wind s dWind
direction quare or  djrection .0 1.1 1.1 |1.2|1.2]|1.3] 1.4
—><> Octagon —
O 12-sidedspolygon 0.7 10.8]0.9]09 |10 11 1.3
Circle with \smooth surface
~ R 0.505]05|05]05]06]| 0.6
where dU,;=6m"/s
1. Circle with smooth surface
where dU,=6 m’/s
~ 0.7 1071080809110/ 1.2

projections

2. Circle with rough surface or

Notes: (1) In this table, ¢ is the along-wind width of a cross-section, w is the windward width of a cross-section, d is the

diameter of a circular cross-section, & is the height of a pier or tower.
(2) After the erection of the superstructure, C,, shall be derived for a height-to-width ratio of 40.

(3) For a rectangular pier with radiused corners, the value of C, shall be taken from the table above and then

multiplied by either (1 —1.57/w) or 0.5, whichever is greater, where r is the radius of the rounded corners.

(4) For a pier with triangular nose, Cy, shall be calculated as the rectangle encompassing the outer edges of the

pier.

(5) For a pier tapering with height, C}, shall be derived in segments based on the height of the pier. When

calculating #/w, the average value of #/w for each segment shall be used, and the ratio of height to width

shall be calculated using the total height of the pier divided by the average width of each segment.




Table 5.4.2-2 Drag coefficients of individual members in steel structures

Yaw angle of wind (°)

Yaw angle of wind (°)

Cross-section Cross-section
B 0 45 90 135 | 180 B 0 45 90
{F:
C, | +1.9] +1.8| +2.0| -1.8| -2.0 C, |+1.4]+1.2| 0
I I=“> 0°—b 5
Wmd
direction C, |+0.95 +0.8| +1.7| -0.1] +0.1 C, 0 |+1.6| +2.2
b2 1.6b
TF
C, | +1.8]+2.1|-1.9/-2.0|-1.4 C;, |+2.05/+1.95 +0.5
oo_{]}
F,
C, | +1.8] +1.8] -1.0] +0.3| -1.4 0|<Z§|b C, 0 |+0.6| +0.9
~
{F TF
C,, |+1.75/+0.85 +0.1|-0.75/-1.75 C, |+1.6]+1.5| 0
: £y 0"—b F,
0°—b b = <‘ =
ol C, | +0.1[+0.85/+1.75/+0.75/ -0.1 C, 0 +1.5| +1.9
0.1 ’ . 5 !
F '
s C, | +1.6 +1.5/-0.05 ~0.s\C1AY Tr ¢, |+2.0]+1.8] 0
SF, A K |
0°—b =5 . F,
I-T ’Y) N 0°—b| || =
~ c, | o |-o0.1 +0Z 05, 0 i - C, | 0 |+0.1] +0.1
0.45 /< N 1 .
/'4‘\ v /X//’l !
TF g | ¢, |+20]4 %)_“VH/‘ F: s | Cu [ +2.0[+155 0
00_ = | 4 “An 0°_b:|: |=|'>II
C { /. 9‘ 2‘15 &?} b C 0 1.55 +2.0
e " /i? +2.15[ + 2 +Y¢ " +1.55 +2.
1.1 Py / =
>§. +1.85 ‘S‘-\. -1.8
° F, = / -
0°—b =" -
IJ 4 \Y’d '
— - | 0 +0.6 +0.6| +0.4| O
0.4;bi
Commentary

The wind load on a rectangular cross-section is related to the ratio between the widths of the cross-

section, t/w, and the ratio between the height of the member and the windward width, h/w.

Without considering three-dimensional flow around the member, the drag coefficient for the two-

dimensional rectangular cross-section reaches its maximum when #/w is within 0. 65 ~0.70, and

then gradually decreases with the increase of #/w. The variation of the drag coefficient with the

ratio of height to windward width A/w is mainly due to the three-dimensional effect of airflow

around the member.

As the ratio h/w increases,

the three-dimensional flow effect diminishes,

causing the airflow to primarily pass around the member from both sides, which is approximately a
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two-dimensional effect, and thus the drag coefficient increases. However, after the superstructure
of the bridge is completed, the main girder weakens the three-dimensional flow effect. Therefore,
it is specified in this clause that the drag coefficient is taken as the maximum value after the erection

of the superstructure.

For piers or towers in the design for structures sensitive to wind loads, it is often necessary to obtain
the drag coefficient of the cross-section through wind tunnel testing or virtual wind tunnel testing.
However, the drag coefficient is significantly influenced by the wind yaw angle. To account for the
most unfavorable effects, the most unfavorable value within wind yaw angles of +30° in the
transverse or longitudinal direction of the bridge is generally taken as the design value of the drag
coefficient. The cross-section of the tower of the Sutong Yangtze Riveér Bfidge has chamfers, as
shown in Figure 5-10. During the determination of wind loads,, the drag\coefficients at different
wind yaw angles were analyzed and compared. Table 5-9 presents the results of virtual wind tunnel
tests showing the variation of the drag coefficient of the tower colummf cross-section of the bridge
with the wind yaw angle.

Vi

. %,
lp”?d Leg,
@, B %
B

() Cross-section of top tower column (A-A) (b) Cross-section of bottom tower column (B-B)

Figure 5-10 Schematic grossksections of tower,columns of Sutong Yangtze River Bridge

Table 5-9 Relation$hip between the drag‘coefficient of the tower column section of the Sutong
Yangtze River,\Bridge“and the wind yaw angle

A-A B-B (windward side) B-B (leeward side)
Wind yaw|  Digg Lateral |Longitudinal| Drag Lateral |Longitudinal| Drag Lateral | Longitudinal
angle(®) | coefficient force force coefficient force force coefficient force force
(wind axis)| coefficient | coefficient |( wind axis)| coefficient | coefficient |(wind axis)| coefficient | coefficient

0 1.934 1.934 -0.021 2.217 2.217 -0.124 0.194 0.194 -0.122
3 2.233 2.250 -0.281 2.416 2.436 -0.332 0.537 0.534 0.075
10 1.991 2.082 -0.343 2.170 2.239 0.028 1.076 1.083 0.117
30 2.404 2.251 0.909 1.651 1.870 0.490 1.120 0.890 0.690
45 2.224 1.724 1.421 1.601 1.467 0.798 1.705 1.518 0.8%
60 2.086 0.821 1.935 1.432 1.116 1.009 1.390 0.822 1.130
75 1.780 0.280 1.770 1.131 0.560 1.021 1.303 0.562 1.198
87 1.620 0. 060 1.620 0.909 0. 005 0.910 0.940 0.127 0.935
90 1.465 -0.087 1.465 0.874 0.063 0.874 0.920 0.013 0.920
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5.4.3 Wind loads acting on piers or towers may be determined according to the wind speed at a
height of 0. 65 times the height of the piers or towers above the ground or water surface, and may
also be determined according to the wind speed distribution specified in Clause 4. 2. 6 of the

Specifications based on the terrain category.

Commentary

As shown in Figure 5-11, the tower is assumed to have a uniform cross-§ection with a windward

width of w, a drag coefficient of C,,, and an equivalent height of A, he bending moment at

the base of the tower is:

h
1
M = 5-23
RE (523)
The equivalent bending moment at the tower ba
@’ (5:24)

Q{\\
Let M =M, we have hz” % ther\
« \%\F 1 +a (5-25)

For four terral ries A, B, C and D, the terrain roughness factors, o, are 0. 12, 0. 16,
0.22 and 0. 30, respectively. Hence, h, =0.624h, h, =0. 6294, h, =0. 636k, and h, =0. 6464,

respectively.

Figure 5-11 Principle of equivalence of wind load on tower structure and equivalent height
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5.4.4 When the center-to-center distance between the suspension cables of a suspension bridge is
4 times or more than the diameter of the cables, the wind load on each cable should be considered
separately, and a drag coefficient of 0. 7 may be used for an individual suspension cable. When the
center-to-center distance between suspension cables is less than 4 times their diameter, they may be
calculated as one suspension cable, and a drag coefficient shall be 1.0. When the center-to-center
distance between hangers is 4 times or more than their diameter, the drag coefficient of 1.0 may be

used for each hanger.

5.4.5 For stay cables with smooth surfaces, dimpled surfaces, and helical fillets, the drag
coefficient may be taken as 1.0 under the wind action W1, and 0. 8 underhe wind action W2. For
stay cables with other shapes, arranged in parallel and with ice accretiofiy, stspension cables as well
as hangers, the drag coefficient should be obtained through wind tunfiel\testing or virtual wind

tunnel testing.

Commentary

Wind tunnel tests on stayed cables of different\diameéters and_ with-various additional aerodynamic
countermeasures have shown that the aer6dynamies of stay cables with a circular cross-section are
significantly influenced by the Reyndlds.humber, whereag stay cables with additional helical fillets
and dimpled surfaces are minimally dffected by thé-Reynolds number. Under the wind action W1 ,
the design wind speed for stdy cables of most*bridges ‘is’generally above 20 m/s. Hence, the drag
coefficient of stay cables isfakefds 1. (Q, which can cover commonly used types of stay cables.
Figure 5-12 shows thetestresults on the'\drag,ceefficients of stay cables with smooth surfaces and

various additional aefodynafhic countermeasures.

Generally, the drag coefficient of stay cables at high wind speeds is lower than that at low wind
speeds. Table 5410 presents the drag coefficients of stay cables at a wind speed of 55 m/s.
Considering the influence of the Reynolds number, the drag coefficient is conservatively taken
as 0. 8.

In the northern regions with low temperatures and heavy snowfall in China and the southern regions
prone to freezing rain, stay cables, suspension cables and hangers are susceptible to ice accretion
due to climatic conditions. The ice accretion significantly alters their aerodynamic shapes and
affects the aerostatic forces on the members. The aerostatic coefficients of ice-accreted cable
members under special climatic conditions need to be determined through wind tunnel testing or

virtual wind tunnel testing.

\
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—o—Cable with smooth surface
1.1 --o-- Cable with helical fillet 1 [
O\ & Cable with helical fillet 2
1.0 AN, —v— Cable with helical fillet 3 [|
v\L\\o\ —v— Cable with dimpled surface
s 0.9 H
Q
= 0.8 o
Q
8 0.7
?30 .
A 0.6
0.5
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03 Wind speed (m/s)
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| | | Reynolds number Re
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Figure 5-12 Drag coefficients of stay cables with smooth su ace,\heV.fillets, and dimpled surface
-

-y
Table 5-10 Comparison of drag coefficients of W—winM cables (wind speed of 55 m/s)

0 Cable AVith helical fillets

Cable with smooth Cable with dimpled \\ .
\/5.334 12 = 1390
surface surface o Y N
‘%/& ‘/ =Xd=3d=4d=2d=3d=4
0.463 0.630 % 752 /(1‘673 0.719 | 0.755 | 0.637 | 0.683 |0.711
A U4

{mm) ‘and d is the diameter of helical fillets (mm).

er unit \%m)stay cables under the longitudinal wind action,
ing to EL
%.

| e

Note: In this table, 7 is the pltch of heli

5.4.6 The horizonta in

F,, shall be calculat
-

2pU C,D, sin’a, (5.4.6)
where,
F,—horizontal wind load per unit length on the stay cable under the longitudinal wind
action ;
C, drag coefficient of stay cable, which is taken in accordance with Clause 5.4.5 of the
Specifications ;
D, outer diameter of stay cable (m) ;
«, inclination angle of stay cable(°).
Commentary

A wind tunnel test was conducted to investigate the aerostatic coefficients of stay cables with
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different inclination angles under the wind action of various yaw angles. The results indicate that
the longitudinal drag coefficient of the stay cables exhibits an approximately linear relationship with
sina,, as shown in Figure 5-13. Figure 5-14 illustrates the definition of the inclination angle of the

stay cables.

0.9
0.8 —0— Cable with smooth surface and negative
- / i inclination angle
0.7 - —o— Cable with helical fillets of 2 mm and
r / /g negative inclination angle
0.6 P / T —4— Cable with helical fillets of 4 mm and
0.8 :
- Sm»<° //QO/ negative inclination angle
a 0.5 2 —v— Cable with pattern-indented surface and
L &——70 tive inclinati 1
) —— negative inclination angle

inclination angle

0.4 / u; —O— Cable with smooth surface and positive

0.3 —i— Cable with helical fillets of 2 mm and
H positive inclination angle
0.2 . —>— Cable with helical fillets of 4 mm and
L positive inclination angle
0.1 —o— Cable with pattern-indented surface and
L positive inclination angle
0.0 : i : : i -
0 20 40 60 80 100

Inclination angle of stay cable a,(°)

Figure 5-13 Longitudinal drag coefficient of stay cables’with smooth surface,

helical fillet§ Nand dimpled suxface

Fy

Figure 5-14 Definition schematic for inclination angle of stay cables and direction of wind load

5.4.7 Under the longitudinal wind action, the horizontal wind load per unit length in the
longitudinal direction on suspension cables of suspension bridges may be taken as 0. 15 times the
transverse wind load. Whenever necessary, it may also be determined through wind tunnel testing

or virtual wind tunnel testing.

Commentary

A virtual wind tunnel test study on the horizontal wind load in the longitudinal direction on

suspension cables of a suspension bridge, considering factors such as inclination angle, wind yaw
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angle and cable clamps, indicates that the horizontal wind load in the longitudinal direction on the
suspension cable is related to the wind yaw angle and the inclination angle of the suspension cables.
For safety purposes, the most unfavorable proportional relationship of 0. 15 is adopted in the
Specifications. Figure 5-15 illustrates the variation of the ratio between the longitudinal and

transverse aerodynamic forces on the suspension cable with the wind yaw angle.

0.15
/I/I

: — N T
“
g o0 r
g, \ —a— Inclination angle of 20°
) e
e \.\ / —e— Inclination angle of 10°
8 0.05 — P —— Inclination angle of 0°
2 —

0.00

-100 -80 -60 -40 20 0 20 40 60 80 100
Wind yaw angle (°)

Figure 5-15 Relationship between the ratio of longitudinakand transverse aerodynamic forces

on suspension cablejand wind yaw angle

5.4.8 For arch ribs under wind loads, the'dfdg eoefficient ofvaSihgle arch rib may be determined
by referring to Clause 5. 4.2 of the Speeifications. Whed the,arch rib consists of double or multiple
chords with a spacing less than Sytimes\the, width ,of & single chord, or when the cross-sectional
shape of the main arch is complex, the drag coeffieient should be determined through wind tunnel

testing or virtual wind tuntel A£estingy

5.5 Buffeting Inertial Load and Its Effects

5.5.1 The buffeting inertial load of a certain mode of vibration for a structure or member may be
obtained based on the acquired buffeting displacement of the mode and by comprehensively

considering factors such as mass distribution, mode shape , and frequency.

Commentary

According to Newon’ s second law, the inertial force, F,(x), of a structure is proportional to its

mass, m(x), and acceleration, a(x), thatis F,(x) =m(x)a(x). After obtaining the vibrational
displacement of each mode at position x through model testing or theoretical analysis, the
corresponding acceleration at that position can be calculated, and the inertial load can be obtained

by using the mass distribution.
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5.5.2 Buffeting displacement may be obtained through frequency domain analysis, time domain
analysis, wind tunnel testing or virtual wind tunnel testing, taking into account factors such as the
possible participating modes, the spatial correlation of wind fluctuations and the cross-sectional

characteristics of the member under the design wind speed.

Commentary

During the time-domain analysis, spatial fluctuating wind fields and #ind forces are usually
synthesized through wind field simulation methods and are applied go\theSstructure to obtain its
buffeting response. Statistical analysis is subsequently performed to obfain the buffeting response
results. The frequency-domain analysis for buffeting typically treats atmospheric turbulence as a
stationary random process. Based on the wind speed spectrum, alongwith the transfer function that
accounts for the influence of the aerodynamic shape of th€ Structural cross-section on the wind
spectrum and aerodynamic force spectrum (i. e. ,_the aerodyndmic admittance ), and considering
the transfer function of the bridge structure, the” statisfical results of the buffeting response are
finally obtained. Wind tunnel tests and virtual \wind\tunnel testS\simulate the characteristics such as
frequency, mode shape, damping ratio and Yaeredynamic shapé,of ‘the structure to directly measure
or analyze the buffeting response amd-its Statistical reSults! Figure 5-16 schematically shows the
computational principles of time-dofaih and frequency~domain analysis methods for buffeting.

Wind speed Wind force Buffeting response

Time-domain
analysis method

‘ Time ‘ Time ‘ Time
Aerodynamic ~ Wind force Structural Response
Wind spectrum admittance spectrum admittance = power spectrum
Frequency-domain
analysis method __\
Frequency Frequency Frequency Frequency Frequency

Figure 5-16 Schematic for computational principles of time-domain and frequency-domain

analysis methods for buffeting

5.5.3 The inertial force per unit length corresponding to the ith mode shape of a bridge structure

may be calculated using Eq. (5.5.3):



F,(x) =kpm(x)o'i(x)(27Tfi)2 (5.5.3)

where ,
F.(x) inertial force of theith mode at position x of the bridge (N/m) ;
k, peak factor, which is generally taken as 3.5;

m(x) mass per unit length at position x of the bridge (kg/m) ;

o,(x) standard deviation of buffeting displacement of the i th mode at position x of the
bridge ( m), which is usually derived from time domain or frequency domain
analysis of buffeting, or through wind tunnel testing or virtual wind tunnel testing;

fi frequency of the i th mode (Hz).
Commentary

Generally, buffeting response analysis is used to obtain stafistical values of the vibration response,
such as the root mean square displacement, and there is<@/Certaimproportional relationship between
the extreme value and standard deviation of buffeting fesponse,/which can be represented by a peak
factor. As shown in Figure 5-17, the peak factOr”is gefierally in a range of 3 ~4.5, and can be

taken as 3.5. Its physical meaning can also be, expressed using\Eq.-\(5-26) :

& N X (5-26)
X 20,
where,
R, .,——maximum ofbuffeting sesponse;
R... minimud of buffeting response;
o ,—standard{déyidtion of buffetingresponse.
Response R — Maximum R,

Minimum R_.
min

Time (s)

Figure 5-17 Physical meaning of peak factor

5.5.4 The effect of inertial forces on a bridge may be calculated by the SRSS ( Square Root of
the Sum of the Squares) modal combination method, taking into account the modes that are

possible to be excited, as per Eq. (5.5.4):

R,(x) = R (x) (5.5.4)
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where,

R.(x) effect of the buffeting inertial force at position x of the bridge;
R.(x) effect of the buffeting inertial force of the i th mode at position x of the bridge.
Commentary

Since resonance responses in multiple vibration modes of a structure are typically induced by wind
loads, the modal combination method is often used to combine the effects of inertial forces of
various modes in order to account for the contributions of each mode. In th€ calculation of buffeting
responses, the SRSS method is commonly adopted to combine the €ffects, of various vibration

modes.

5.5.5 The extreme effect combination shall be conducted to'combine the effects of buffeting

inertial forces with the static wind effects at the design wifid speed according to Eq. (5.5.5):

R.(x) =R, (XY ARXx) (5.5.5)
where,
R.(x) extreme effect of wind at positionx of the bridges
R, (x) aerostatic effect of thesmiean™wind at positionx of\the bridge.

5.5.6 When the effects of struetural“géometrie, hofilinearity are significant, time-domain analysis
incorporating the nonlineat® effects should be employed to evaluate the structural response under

wind load.

5.6 Wind teads during Construction

5.6.1 For large-span cable-stayed bridges and continuous bridges with fixed superstructure-pier
connections during cantilever construction, detailed wind effect analyses in both transverse and
longitudinal directions should be conducted for the maximum double-cantilever and maximum
single-cantilever states. Wind tunnel testing or virtual wind tunnel testing may be implemented

when necessary.

5.6.2 When applying transverse wind loads to bridges erected by the double-cantilever method,
both symmetric and asymmetric loading conditions on the main girder shall be included. For
asymmetric loading conditions, the wind load on one side of the main girder should be taken as 0.5
times that on the other side. Figure 5. 6. 2 illustrates the application of wind loads on the main

girder.
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Figure 5.6.2 Application of transverse wind loads on main girder erected by

balanced cantilever method
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6 Dynamic Characteristics

6.1 General

6.1.1 Natural frequencies and corresponding mode shapés’of bridges should be analyzed using the

finite element method.

6.2 Finite Element Modeling Pfinciples for Dynamic*Characteristics Analysis

6.2.1 Finite element modeling<for™ bridge structures*Shall match the structural stiffness
characteristics, be appropriate/for the/¢enstrainth\conditions, and be consistent with the distribution

of mass and mass moment of/1nertiaf

6.2.2 Finite elenment<analysis for stay cables shall consider the sag effect. When the cable length
exceeds 400 m/the stay cables shall be simulated using multiple elements. When a single element
is used for simulation#’ the modulus of elasticity of the stay cable shall be modified and calculated
using Eq. (6.2.2) .

E
E = 0 . (6.2.2)
(p.glcose, )
l+E, ———————
120
where ,
E, modified modulus of elasticity of cable considering the sag effect (MPa) ;
E, modulus of elasticity of the cable material (MPa) ;
p. density of cable (kg/m’);
[ length of cable (m) ;
a, inclination angle of cable (°);
o mean stress of cable (MPa) ;
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g gravitational acceleration, taken as 9.81 m/s’.

6.2.3 When the main girder of a bridge is modeled by beam elements, an appropriate model shall
be selected based on the structural configuration of the main girder for equivalent simulation of its

stiffness and mass distribution.

Commentary

For main girders with closed-box sections shown in Figures 6-1 (a) and’6-1 (b), a single-spine
beam model can be adopted. For separated exterior girders with openssections shown in Figures 6-
1(c) and 6-1 (d), especially for cable-stayed bridges with parallel €able planes or suspension
bridges, a triple-beam model can be used for the calculation of dynamic’characteristics to better
simulate the warping torsion effects of the main girder. Figure 6+2 $cHematically shows the single-
spine beam and triple-beam models. When using the triplecbeam=model, the simulation of stiffness

and mass for the interior girder and exterior girdets is ‘performed according to the following

principles ;

1 The cross-sectional area, A, and thg menient of inertia,/ \for lateral bending of the main

girder are all concentrated in-the ifit€rior girdety that is:

A, =<4, 20 (6-1)
A<A (6-2)
=17, (6-3)
where,
A,, A,——CLross-Seétional area of interior girder and exterior girder, respectively (m’) ;
I, 1, moment of inertia,/ , for lateral bending of the interior girder and exterior girder,

r¢spectively (m*).

2 The allocation of the moment of inertia,/_, for vertical bending of the main girder, shall be
based on the moment of inertia,/,, for vertical bending of the exterior girders to provide

the necessary warping torsional constant, /.

I, +21, =1 (6-4)
20, - b2 =1, (6-5)
where ,
b,—half of the center-to-center distance between exterior girders (m) ;
I, , I,——moment of inertia for vertical bending of interior girder and exterior girder, respectively

(m");
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1, warping torsional constant of the main girder (m®).
3 St. Venant torsional constant for open sections is relatively small and can be freely

allocated to three girders, but the symmetry on both sides needs to be maintained.

4 The total mass m and the mass moment of inertia,/, can be concentrated on the interior
girder, or they can be allocated to the three girders, with the required mass moment of

inertia provided by the mass of the exterior girders, and calculated according to Egs. (6-6)

and (6-7):
m, +2m, =m (6-6)
2m,b’ =1, (6-7)
where ,
m, , m,——mass per unit length of interior girder andsexterior \gitder, respectively (kg/m) ;
m mass per unit length of main girder (kg/m)/;
I, mass moment of inertia per unit length of rhaifi girder (kg - m>/m).
S o]
(2) Streamline box section (b) Bluff closed box section
; ! i : ! ;
=1 T =1
: ! : : i :
| b L b | | b | b |
| T 1 I ™ 1
(c) II-shaped open section (d) Double-box composite girder section

Figare 6-1 Typical cross-sections of main girder

Exterior girder 2

(a) Single-spine beam model (b) Triple-beam model

Figure 6-2 Schematics for single-spine beam and triple-beam finite element models

6.2.4 Dynamic characteristics analysis of long-span suspension bridges, cable-stayed bridges and

arch bridges shall consider the influence of structural geometric nonlinearity.



Commentary

For long-span suspension bridges, cable-stayed bridges and arch bridges, the initial internal forces
and changes in shape generated by the self-weight and dead loads of the structures will affect their
stiffness. Especially, the geometric nonlinearity of suspension bridges has a significant impact on
gravitational stiffness. Therefore, in the dynamic characteristics analysis, various nonlinear effects
of the structures need to be considered first, and the reasonable initial configuration and initial
internal forces should be determined. When analyzing the dynamic characteristics, the overall effect
of the stiffness caused by initial stress, the stiffness caused by geometrichdeformation and structural
stiffness needs to be considered. Based on this, the dynamic characteristics|of the structures can be

obtained through modal analysis.

6.3 Estimation of Fundamental Frequencies)of Cable-stayed Bridges

6.3.1 The fundamental frequency of symmetric' vertical behding Nf,, for a double-tower cable-

stayed bridge may be estimated using Eqs/<(6:3%\-1) or Eq. (¢.3%M-2) .

For cable-stayed bridges without auxiliary,'piers ;

110
DT\ (6.3.1-1)
For cable-stayed bridges’with duXiliary.piers :
150
fh:T (6.3. 1'2)
where :
L main span length of cable-stayed bridge (m) ;
£, fundamental frequency of symmetric vertical bending of cable-stayed bridge( Hz) .
Commentary

There are many types of cable-stayed bridges, making it difficult to derive a precise and convenient
formula for calculating the fundamental frequency. After statistically analyzing the fundamental
frequencies of existing cable-stayed bridges, empirical formulas for the first vertical bending mode
and the first symmetric torsional mode of a cable-stayed bridge with two towers are provided in the

Specifications.
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6.3.2 The fundamental frequency of symmetric torsion, f,, for a double-tower cable-stayed

bridge may be estimated using Eq. (6.3.2):

C
f= N (6.3.2)
where,
C empirical coefficient for the fundamental frequency of torsion, which may be taken from
Table 6.3.2;
f fundamental frequency ofsymmetric torsion (Hz).

Table 6.3.2 Empirical coefficients for the fundamental frequency of tofsion ef cable-stayed bridges

Parallel cable planes Inclined cable planes
Cross-section of
in oird Steel/composite o Steelicomposite o
main girder o Concrete main girder \/. Concrete main girder
main girder mailf’ girder
Open section 10 9 12 11
Partially closed section 12 12 14 12
Closed section 17 14 21 17

Note : Open section refers to plate girder sectioni9partially Slosed section refers 0, separated box girder section; and closed

section refers to closed box girder section.

6.4 Estimation of Fundamental £requencies of Suspension Bridges

6.4.1 The fumdameéntal’frequency of antisymmetric vertical bending, f,, for a double-tower

suspension bridge{with, a simply-supported central span may be calculated using Eq. (6.4.1):

2
p =ifﬂg +EI;1(27T/L) (6.4.1)
where,

1 fundamental frequency ofantisymmetric vertical bending (Hz) ;

L——main span length of suspension bridge (m) ;

E——modulus of elasticity of main girder (MPa) ;

I moment of inertia for vertical bending of main girder (m®) ;
H, horizontal component of tension in an individual suspension cable under dead load (N) ;
m mass per unit length of deck system, suspension cables , and hangers (kg/m). For a

suspension bridge with parallel double suspension cables, m =m, +2m,;

m, mass per unit length of deck system(kg/m) ;
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m, mass per unit length of suspension cable and hangers at one side (kg/m).

6. 4.2 The fundamental frequency of antisymmetric vertical bending, f;, for a double-tower

suspension bridge with a main span longer than 500 m may be calculated using Eq. (6.4.2) .

1.16
fi= (6.4.2)
Jhe
where ,
f,——fundamental frequency of antisymmetric vertical bending (Hz) ;
f,,—rise of suspension cable (m).
N
Commentary \ ‘ ya
When the span exceeds 500 m, EI, (T) is gene;y an f magnitude smaller than 2H,. If
2\’ N _mgl’ /
EI, ( i3 ) =0.2H,, considering H, = 16f en \ff=
6.4. 3 The fundamental freque etnc%l‘ bending, f,, for a double-tower
suspension bridge with a simp/ll- centr ‘span may be calculated using Eq. (6.4.3) .
- 47 N
A
/\/<‘% ake (6.4.3)
- ‘\ m
where, v
-/
f,—funddiental frequency of symmetric vertical bending (Hz) ;
E.——modulus of elasticity of suspension cable (N/m’) ;
A, cross-sectional area of individual suspension cable (m®).

Commentary

Using the Rayleigh method, the formula for calculating the frequency of the first symmetric vertical

bending mode of a suspension bridge can be obtained

Elz(lzo) +H,

20) ECAC1()(8fsg)2
L 2L e

r L, 6
m

1
fb _277,

(6-8)
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d
Lo=[-% (6-9)
cos’a,
where ,
o, angleof inclination of suspension cable to the horizontal (°).

The first and second terms in Eq. (6-8) are generally 1 ~ 2 orders of magnitude smaller than the
last term, and can be neglected in the calculation. Considering f, /L ~0. 1 and L, ~2L, the

formula in this clause can be obtained after simplification.

6.4.4 The fundamental frequency of antisymmetric torsion, f, for a double-tower suspension

bridge with a simply-supported central span may be calculated using Eq, (6.4.4) .

2
| ngB +GIl, +EI, (217‘7)2
fi= T B (6.4.4)
m,r +m, %/
where,
f fundamental frequency of antisymmetric\torsion ( HZ) ;
H, horizontal component of tension/in,an individual suspension®cable under dead load (N) ;
1, warping torsional constant_of, maifi girder (Wm”)/
G——shear modulus of main_girdet\(\MPa) ;
I,——St. Venant torsional cohstant,6f main\giider (m*) ;
r radius of gyratien-Of main girden, (mM\, Which may be calculated usingr = m ;
I, mass moméntiof inertia per it fensth of main girder (kg - m>/m) ;
B, center-to-centér -distance betWeen|suspension cables (m).
Commentary

An analytical formula for the frequency of the first antisymmetric torsional mode of a suspension
bridge is provided in this clause. If the main girder is a closed box girder, the term related to

warping torsional stiffness can be ignored.

6.4.5 The fundamental frequency of symmetric torsion, f;, for a double-tower suspension bridge

with a simply-supported central span may be calculated using Eq. (6.4.5) .

| [GI, +0.05256E.A, (B./2)
fi=y7 [ = (6.4.5)

2
m,r +m, —
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where,

fi

fundamental frequency of symmetric torsion (Hz).

6.5 Estimation Formulas for Frequencies of Stay Cables and Hangers

of flexible hangers may be calculated using Eq. (6.5.1):

n |F
fn=2lﬁ (6.5.1)

f,—the nth modal frequency of the hanger (Hz) ; 4.

6.5.1 Frequencies, f,

no

where,

F force of the hanger (N) ;
m——mass per unit length of the hanger (kg ‘\)

Similar to the vibration equation of a horlz a g , > Alembert’ s principle, the
spatial free-vibration equation of hangers :
)@% ,@L (6-10)
where,
horizontal M %%X

n b b b b
[——Tlength of the hanger (m) ; 2 \/—
‘

5&

v(x,t) vibratiom of a hori ut string (m) ;
cogrdinate orizontal taut string (m) ;
—ti ).

Based on the separation of variables and mode shape functions satisfying the boundary conditions,

the circular frequency, w,, and mode shape, 1;,, , of a hanger can be derived as shown in Eqgs.
(6-11) and (6-12).

0 =" E (6-11)
I Nm
v =A sin % (6-12)

6.5. 2 The fundamental frequency of a rigid H-section hanger fixed at both ends may be
calculated using Egs. (6.5.2-1) ~ (6.5.2-3).
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Frequency of bending vibration about weak axis:

3.56 |EI, P’
_ [EL | 6.5.2-1
S P A\pA 47’p A ( )

Frequency of bending vibration about strong axis;

3.56 |EI Pl
= — 4+ 6.5.22
, P AlpA 47°p A ( )

Frequency of torsional vibration

3.56 |EI, (GIA+PI )l
r pslp 47°p Al

f = (6.5.2-3)

where, V\
f,—frequency of bending vibration about the we@ thé hanger (Hz) ;

b frequency of bending vibration about the stro “of the hanger (Hz) ;

f, frequency of torsional vibration of the p)/g r (Hz
E——modulus of elasticity of the hanger_(

moment of inertia about the \%Kctlo
moment of inertia about the s

1

I of sec

P, density of structure (k %
A cross-sectional area (I%SS

P initial tension fo e h nger

I ——warping tor; ’on t of,[ ctlo

I, polar mo rtia of 11 (m )
G——shear a)

I d—St‘ JVnant orsional constant of section (m*).

Figure 6. 5. Z illustrates the cross-section of the rigid H-section hanger as well as its strong and
weak axes.

M E Strong axis 1 F Ey

...................................................

Weak axis 1

H,

: b |

Figure 6.5.2 Schematic for cross-section of rigid H-section hanger and its strong and weak axes



6.5.3 Frequencies , f,, of out-of-plane and in-plane vibrations of stay cables may be calculated

using Egs. (6.5.3-1) ~ (6.5.3-5):
1 Frequency of out-of-plane vibration of stay cables:

n |[F
fn_ZZ m (6.5.3-1)

where,
f,—the nth out-of-plane modal frequency of a stay cable (Hz) ;
F cable force (N) ;
m mass per unit length of the stay cable (kg/m) ;

[——effective length of the stay cable (m) ;

mode number ( may take 1, 2, 3, )

)
2 Frequency of in-plane antisymmetric vibration 0@ les

f (6.5.32)
where,
£, the nth in-plane modal f tay c%‘z) nis2,4,6,

3 Frequency of in- plan /§)§n§& 1br <G\Q§1y cables;

‘&; <\%‘\2;; £ (6.5.33)
where , f
fi— e’aaylane modal frequency of stay cable (Hz), nis1,3,5,7,9,

n

n——-coefficient, calculated using Eq. (6.5.3-4) .

—0.0017A% +0. 1254 +3. 1444 n=1
n =+<0.0053\ +9.4239 n=3 (6.5.3-4)
nm n=5
A coefficient, calculated using Eq. (6.5.3-5):
A = EA (mglcosa,)’/F’ (6.5.35)
A cross-sectional area of stay cable (m’) ;
a, angle of inclination of stay cable (°) ;

E——modulus of elasticity of stay cable (Pa).
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Commentary

The equation of motion of the in-plane symmetric vibration of stay cables is different from that

of the in-plane antisymmetric vibration and the out-of-plane vibration, and is given by .

a{(F+h)a(x+u)}=m821;+coau—mgsinw (6-13)
as as ot at ¢
;S{(F+h)(iz+g‘s))}=m?+cl?;—mgcosac (6-14)
2
i{(F+h)%v;}=m%;:)+c2% (6-15)
where,
h——additional dynamic tension generated by the'Stretghing of cable due to vibration (N) ;
¢, ¢, c,——internal damping coefficients;
u,v,w displacement components of stay cable m,) ;
¥ sag in the direction of the cable gelfsweight’;
s arc-length coordinate.

Eq. (6.5.3-4) in this clause js-detived through-nuerical methods by solving and fitting the
relevant coefficients. The modg nupbers ‘of the Sty cable in this clause are defined in Figure 6-3.

(@) n=1 (b) n=2 ©)n=3 ) n=4

Figure 6-3 Schematics for the mode numbers of the stay cable

6.6 Damping Ratios of Bridges

6.6.1 The damping ratio, ¢, for mode shapes dominated by the vibration of the main girder may

be taken from Table 6.6.1.

Table 6.6.1 Damping ratio for mode shape dominated by main girder vibration

Type of main girder Damping ratio Type of main girder Damping ratio
Steel box girder 0.003 Steel-concrete composite girder 0.01
Steel truss girder 0.005 Concrete girder 0.02




6.6.2 The damping ratio, ¢, , for mode shapes dominated by the vibration of the tower may be
taken from Table 6.6.2.

Table 6.6.2 Damping ratio for mode shape dominated by tower vibration

Type of tower Damping ratio Type of tower Damping ratio
Steel tower 0.005 teel-concrete composite tower 0.01
Concrete tower 0.02

6.6.3 The damping ratio, ¢, of stay cables and hangers without sup
may be taken as 0.001.

iental damping devices
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7 Wind-Resistant Ultimate Limit State Design

7.1 General

7.1.1 The ultimate limit state design and verification of bridge structures and members under

wind actions shall be conducted considering the following aspects:

1 The structural strength, staticeStability, ultimatésdoad-carrying capacity, and other
performance under wind action WA wheh it is,combined, with other loads such as vehicular

loads;;

2 The structural strength,, static stabilityse ulfimate load-carrying capacity, aerostatic
stability,, aeredyndmicé/stdbility, and, othér performance under wind action W2

3 The possibility“offortex resonance'in bridge structures or members within the wind speed
range$ corresponding to wind actions W1 and W2.

7.2 Aerostatic Stability

7.2.1 The aerostatic stability shall be checked for cable-stayed bridges with a main span larger
than 400 m and suspension bridges with a main span larger than 600 m.

Commentary

Based on the research and analysis results on wind-induced stability of existing highway cable-
stayed and suspension bridges, the aerostatic stability of bridges generally does not govern the

design. Therefore, for safety considerations, span lengths of 400 m and 600 m are conservatively

~
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used in the Specifications as the threshold conditions for initiating the aerostatic stability check for
cable-stayed bridges and suspension bridges, respectively.

7.2.2 The critical wind speed for aerostatic lateral buckling of suspension bridges may be
calculated using Eqs. (7.2.2-1) ~ (7.2.2-4).

Uu,=K, -f B (7.2.2-1)
5
K, = : (7.2.2-2)
1.88C,e [4.54 +%
Cc,D
=" (7.2.2-3)
mpb
fi
&= JT;, (7.2.2-4)
where,
U,,—critical wind speed for aerostatic lateral buckling (m/s) ;
B——characteristic width of main girder (m) ;
b half of the characteristic width'of\théymain girden( nx) , €alculated as B/2;
D characteristic depth of main, girdéry(m) ;
B.——center-to-center distange/’between suspensionyeables (m) ;
m——mass per unit length of decksystemand suspension cables (kg/m) ;
I,——mass moment of inértigeper unit length<Oofideck system and suspension cables (kg + m’/m);
r radius of gysationyofbridge~ () . = /1, /m ;
M ratio of th¢ mMass/ per unit length Of bridge to the air density, calculated as m/ ( mpb’) ;
f, fundamental-forsional frequency of main girder (Hz) ;
£ fandamental vertical bending frequency of main girder (Hz) ;
& ratio between torsional and bending frequencies, ¢ =f,/f, ;
C, lateral force coefficient of main girder section;
C L slope of lift coefficient, C, , of main girder when the wind attack angle oo = 0°, which
may be obtained through wind tunnel testing or virtual wind tunnel testing.
Commentary

Under static wind load, a suspension bridge may undergo static instability similar to lateral

overturning of girders when the vertical flexural stiffness and torsional stiffness of the structure are
relatively small, as shown in Figure 7-1.
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For single-span suspension bridges, the lateral buckling often manifests in an antisymmetric

mode. The calculation formula for the critical uniform horizontal wind load is given by .

8w’ JEI - GI,

dw = . (7'1 )
L'JK [K+1+ € .5
Cc,D
EI:EH%Hg (72)
T
_ : g?
Gl,=GI, +EL,*™ +=°H_ (7-3)
L 2
1 (47 )
=—|—+1]=3. -
K ) ( 3t 3.54 (7-4)
where,
Er flexural stiffness of main girder(N - m’) ;
GI,——St. Venant torsional stiffness of main girder/ (N »m’) ;
El, warping torsional stiffness of main girder¢ N - 'l )4
H, horizontal component of tension in an-individual cable under dead load (N).

AN

Before
buckling
— | g
Wind ! ! B E
— | After Angle £ §
— buckl’m’g\ of torsion_g-%
S T
zl
yl

z Wind

Figure 7-1 Schematic for mechanism of aerostatic lateral buckling
The critical wind speed can be written as:

/ 2q,,
Ulb - PCHD (7_5)

Introducing the relationship between stiffness and frequency, for the first antisymmetric mode, we
have :

277)2 EI

2f, = (2F) (7-6)



2af, =<1 (7-7)

Accordingly, the equations in this clause are obtained.

7.2.3 The critical wind speed for aerostatic torsional divergence of suspension bridges and cable-
stayed bridges may be calculated using Eqs. (7.2.3-1) and (7.2.3-2) .

Uu,=K,B (7.2.3-1)
3 2
T r 1
Ku,_Jzu(b) & (7.2.32)
where,
U, critical wind speed foraerostatic torsional divergence, (m/s,) ;
C’ ,,—slope of torsional moment coefficient, C,,,_of\ymain girder, which may be obtained
through wind tunnel testing or virtual wind“tunnel {€stign.
Commentary

Streamlined aircraft wings have exfieri€nced\ torsionalXfailure incidents when reaching a certain
critical flight speed. This is because /theyStatic torsional moment of the airflow causes the wing to
develop an angle of twist, whieh ip\urn increases\the effective wind attack angle and further
enhances the aerodynamic™tofsiopal/momenit, Wheh“the increment of the aerodynamic torsional
moment exceeds that/of"the structuralresistanee moment, unstable torsional divergence occurs.

Similar phenomena“may alsOappear in bridge cross-sections when the structural span is large.

A bridge is-dealizedsts a single-degree-of-freedom structure, as shown in Figure 7-2 (a). The

torsional moment coefficient,C,,, varies with the wind attack angle, as illustrated in Figure 7-2(b).

Cw

(a) Mechanism of aerostatic torsional divergence (b) Variation of aerodynamic torsional moment
of a single-degree-of-freedom structure coefficient with wind attack angle

Figure 7-2 Schematics for the mechanism of aerostatic torsional divergence

Under the action of the mean wind at a certain wind attack angle, the aerodynamic moment per

unit length of the bridge deck is;
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M, =totPBC, (@) :;pUZBz[CMO + (7-8)

da '*7°

acy, }
2

From the condition that the aerodynamic moment equals the structural resistance moment M, =
K, a, it can be derived that;.

(K, -AC,p)a=AC,, (7-9)
where
1 ., dC
A :?PUZBZ » Cio :T(fo =0
When A =K /C’ ,,, will tend to infinity, thus the critical wind speed torsional divergence is
obtained to be: \
‘
(7-10)
As can be seen from the above equation, th Q)r ness, K, , of the structure and
the larger the slope, C ’,,, of the aerod ment coe the cross-section the lower
the critical wind speed for torsional g y infged e relationship between structural

torsional stiffness and torsional fr

the equation in this clause ce}n/b 0
- / i Ve

7.2.4  For cable-st Mg

main span larger tha , in addit o calculating the critical wind speed for aerostatic
stability in ;cyxﬁa\ce Clauses 7.2.2 and 7. 2.3 of the Specifications, an aerostatic stability

lﬁb}londucted considering the effects of geometric nonlinearity and aerodynamic
ul

nonlinearity. L bridge aeroelastic model testing can be carried out for verification whenever

and taking into account I = mr’,

x/ /17 22t
\\(>§)
arger than 800 m and suspension bridges with a
analysis sh
necessary.

7.2.5 Aerostatic stability check of bridges shall conform to the requirements in Eqs. (7.2.5-1)
and (7.2.5-2):

Uy >v.U, (7.2.5-1)
Uy>vaU, (7.2.5-2)
where,
U,,—critical wind speed for aerostatic lateral buckling (m/s) ;
U,,—critical wind speed for aerostatic torsional divergence (m/s) ;
U, reference wind speed for bridge structure or member(m/s) ;




Vi partial factor for aerostatic stability, which is selected in accordance with Clause 7.2.6

in the Specifications.

7.2.6 The determination of the partial factor for aerostatic stability shall conform to the following

provisions ;

1 When calculating the critical wind speed for aerostatic instability using Clause 7. 2.2 or
7.2.3 of the Specifications, it shall be taken as 2. 0.

2 When analyzing the critical wind speed for aerostatic instabilify using the calculation
method that only considers the aerodynamic nonlinearity and\gedwetric nonlinearity, it
shall be taken as 1.60.

3 When acquiring the critical wind speed for aerostatic |inStability through full-bridge

aeroelastic model testing, it shall be taken as 140’

4 When analyzing the critical wind spe&d Aof Aerostatic, instability using the calculation
method considering aerodynamic (onlinearity, geometsic nonlinearity and material

nonlinearity, it shall be taken as 1130

Commentary

When the partial factopyfor aétoStafic stability Ns taken as 2.0, the corresponding safety factor for
wind load is 4. 0. Studies have shown that after considering geometric nonlinearity and aerodynamic
nonlinearity, thescritical™wihd speed obtained for aerostatic stability is generally 60% -70% of that
obtained in accordance with Clause 7. 2. 3 in the Specifications. Taking into account various
uncertainties with) an uncertainty factor of 1. 2, the partial factor for aerostatic stability is
approximately in’the range of 1.44-1.68, and hence 1. 60 is adopted in the Specifications. When
material nonlinearity is also considered, the safety factor for wind load is usually not smaller than
1.7, corresponding to a partial factor for aerostatic stability of 1. 30. However, in actual wind
tunnel testing, material nonlinearity cannot be considered, and both geometric nonlinearity and
aerodynamic nonlinearity are automatically simulated. Therefore, the partial factor for aerostatic
stability is taken as 1.40.

7.2.7 When the aerostatic stability fails to meet the verification requirements, it may be improved

by modifying the basic aerodynamic shape of the members, increasing the structural stiffness, or

supplementing aerodynamic countermeasures.
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7.3 Galloping Stability

7.3.1 Galloping stability shall be checked for structures or members with the following features .
1 Steel main girders with a width-to-depth ratio B/D < 4;
2 Steel towers;
3 Steel members with a sectional galloping force coefficient C, <0
4 Stay cables, hangers and steel main girders affected by ice or sHOw accretion.

7.3.2  When the galloping force coefficient C, < 0, the critical| wind8peed for galloping stability
may be calculated using Eq. (7.3.2):

dmw, ¢

g = 5D (7.3.2)
where ,

U, galloping critical wind speed (4/S)y

m——mass per unit length of member (k&/m) ;

W, circular frequency of the first bending mode of'the structure (rad/s), w, =27f, ;

. damping ratio of strugture{ox member;

D——characteristic height of striccture eross<settion (m) ;

B characteristic width/0fAtructure‘\¢ross*sgction (m) ;

C,—galloping[force, coefficient of Structlire cross-section, C, = %C 4+ C,, generally may
beObtained through wind tunnel testing or virtual wind tunnel testing. Table 7. 3.2
lists_galleping force coefficients of typical sections;

c’, slop¢ of lift coefficient of the structure section;

c, drag coefficient of the structure section.

Table7.3.2  Galloping force coefficients,C,, of typical cross-sections

Cross-section C, Cross-section C,

}_t_ t=0.06D

Ice accretion Cable Wit_h_

ice accretion -1.0

“la
*@ ) -
ot
S U3 1 I3
fer——1

Ice accretion
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continued

Cross-section C, Cross-section C,
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Commentary

Galloping is an aesodyndmig instability ‘phefiomenon with divergent vibrations due to negative
damping generated by the”motion of bluff bodies. It may occur in steel bridges and steel towers
with bluff cross-sections. For the main girder and towers made of concrete, the damping is

relatively high', and galloping generally does not occur.

When structures undergo cross-wind vibration, the vibration in the z-direction generates a relative

velocity , é, which combines with the incoming wind speed, U, to produce an additional wind
attack angle. Figure 7-3 illustrates the decomposition of the additional wind attack angle when

galloping occurs. Thus, the additional wind attack angle can be expressed as:

Aa=-z/U (7-11)
where ,
Ao

additional wind attack angle induced by structural vibration relative to the incoming

wind speed;
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z velocity of motion in the z-direction (m/s) ;
U

incoming wind speed (m/s).

F
Fy
Q X

a g/r/
/ i
—afov
mcom'\“% e
-~ o—Aa
al R ~ ]
U z
Aa

N
Figure 7-3 Schematic for decomposition of relative windsggegr/d}ing galloping

)raM:l lift forces acting on the

Under incoming wind flow at the wind attack angle,
structure can be respectively expressed as;

‘
Fola) =2 4@‘01 (7-12)
BC a) (7-13)
where,
C,, C,——drag and lift cogéxt the ber respectively.
Then, the aerodynamlc %ﬂ ce ac&%y\y structure may be represented as:
psina + F

Csina +%CLcosa) (7-14)
From this

/ﬁ,Q ra change of the acrodynamic force with respect to the wind attack angle,
dF .
da’ can be ol’ S:

drr 1 dc, B
da = 2" pU'D(C,, cosa+d—s1na D D d (7-15)

dF 1 . . B dC, 1
When o =0, ~ = EpUszg, in which C, = C, + 5", then AF = ?anzDCgAa.
Introducing Aa = - z/U to obtain ;.

1ozl - ]
AF—szDCg( U)szDng (7-16)

When C, <0, the change in force is opposite to the direction of velocity, resulting in negative

damping. However, for the galloping divergence of the structure to occur, the negative damping
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caused by the aerodynamic force needs to be higher than the damping of the structure. Therefore,

C, <0 is a necessary condition for galloping.

7.3.3 The galloping force coefficient for a continuous steel girder bridge with variable cross-
sections may be calculated using Eq. (7.3.3-1). When C, <0, the galloping critical wind speed
may be calculated using Eq. (7.3.3-2), and it shall be acquired through aeroelastic model testing

whenever necessary.

. AL
ZCe
Cg =W (7-33'1)
AP
4’;1wb1§s
U= = (7.3.32)

where,

U,,—galloping critical wind speed (m/s) ;

C,. galloping force coefficient of the mainsgirder section of theith segment, C, ; = dTu
C,.;, in which the corresponding coefficients C ahd C, ;may be obtained through
wind tunnel testing or virtual, wind tunnél testing,

dc,

daL'l slope of lift coefficient—of theith* segment, where the lift coefficients C, ; of the
continuous girder with¢ variable cressssectionis may be defined based on the girder
width B;

C, ,—drag coefficientof theith segment, where the drag coefficients of the continuous girder
with varrablehcross-sections imay beydefined based on the girder width B;

B characteristic ‘width of the main| girder (m) ;
m modal effective mass, m = (Zmigozv . L’)/( Yo, L’);
i=1 . i=1 7
m,——masg per unit length of theith segment of the main girder (kg/m) ;
n number of segments of the main girder;
AL, length of theith segment of the main girder (m) ;
L total length of the main girder (m) ;

@, modal displacement of the first vertical bending mode at the midpoint of the ith

segment.
Commentary

For the galloping stability assessment of structures withvariable cross-sections, it is necessary to

consider the uneven distribution of aerodynamic forces along the span length. Based on the
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consideration of modal characteristics, the negative damping effect of aerodynamic forces is
comprehensively taken into account according to the lowest bending mode shape of the structure,
thereby the galloping critical wind speed is obtained. Generally, the width of continuous girder
bridges with variable cross-sections remains constant along the bridge axis. For convenience, the
drag coefficient, C,,, mentioned in this clause is defined with reference to the bridge width B,

namely ,F, = %,DU2 C,B.

7.3.4 The galloping stability of steel towers and steel girder bridges with a span larger than 100 m
shall be checked through aeroelastic model testing under the condition of a simulated structural

damping ratio.

7.3.5 The galloping stability check of bridges and members shall meet the requirements of Eq.
(7.3.5):
U,>v.U, (7.3.5)
where,
U,,—galloping critical wind speed of the'bridge/or member (m/s) ;
Ud
Ve

reference wind speed of the bridge or member (1IX8) ;

partial factor for galloping stabilitys, taken as 1. 2%

7.3.6 When the galloping stability fails‘tOymeet the verification requirements, it may be improved
by modifying the basic ,aepodynamic shape ~ef . members, supplementing aerodynamic

countermeasures, or impletenting damping\measures®

7.4 Wake“Galloping

7.4.1 For stay ¢ables or hangers with center-to-center spacing in the range of 2 ~20 times their

diameters, wake galloping should be checked.

Commentary

Wake galloping is a phenomenon that typically occurs between two or more cylinders, where one
cylinder is located upstream of the other. If the downstream cylinder is positioned approximately
1/4 of the way outside the wake of the upstream cylinder, it enters a region of galloping instability,
where galloping motion begins and its amplitude increases until it reaches a pronounced limit cycle.
This motion is a large-amplitude vibration around an elliptical orbit, with the major axis of the

ellipse approximately aligned with the direction of the main flow. Figure 7-4 illustrates the

~
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conditions under which wake galloping occurs, and Figure 7-5 shows a typical trajectory of wake
galloping motion.

Hpstream cable i ™\ Downstream cable
Wind axis :

\\P, T~ _ Lift force F Downstream
TS~ ‘cable (deviated)
Drag force F,

Wind direction

l

| X |
| I
Figure 7-4 Schematic for the condition of the occurrence of alloping
p —
| Q—
Equilibrium position

Typical trajectory of motion

Figure 7-5 Ty 1cal @g\y 0W1ng motion

7.4.2 The critical wind sp gall f stay cables and hangers may be calculated
using Eq. (7.4.2), or 1; 1rect1 (h rough sectional model vibration testing or
%S nditions.

aeroelastic model tes% ulate
= " ngfD / D2 (7.4.2)

where ,

U,, critical wind speed for wake galloping(m/s) ;

C,, constant, which may be taken as 25 when the center-to-center spacing between
upstream and downstream cables along the wind direction is 2 ~ 6 times the cable
diameter, 40 for 6 ~ 10 times the cable diameter, and 80 for 10 ~20 times the cable
diameter ;

f vibration frequency of the ith mode of the stay cable or hanger;
m mass per unit length of member (kg/m) ;
, damping ratio of structure or member;
p—air density(kg/m’) , which is usually taken as 1.25 kg/m’;
D, diameter of the stay cable and hanger(m).

856



Commentary

In recent years, the phenomenon of wake galloping of stay cables or hangers with different
amplitudes has been observed during the operation of multiple bridges, and in some cases, stay
cables or hangers have even clashed with each other. When the frequencies of stay cables or
hangers with close spacings are relatively low, significant wake galloping can occur even at
relatively low wind speeds. Increasing the damping ratio or frequency of the stay cables or hangers
can raise the critical wind speed for wake galloping, and increasing the strictural frequency is more

effective.

Taking hangers of a suspension bridge or an arch bridge as an gxample, the spacing between the
hangers is often less than 6 times their diameter. If (m{z)/(pD2))/= 10, the diameter of the
hanger D, = 0.1 m, and the natural frequency of the{Hanger<is 1 Hz, then U,, = 7.9 m/s.
. = 25.3m/s. It can be

seen that the likelihood of wake galloping is higher4Ayhetithe spacing between hangers is relatively

When the spacing between hangers exceeds 10 times their diatneter, U

w,

close. The longitudinal spacing of stay cables\in \a‘cable-stayed bridge is generally larger, but if
the outer stay cables are spaced closely, therenis?still a risk ‘ef/wake galloping due to the close

cable spacing.

7.4.3 The wake galloping stability gheck shall comply with the requirements of Eq. (7.4.3) .

e v 4. Uy (7.4.3)
where ,
U, critical wipd“speed for wake galloping of member (m/s) ;
U, teferences wind speed of member (m/s) ;

Y.,——Ppartial factor for wake galloping stability, taken as 1.2.

7.4.4 When the wake galloping stability fails to meet the requirements, proper vibration control

measures may be selected in accordance with Clause 9.4.7 in the Specifications.

7.5 Flutter Stability

7.5.1 The flutter stability index, I, of bridges shall be calculated using Eq. (7.5.1):

(7.5.1)
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where,

U, reference wind speed of bridge or member (m/s) ;

K, coefficient related to cross-sectional shape, which is taken as 12 for closed-box
sections, 15 for partially closed sections, and 22 for open or truss sections;

W ratio of bridge structure density to air density, u =m/ (mpb’) ;

b half of the section width of the main girder (m) ;

m——mass per unit length of bridge (kg/m), which includes the masses of suspension
cables and hangers for suspension bridges, and the masses of stay cables in cable-
stayed bridges;

f fundamental torsional frequency of the main girder (Hz).

Commentary

The flutter stability index is a comprehensive index use€d to-assess the flutter performance of
bridges, proposed by Prof. Xiang Haifan from_Tongji University. This index represents the
relationship between the requirements for flutter Stabilify*performance and the actual flutter stability
of the bridge, and can comprehensively refleet'the!relationship/between the wind environment at the
bridge site, the stiffness and mass of the strieture) and the actodymarmic shape performance of the

main girder. The detailed derivationgis-as follows .

t utU 1 aU ! U K U
_YrvY, KT, - YYYa B Nt (7-17)

I
By B

! Uf _ r r
Ay f 5 WG ENY T - 2.5 [

Considering that the' yaluewraniges of most parameters in this equation are relatively limited, but the

~

value ranges of p=and g are relatively large, the values of 7, are classified into three categories:
closed box séction), pdrtially closed section, as well as open and truss sections. A coefficient, K,
is introduced to r¢present the relationship with the cross-sectional shape. Figure 7-6 presents the
relationship between /, and the main span length, using examples of a cable-stayed bridge with
inclined cable planes and a closed steel box girder as well as a cable-stayed bridge with an open-

section girder.

7.5.2 For a double-tower cable-stayed bridge in its completed state, the flutter stability may be
checked based on the fundamental frequency of symmetric torsion. For a double-tower suspension
bridge in its completed state, the flutter stability may be checked using the lower value between the
fundamental frequencies of symmetric torsion and antisymmetric torsion. When the structure is
complex or the torsional mode shape is difficult to identify, the torsional mode shape and its
frequency should be determined through modal analysis and then the flutter stability should be
checked.

5



7.5.3

Iy

+ | —=— Cable-stayed bridge with closed-section girder
| | —e— Cable-stayed bridge with open-section girder

00 400 500 600 700 800 900 1000
Main span span (m)

WO RN WAL ®

Figure 7-6 Relationship between I, of cable-stayed bridges witlhopen- and closed-section

girders and main span length

The flutter stability check of bridges is conducted ‘dccording to the following principles ;

When the flutter stability index I, < 24 the\flagter criti¢al wind speed of the bridge may be
calculated in accordance with Clayse %, 544 of the Specifications.

When the flutter stability, index<2\< "I, < 4 ,7th€ flutter critical wind speed of the bridge
may be calculated in accordaneehwith Clauwse 7. 5. 4 of the Specifications, or it may be

verified through wind tinpel testing onVirtual' wind tunnel testing on sectional models.

When the flufieg stability indexX 4— ¥, 10, the aerodynamic shape of the main girder
shall be selegéted thfough wind tumnel testing or virtual wind tunnel testing on sectional
models; gand verified through wind tunnel testing on sectional models or full-bridge
aeroelastig-mModel testing.

When the flutter stability index /,= 10, the aerodynamic shape of the main girder shall be
selected through wind tunnel testing or virtual wind tunnel testing on sectional models, and
verified through wind tunnel testing on sectional models or full-bridge aeroelastic model

testing as well as detailed flutter stability analysis.

Commentary

The larger the flutter stability index, the higher the requirement for flutter stability. Table 7-1 gives

the flutter stability index for some bridges.
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Table 7-1 Flutter stability index for representative bridges in China

Bridge Bridge type Main span (m) | U,(m/s) | K, | m (ton/m) | f,(Hz) I,

Sutong Yangtze River Bridge | Cable-stayed bridge 1088 49.7 12 32.17 0.53 6.2

Jiujiang Yangtze River Bridge | Cable-stayed bridge 818 34.6 12 33.1 0.610 3.7

Yangpu Bridge in Shanghai | Cable-stayed bridge 602 43.6 22 44 0.510 8.9

Zhoushan Xihoumen Bridge | Suspension bridge 1650 55.1 12 27.5 0.215 18.4
Runyang Yangtze River . .

Suspension Bridge Suspension bridge 1490 37.4 12 30.63 0.231 11.0

Taizhou Yangtze Bridge Suspension bridge 1080 39.4 12 29.5 0.266 10.3

Aizhai Bridge Suspension bridge 1000 34.9 22 27 0.303 15.3

Lupu Bridge in Shanghai Arch bridge 550 39.4 12 389 1.315 1.8

Ningbo Mingzhou Bridge Arch bridge 450 37.6 12 47.2 1.264 1.6

Note:In the table, m includes the contributions of suspension cables, hangers) and -stay cables.

7.5.4 When the flutter stability index of a bridge I, < #,“theyflutter critical wind
calculated using Eqs. (7.5.4-1) and (7.5.4-2) .

speed may be

U/% D (7.5.4-1)

U225 [u—fB (7.5.42)
b

where ,

U, flutter critical wind spe€dyofithe bridge A m/s) ;

U, flutter critical -windispeed of ancideakflaf\plate with the same width as the main girder
(m/s) ;

7, shape facforynamely, a dimenSieriless correction factor for the flutter critical wind
speed under-ashonzero wind attack angle relative to zero wind attack angle, which may
be taken from Table 7.5.4;

n,—factor/for attack angle effect, namely, a dimensionless shape correction factor for the

flutter critical wind speed of a non-flat plate girder cross-section, which may be taken
from Table 7.5.4.

Table 7.5.4 Shape factor,n,, and factor for attack angle effect, n,

Shape factor, 7,

Material of main span Factor for attack

Cross-sectional shape

angle effect,n,

Composite
Steel Concrete
structure
Ideal flat plate 1 1 1 /
Rectangular
. 0.5 0.55 0.60 0.80
cross-section
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Table 7.5.4 Shape factor,n,, and factor for attack angle effect, n,

Shapefactor, 7,

. Material of main span Factor for attack
Cross-sectional shape
. angle effect,n,
Composite
Steel Concrete
structure

Box girder with
0.65 0.70 0.75 0.70
overhangs

Box girder with
oo 0.60 0.70 0.90 0.70
inclined webs

< > Streamlined box girder | 0.70 0.70 080 0.80

Streamlined box girder
. 0.80 080 0.80 0.80
with separators

Open-section plate
. 0.35 0.40 0.50 0.85
girder

-— Separated double-box

< | | > _ 170 / / 0. 80
- girder
/7 - P-K girder 0.7 / / 0.70
Truss girder 0.35 / / 0.70
Commentary

For the data in Table<] 5.4/ the flutter critical wind speed, U, , of a flat plate was first calculated

based on the flat plate flutter theory, and then the flutter critical wind speeds at different wind attack
angles were directly“imeasured through sectional model testing. The ratio of the flutter critical wind
of the flat plate is defined

as the cross-section shape factor, 1, while the ratio of the minimum flutter critical wind speed at

speed at a wind attack angle of O to the flutter critical wind speed, U

co

the wind attack angle within +3° and -3° to the flutter critical wind speed at a wind attack angle

of 0° is defined as the factor for attack angle effect.

1 Van der Put’ s formula
Based on the exact expression of Theodorson’ s aerodynamic force on a flat plate, Klppel et al.
calculated the nomogram of dimensionless parameters ( conservatively neglecting the structural

damping ratio). Van der Put fitted the curves in the nomogram into approximate straight lines and

expressed them as;
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l@=[1+@-05)(2)-07g4@gb (7-18)

where,
: : : o, _1
& ratio of torsional frequency to bending frequency, € = o f—;
b b
v ratio of mass per unit length of bridge deck to air density, u = %;
p
b half of the characteristic width of the main girder (m) , calculated by B/2;

1
radius of gyration of bridge (m) ,r= /;‘“.

2 Selberg s formula
N

Based on Theodorson’ s formula for the aerodynamic force ors a‘?‘plate, Selberg derived an
approximate formula from Bleich’ s flutter solution;

(7-19)

where ,

o

_ _ 2
ratio of air density to maW@ngth 0 e deck, u = 7TPB _ ,LlL v=_8 (%) =
2
b \®
The results calculate Selberg’ sfcg\\} e shghtly higher than those using Van der Put’ s

formula because it t account the beneficial effect of damping.

g H}M s formula

Professor Xiang Haifan from Tongji University approximately fitted Klppel’ s nomogram into a
straight line passing through the origin and made appropriate adjustments to the slope, thereby

eliminating the parameter ¢ with relatively minor influence and obtaining a simplified calculation

mﬁzsm%m (7-20)

Figure 7-7 compares the differences between three different methods for calculating the flutter

formula .

critical wind speed of a flat plate. For the common torsion-to-bending frequency ratios of bridges
ranging from 1.5 to 3, the results of Van der Put’ s formula and Xiang Haifans formula are

relatively close. However, Selberg’ s formula is significantly influenced by the torsion-to-bending
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frequency ratio, and its results are generally higher. When the torsion-to-bending frequency ratio
is less than 1.5, the results from the Selberg’ s formula are lower than those from the other two

methods.
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Figure 7-7 Comparison of three calculation methedsfor fluttér critical wind speed of a flat plate

Xiang Haifan’ s formula is simple in form afd convenjent for calculation. The parameters in Table

7.5.4 of the Specifications are also based-en this_ formulas

7.5.5 Flutter stability shall be verified¥inthe ugiforni flow fields with wind attack angles of -3° |
0° and + 3° . For areas such’ as mountainQus'regions where the attack angle effect is more
pronounced, additional condition§ with the wind attack angle of —5° and +5° should be checked.
For some special topographic areas, addifionah sonditions with the wind attack angle of —7° and

+7° may be checked,

Commentary

Generally, the average wind attack angle for bridges under strong wind conditions ranges from —3°
to +3°. To account for the effects of unfavorable wind attack angle, flutter stability is typically
checked at three conditions with the wind attack angle of —3°, 0° and +3°. For bridges located in
mountainous regions, it has been found from existing research reports that due to the influence of
the local terrain of the mountainous regions, the bridge site may experience a larger wind attack
angle. Therefore, flutter stability for mountainous bridges can be checked for additional wind attack
angles of —5° and +5°. For some bridges in special topographic areas, such as curved bridges or
bridges parallel to hillsides, where the wind attack angle effects are more pronounced due to the
spatial orientation of structural members or airflow over the hillsides, the conditions with the wind

attack angle of —7° and +7° may be considered.
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7.5.6 When the flutter stability is verified through sectional model testing, if no obvious flutter
divergence phenomenon is observed, the test wind speed corresponding to a standard deviation of
torsional displacement of 0.5° under simulated damping ratio may be taken and converted as the

flutter critical wind speed.

Commentary

For bridges with bluff cross-sectional shapes, during wind tunnel te§ts on sectional models,
when a significant divergence in torsional displacement occurs at a certdin wind speed, as shown in
Figure 7-8 (a), it is referred to as a “hard flutter” phenomenon. Hewaver, in some tests, no
obvious flutter divergence point may be observed, but the vibzation amplitude of the model
gradually increases with increasing wind speed. Under simulated dapiping ratio conditions, when
the standard deviation of torsional displacement reache§ ()7 3°—s it is also considered as flutter

instability and termed “soft flutter” , as shown in Figure 7-8(J)) .

3.0 _ 30
E g
g 25 S 25
g5 g
== 20 <720
o5 / g8
SE 15 2515
8 / £ 8 /
3% 1.0 3810 Critical point for flutter
o3 / 'g o
§ 0.5 Critical point for flutter g 0.5 >/
g >/ g
200 | | 2 00
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Wind speed (m/s) Wind speed (m/s)
(a) Hard flutter (b) Soft flutter

Figure [7-87"Variation of the amplitude of hard flutter and soft flutter with wind speed

7.5.7 Solid-web rigid H-section hangers should not be used. When solid-web rigid H-section

hangers are used, the flutter critical wind speed may be approximately calculated using Eq. (7.5.7) :

U,=7.5fB, (7.5.7)
where,
U, flutter critical wind speed of H-section hanger (m/s) ;
B, cross-sectional width of H-section hanger (m) , which may be determined according to
Figure 6.5.2 in the Specifications;
f fundamental torsional frequency of H-section hanger (Hz).
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Commentary

The solid-web rigid H-section hanger is fabricated by welding steel plates, commonly in H- or box-
shaped configurations. It has the advantages of high stiffness, simple structure, and equivalent
service life to the main structure. However, its poor aerodynamic performance has led to multiple
incidents of damage to hangers due to wind-induced vibration worldwide. Early research suggested
that wind-induced vibration in such slender members is mainly due to vortex resonance and
galloping. From July to August 2006, severe wind-induced torsiofial vibrations occurred
successively in the H-section hangers of two long-span steel arch bridgeSiconstructed in China, with
the flange plates at the upper and lower connections of the 30 .m to 40\m long hangers almost
completely fractured. This type of vibration was confirmed to begflutter. ' Table 7-2 presents the
experimental results of flutter critical wind speed of solidgweb!Hiséction hangers with different

width-to-height ratios.

Table 7-2 Experimental results of flutter critical wind, speed of solid-web H-section hangers

Width-to-height ratio,B,/H, 0,75 1.Q 1.6 2.4

U/(fB,) 9} 8.9 12.2 7.6

7.5.8 Flutter stability of bridgés or/members shall be-checked using Eq. (7.5.8):

8 Sy .U, (7.5.8)
where ,

U, flutteg critical wind speed of bridge or member (m/s) ;

U, reference wind speed of bridge or member (m/s) ;

Yy partial factor for flutter stability, which shall be taken as 1.4 when the flutter critical
wind speed is calculated according to Clauses 7.5.4 and 7.5.7, 1. 15 when the flutter
critical wind speed is obtained through wind tunnel testing, and 1.25 when virtual wind
tunnel testing is used;

Y, partial factor for spatial influence of wind speed fluctuation, which may be selected

from Table 7.5.8, and is taken as 1.0 for H-section hangers;

v,—partial factor for attack angle effect. It shall be taken as 1.0 when the wind attack angle
ais +3°, 0° and —3°; it may be taken as 0.7 when the wind attack anglea is +5°
and —5°; it may be taken as 0.5 when the wind attack anglea is +7° and —7°; it

shall be taken as 1.0 for the wind attack angle effect on H-section hangers.



Table 7.5.8 Partial factor,y,, for spatial influence of wind speed fluctuation

Mainspan length (m) Temaincategory
A B C D
100 1.30 1.36 1.43 1.49
200 1.27 1.33 1.39 1.44
300 1.25 1.30 1.37 1.42
400 1.24 1.29 1.35 1.40
500 1.23 1.28 1.33 1.38
650 1.22 1.27 1.31 1.36
800 1.21 1.26 1.30 1.35
1000 1.20 1.25 1,28 1.33
1200 1.20 1.24 1.2% 1.31
1500 1.19 1.22 1.25 1.29
1800 1.18 1.20 123 1.27
2000 1.17 1. 19 1.22 1.26

Commentary

Since the flutter critical wind speed is génerally ‘ebtainedrin, uniform flow fields, the influence of
turbulence shall be considered for the wind, spéed in the yerification for flutter. A partial factor, vy, ,
for the spatial influence of wind $peéd\luctuationZis introduced in this clause, and its calculation

principle is as follows:

For the structure in the"horizontal direction-shown in Figure 7-9, at locationx and timet, the wind

pressure per unit Jength s ;

p(x,t):%pCHD(U+u)2z;9+2ﬁpu(x,t) (7-21)
where,
p air density (kg/ m’), generally taken as 1.25 kg/m’;
C, lateral force coefficient of main girder;
D characteristic depth of main girder (m) ;
U mean wind speed at the height ofZ (m/s) ;
u horizontal fluctuating component of wind (m/s) ;

Figure 7-9 Illustration of a structure in the horizontal direction
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Thus, the total pressure on the main girder of a bridge is:

P, (1) = pr(x,t)dx =P+ f %Du(x,t)dx =P+ P (722)
0 0
where,
L main span length of main girder (m) ;
P—P =pL.

Fourier transform is performed on the fluctuating pressure part in the above equation, and the

following mapping is established :
P'(1) =0 t< T or t>T==
P'(t) =P(t) —TSt<T’\>
Thus, the Fourier transform of the fluctuating pressure %uen as:

Wﬂ"f fzf’F (x,Ndx  (7-23)

f \’
where )/
F (x.f)=["" il (x.t)e" mf’dt er tran%th fluctuating wind speed u’ (x,t).
The complex conjugate of F,(f) )65&

MPT \% \g)f F* G pda (7-24)
where F (x, ) st@

plex conjugate of F,(x,f). The power spectral density function of P

F ()= f P (e dr =

(1) is:
Sy (f) = lim 36 F, (D F; ()]
= im e (22) [ ROy P G Y,
(7-25)
< (22) [ [ i R e R G e,
= (25)2 fo fOSu(xl,x2 ) dx dx,
where

S, (x,,x,,f) is the spectral density at the locations of x, and x, of the bridge span. According

to the relationship given by Davenport, we have .
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S.(x 5,0 =e s, () (7:26)
where S, (f)is the autospectrum of the horizontal fluctuating component of wind speed. Thus, Eq.

(7-25) can be written as

S () = (25)25“@]: f:e dx, dx, = (25)2su<f> PRI (7-27)

where |y, (f) |” represents the spatial effect of fluctuating wind speed along the bridge axis, and has

the significance of an aerodynamic admittance;

1 Sl P 2
\Xu(f)\2=Ef3f3€ . Z‘dxldx2=)7(7_1 e (7-28)
‘\‘

-

K,Ln )/
where y :]T' K, is the correlation coefficient of ﬂuw inb Thus, the root-mean-square
-

deviation of fluctuating wind pressure is:f

(7-29)
ind pressure is;
5772
‘,\/ \ ln(nOT) (7-31)
n, = f) df] /o, (732)

factor vy, for spatial influence of wind speed fluctuation is obtained ;

- 0=
/“/‘/\/
Hence r ti

E[Ptamax] /\/ O-P
Yt_/\/ ﬁ - l_g P (7-33)

The calculation of the partial factor, y,, for spatial influence of wind speed fluctuation indicates that
for similar terrain categories, vy, varies little with the basic wind speed and is relatively insensitive to
changes in deck elevation, although some variation exists. It also shows little change with
variations in the horizontal correlation coefficient but is significantly affected by changes in the
terrain category. For long-span bridges, with a typical deck elevation within 30 ~ 70 m and
reference wind speeds generally between 20 ~ 50 m/s, it is recommended to use the calculation
results based on a reference wind speed of 40 m/s, a deck elevation of 40 m, and a horizontal

correlation coefficient of 7. By analyzing these results, the partial factor, y,, for the spatial

Bz



influence of wind speed fluctuation mentioned in this clause can be obtained. Additionally, since
using the Kaimal horizontal wind spectrum for terrain categories C and D would overestimate the
structural response by approximately 5% , the results presented in the table have been

correspondingly reduced.

7.5.9 When the verification for flutter stability of structures or members fails to meet the
requirements, it may be improved by modifying the basic aerodynamic shape of the members,

supplementing aerodynamic countermeasures, or changing the structural system.

7.6 Vortex Resonance

7.6.1 Within the wind speed ranges corresponding to wind actipng W1 and W2 | vortex resonance
in structures and members shall be prevented and shall be checked i1 dccordance with Clauses 8. 2.
1 ~8.2.5 of the Specifications.

7.7 Wind-induced Stability Verifieation ‘during.Censtruction

7.7.1 For cable-stayed bridges )/the agrostatic sgability’, gatloping stability, and flutter stability
should be checked for critical eonstruction sfages’such as the maximum double-cantilever and

maximum single-cantileversstagesy

7.7.2 Catwalks for_the'eonstruction of ‘suspension cables in suspension bridges should be checked

for aerostatic stability , galloping stability, and flutter stability.

7.7.3 When th¢ main girder of a suspension bridge is erected through segmental assembly, the
aerostatic stability, galloping stability, and flutter stability throughout the entire erection process of
the main girder shall be checked.

Commentary

During the erection of the main girder of a suspension bridge, there is a trough in flutter stability.
The impact of this factor on the construction schedule shall be considered in the construction
organization design, mainly taking into account changes in structural stiffness and wind-resistant
performance during the construction process, and reasonably arranging the schedule based on the

seasonal changes of strong winds at the bridge site. Figure 7-10 shows the variation curve of the
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flutter critical wind speed of the Runyang Yangtze River Suspension Bridge with the assembly rate
of the main girder, where the assembly rate of the main girder refers to the ratio of the length of the
main girder that has been assembled in the main span to the total length of the main girder in the

main span.

65

—o—Wind attack angle of +3°
—0—Wind attack angle of 0°
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Flutter critical wind speed (m/s)
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Assembly rate (%)

Figure 7-10 Variation of flutter critical wind speed duringbthe construction of Runyang Yangtze

River Suspension Bridge with<the assemblyyprocess

7.7.4 Galloping stability check for steel fowers' andsteel”continuous girders during construction

shall meet the requirement of Eq. (7774,

ch>70gUsd (7.74)
where ,
U,,—galloping/Critical ‘wind speedyduting, the’ construction of the bridge and member (m/s) ;
U,,——designawind*§pegd at reference he€ight during the construction of the bridge or member
(m/s);

Y..——7Partial fagtor for galloping stability, taken as 1.2.

7.7.5 Flutter stability of structures or members during construction shall be checked in accordance
with Eq. (7.7.5) .

U >yy7v.Uy, (7.7.5)
where ,
U; flutter critical wind speed during the construction of the bridge or member (m/s) ;
y,—partial factor for flutter stability, determined in accordance with Clause 7. 5.8 of the
Specifications ;
Y, partial factor for spatial influence of wind speed fluctuation, determined in accordance
with Clause 7. 5.8 of the Specifications
v,—partial factor for attack angle effect, determined in accordance with Clause 7. 5.8 of the

Specifications.
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8 Wind-Resistant Serviceability Limit State

Design

8.1 General

8.1.1 Serviceability limit state design and verification of ‘bfidge structures and members under

wind actions shall be conducted considering the following,aspects,

1  The structural stiffness and durabilityy~as well as Safetys, ‘and ride comfort of moving
vehicles or pedestrians under-wind action W1 whef it is combined with other loads such as

vehicular loads;

2 The fatigue resistafnce of fatigue-prone menibefs under wind action W2 or below.

8.2 \Vortex-Resanance

8.2.1 For concrete bridge structures or members and steel bridges with a fundamental frequency

higher than 5 Hz, vortex resonance may not be checked.

Commentary

Due to the relatively large damping in concrete bridge structures ormembers, the aerodynamic
negative damping is insufficient to overcome the structural damping. Thus vortex resonance
generally does not occur, and the check for vortex resonance is not required. When the fundamental
frequency of structures is larger than 5 Hz, the Strouhal number, §, for relatively bluff cross-
sections is generally about 0. 2. Because S, =fD/U, the onset wind speed for vortex resonance is
U=fD/S, =5D/S,. Assuming that the depth of the main girder is 2 m, the onset wind speed for
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vortex resonance is U =10/, =10/0.2 =50 m/s.

8.2.2 Vortex resonance shall be checked for bridge structures or members with the following
characteristics ;

1 Steel members with a frequency lower than 5 Hz;

2 Steel bridges with a main span larger than 100 m;

3 Steel-concrete composite bridges with a main span larger than 100" m;

4 Steel towers or steel-concrete hybrid towers.

8.2.3 Vortex resonance shall be checked according to thesfollowing” principles

1 For steel girder bridges with a main span<L/”< 100, it may be checked in accordance
with Clauses 8.2.6 ~8.2.8.

2 For steel girder bridges with a main\span4. < 100 m,\ull*bridge aeroelastic model testing
shall be conducted to checkythe?yortex tesonanee,

3 For cable-stayed bridgesror suspénsionbridges with a main span 100 < L < 400 m, wind
tunnel testing or Virtdal wind tunnel testing ‘en sectional models should be conducted to
check the vortex\tesonarice.

4 For cablesstayed bridges with a main span 400 < L < 800 m or suspension bridges with a
main [span 400 < L < 1200 m, wind tunnel testing on sectional models shall be conducted
to check the vortex resonance.

5 For cable-stayed bridges with a main span L = 800 m or suspension bridges with a main
span L = 1200 m, wind tunnel testing on sectional models shall be conducted to check the
vortex resonance, and wind tunnel testing on sectional models with a scale no less than
1:30 may be conducted for further verification whenever necessary.

8.2.4 The vortex resonance should be verified in a uniform flow field, a flow field with 0. 25

times the design turbulence intensity, and a flow field with the design turbulence intensity at the

bridge site. The onset wind speed, lock-in region, and amplitude of vortex resonance should be

measured. The flow field with 0. 25 times the design turbulence intensity should be used as the

basis for the final evaluation of vortex resonance.
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8.2.5 Wind tunnel test models for vortex resonance shall accurately simulate the aerodynamic

shapes of structural members, appurtenances, and facilities.

Commentary

The appurtenances and facilities of a bridge, such as construction cranes, ladders, maintenance
vehicle tracks, railings, wind barriers, sound barriers, and curbs, all have an impact on vortex

resonance due to their shapes and locations.

8.2.6 The onset wind speeds for vertical and torsional vortex resondndes of solid-web bridges

with spans less than 200 m may be calculated using Eqs. (8.2.6-1) and (8.2.6-2), respectively.

U, =2.0f,B (8.2.6-1)
U,=1.33fB (8.2.6-2)
where, U, onset wind speed for vertical vorfex resofance (m/s) ;
U, onset wind speed for torsional’{ortex, résonance \(mXxs ) ;
B characteristic width of maify'girder¥( m) , as sh@wn\in-Figure 8.2.7;
5 frequency of vertical bending{vibration (Hz/) ;
1 frequency of torsiepal vibsation (Hz).

8.2.7 The amplitude of wertiGalwortex resonanee of, sélid-web bridges with spans less than 200 m
may be estimated using/ Eqs. (8.2. 7-1 )}t (&.7-4) .

E,E

_ th _
h, _TTmrgsB (8.2.7-1)
m
m,=——— (8.2.7-2)
(pB*)
B -1
E, =0. 06530,5(5) (8.2.7-3)
B 172
E,=1-158, (5) L=0 (8.2.7-4)
where , i, ——amplitude of vertical vortex resonance (m) ;
m——mass per unit length of bridge (kg/m). For bridges with variable cross-sections, it

may be taken as the average value at 1/4 of the span; for cable-stayed bridges, half
of the masses of stay cables shall be included; for suspension bridges, the masses of
suspension cables shall be included;

{,——damping ratio of the bridge structure;

Bu

shape correction factor. It may be taken as 2 for bluff cross-sections with the width
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less than 1/4 of the effective height or with vertical webs, and 1 for hexagonal cross-

sections or bluff cross-sections with a width larger than 1/4 of the effective height or
with inclined webs;

D——characteristic depth of the main girder (m), as shown in 8.2.7;
B, coefficient, which is O for hexagonal cross-sections and 1 for other cross-sections;
I, design longitudinal turbulence intensity, which may be selected from Table 4.3. 1 of
the Specifications, or may be determined using I, =1/In(Z/z,);
Z reference height of bridge deck (m) ;
z,—terrain roughness height of the bridge site (m), which may be selected from
Table 4.2. 1.
J =
o o] : T
=== T
1 B | [ B | | B |
[ I | | [ |
(a) Main girder with hexagonal cross-section (b) Deck width and girder depth of truss bridge
| B | |
} | | I [ i 1 |
L 7 1
| | -+
S ! S : |
L

(¢) Main girder with closed cross-section

Figurer8. 2./, "Width“and depth of bridge deck

8.2.8 The amplitude of, torsional vorfex, résonance of solid-web bridges with spans less than
200 m may be estimated usifig Eqs. (8.258-1) ~ (8.2.8-4) .

EHEtB
0[_2771”{5 (8.2.8-1)
IWl
I‘”zpB“ (8.2.8-2)
B —3
E,=17. 16,8ds(5) (8.2.8-3)
B 172
E,=1-208, (5) L=0 (8.2.8-4)
where ,/,——amplitude of torsional vortex resonance (°) ;
I, mass moment of inertia per unit length of bridge (kg - m’/m). For bridges with

variable cross-sections, it shall be taken as the average value at 1/4 of the span; for
cable-stayed bridges, half of the mass of stay cables shall be included; for suspension

bridges, the total mass of suspension cables shall be included;

707



g,

structural damping ratio.
8.2.9 For bridges with spans less than 200 m, the amplitude of vortex resonance within the wind
speed range corresponding to wind action W1 or below may be verified by Eqs. (8.2.9-1) and

(8.2.92) .

1 The amplitude of vertical vortex resonance shall meet the requirement of Eq. (8.2.9-1) .

h, <y, 204 (8.2.9-1)
e
where,
h,——amplitude of vertical vortex resonance (m) ;
£ frequency of vertical vibration (Hz) ;
v,—partial factor for vortex resonance. It shall be taken as 1\. 0when /1, is obtained through

wind tunnel testing, and 0.8 when £, is calcilated, in accordance with Clause 8.2.7 of

the Specifications or obtained through virtual wind tinnel testing.

2 The amplitude of torsional vortex iesonanéeshall be *ehecked to meet the following

requirement ;
Y, 45;6 (8.2.922)
where ,
0, amplitude of torsional vortex resomarteg (™)
f frequency of torsional vibration (\Hz) ;
B characteristi¢ width! of mairmmgirderN('m)’;
v,—partial fagtoxforVortex resonance. It is taken as 1.0 when 6, is obtained through wind
tunmel-testing, and 0. 8 when 6, is calculated in accordance with Clause 8. 2. 8 of the
Specifications or obtained through virtual wind tunnel testing.
Commentary

The allowable displacement amplitude specified in the Specifications is determined based on the
allowable acceleration of 1 m/s’ for a bridge with a span less than 200 m. Assuming that the
displacement of the structure varies sinusoidally with time when vortex resonance occurs, the
vibrational acceleration is a =47°f°A, with an allowable value of 1 m/s. Given the approximation
47* ~40, the allowable amplitude can be obtained to be A = 1/(40f ). Considering that the
approximate formula for the vertical fundamental frequency of a bridge with a span less than 200 m
is f=100/L, remaining one f, and taking L = 160, then the allowable amplitude is A =0. 04/f.
Therefore, Eq. (8.2.9-1) is only applicable to bridges with spans less than 200 m.
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If the acceleration amplitude is used as the basis for evaluating vortex resonance, then A =1/(40f°)
=0. 025/f°. Considering that the vertical bending frequencies of some large-span bridges are
relatively low, and assuming a vertical bending frequency of 0.1 Hz, the allowable amplitude can
reach A = 2.5 m, which is relatively large. It can be seen that using only the acceleration
amplitude as the criterion for evaluating vortex resonance has limitations.

Professor Chen Zhengqing from Hunan University has proposed that the allowable amplitude of
vortex resonance should be determined by comprehensively considering factors such as pedestrian
and driver comfort, structural fatigue, and the sight distance for vehicles on the bridge. To avoid
the impact of vertical vortex resonance of the bridge on the line of sight of drivers, for high-order
modal vortex resonance with three or more half-waves, the allowable dmplitude shall be limited to
at least 0.35 m. In this case, the sight distance for vehicles may_becore the controlling factor in

determining the amplitude limit of vortex resonance.

8.2.10 When the vortex resonance in structures or membefs fails to meet the check requirements,
it may be improved by modifying the basic aerodynamic shape”and supplementing aerodynamic or

damping measures.

8.3 Buffeting

8.3.1 The buffeting displacément and acceleratign)reSponses of bridges may be obtained through
time-domain analysis/ffequency-domain/analysis;/ wind tunnel testing, or virtual wind tunnel

testing.

8.3.2 Buffefing\response testing of bridges shall be conducted using full-bridge aeroelastic models
under conditions that simulate turbulent flow fields, structural dynamic characteristics, geometries

of structures and members, and structural damping ratios.

8.3.3 When the buffeting effects on structures produced under wind action W1 are determined to

be significant, studies on the effects of wind-vehicle-bridge coupled vibration should be conducted.

8.4 Stay Cables and Hangers

8.4.1 Potential wind-induced vibrations, such as parametric vibration, linear internal resonance,
vortex resonance, and wind-rain-induced vibration, shall be checked for stay cables and hangers.

Whenever necessary, corresponding control measures shall be taken.
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8.4.2 The amplitude of vortex resonance of stay cables may be approximately calculated using Eq.
(8.4.2) .,

0. 0080,

D 8.4.2
s, ( )

ymax =

where ,
Vom——amplitude of vortex resonance (m) ;
S,——Strouhal number, S, = fD_/U, which is generally taken as 0. 2 for cylindrical
members ;
S.——Scruton number, S, =m{ /(pD?);

D, diameter of stay cable (m) ; .
o standard deviation of lift coefficient, which is genﬁa y taker as 0. 45 for cylindrical
members ;
g, damping ratio of stay cable; c;
p air density (kg/m’) , which is gene?l& takeL{ 1.25 kg/m’.

)}‘\aétay lose to or coincides with the

al resonance fesponse of the stay cable shall be

8.4.3 When the excitation frequency at t
natural frequency of the stay cable, the lﬁe/

checked. Q‘
‘/
)653\\\ \¥
\\{b)
Commentary
Assuming the relatiw f one en ay cable perpendicular to the chord length direction;

yp(t) =ygsinwt J‘me t erse V1brat10n of the stay cable due to the change in the cable tension

under the e al\ex atlon is shown in Figure 8-1.

Figure 8-1 Linear internal resonance caused by the displacement at the end of stay cable
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According to the principle of forced vibration, when the ratio of the excitation frequency to the in-
plane vibration frequency of the stay cable is close to 1, the predominant component of its
maximum vibration response is the corresponding in-plane vibration. Taking the first in-plane

vibration mode as an example, the maximum amplitude is:.

_s

Yimax = — (8-1)
where ,
Yim——Mmaximum amplitude of the first in-plane vibration mode (m) ;
v,— amplitude of relative motion of the cable end perpendicular to the chord length
direction ;
{ ——damping ratio of stay cable.

This formula is derived on the basis of the small-amplitude linear model. When the excitation
amplitude at the cable end is relatively large, the sag effedt of stay/cables becomes pronounced,
which leads to significantly overestimated results calctlatéd ffom the aforementioned formula,
thereby losing validity. In such cases, numerical apalysis methods can be employed to obtain the

maximum amplitude of the linear internal resonance’ r€sponse in stay cables.

8.4.4 When the excitation frequency atthe/end-of a stay cable/is\twice its natural frequency, the

parametric resonance response of thegstay, cable”shall becheégked.

Commentary

When the bridge undergoes Warmonic vibxation at its fundamental bending frequency f,, the stay
cables will exhibitstransyerse vibration at a frequency of f. =f,/2, and parametric resonance of the
stay cables i§ likely_t¢' occur. When the relative motion of the cable end along the chord length
direction satisfies x, () =x,sin(2wt) , and the change in cable tension, frequencies, and excitation

displacement satisfy Eqs. (8-2) ~ (8-4), the parametric resonance will occur in the stay cables:

AFlHaX
22/ =B)T + 2B (8-2)
_h
Bl_fol (8-3)
xp= 4XB.¢, (8-4)
where ,
AF . amplitude of change in cable tension (N) ;

F

tension in stay cable (N) ;
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B, frequency ratio;

1 excitation frequency (Hz) ;

f. natural vibration frequency of stay cable (Hz) ;

X, linear elastic elongation of stay cable under constant load tension (m) , which may

be calculated by X, = FI/EA;
[——effective length of stay cable (m) ;
E
A

modulus of elasticity of stay cable (Pa);

cross-sectional area of stay cable (m”).

At this point, the maximum amplitude of steady-state response at the first£esonant mode of the stay

cable can be approximately calculated using Eq. (8-5) .

1X,!
A]max=i. ?O'B] '\/]'_12i
™ Bi

(8-5)
where,
A, ,.~——maximum amplitude of steady- state?g nse) the first resonant mode of the stay
cable (m) ;
excitation amplitude (m) , n is shown in Figure 8-1.
7f
Figure 8-2 shows the relationship betwe tQ ax1m1%‘dltu e of steady-state response at the
first resonant mode of a 400 m-1 e inga’cable-stayed bridge, the damping ratio, and the
excitation amplitude, x,. Sm{ tatlonﬁg of the stay cable in a cable-stayed bridge
generally has both x, nd ) y nents cablhty of the above formula is limited. To
obtain a more accur imum amplﬂ 0 parametric resonant steady-state response of the
stay cable, numenc methods can, be used.

Almax (m)
EA
Il

1.0 -

0.5 H
0.1%

.0

0.00 0.02 0.04 0.06 0.08 0.10
x5 (m)

Figure 8-2 Relationship between maximum amplitude of steady-state response at the first resonant

mode of stay cable, the damping ratio, and the excitation amplitude
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8.4.5 Potential wind-rain-induced vibration of stay cables shall be checked, and aerodynamic
countermeasures or additional damping measures may be employed for vibration control whenever

necessary.

Commentary

The aerodynamic damping measures for stay cables mainly involve altering the cross-sectional
shapes of the cables and preventing the formation of water rivulets, fhereby improving their
aerodynamic performance. To improve the dynamic behaviors of/Stay eables under wind or
combined wind and rain conditions, the surface treatments for stay cdblgs mainly include: (a)
creating grooves or projections along the axial direction on thewurface of the PE pipe of the
stay cable; (b) applying a dimpled surface treatment tosthe stay £able; (c¢) helically adding
strip structures or wrapping strips at intervals on the Surface Of the stay cable along the axial

direction.

8.4.6 In the absence of experimental conditions\the criteria¢tfompreventing wind-rain-induced

vibration in stay cables may be assessed using Egs. (8.4.6-1 \< (8.4.6-2).

For stay cables with smooth sarfaces

) (8.4.6-1)

For stay cables Wwith/effective surface-treatment

S.>5 (8.4.62)
where ,
S ——Scruton number, S, =ml /(pD>) ;

m mass per unit length of stay cable (kg/m) ;

{ ——damping ratio of stay cable;

p air density (kg/m’), which is generally taken as 1.25 kg/m’;
D, outer diameter of stay cable (m).

8.4.7 The maximum amplitude of wind-induced vibration of stay cables and hangers should be
smaller than 1/1700 of their lengths.

8.4. 8 Solid-web H-section hangers should not be used. When using solid-web H-section
hangers, the onset wind speed for vortex resonance may be obtained using Egs. (8.4.8-1) ~

(8.4.8-3). Whenever necessary, the vortex resonance shall be verified through wind tunnel testing
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or virtual wind tunnel testing. If the verification for vortex-induced resonance fails to meet the

requirements, corresponding vibration control measures shall be taken.

U,/ (f,B,)=1.5 (8.4.8-1)
u,/(f,B,)=5.5 (8.4.8-2)
U,/ (fB,) =2.5 (8.4.8-3)
where,
U, onset wind speed for vertical vortex resonance (m/s) ;
U, onset wind speed for torsional vortex resonance (m/s) ;
f fundamental frequency of bending about the weak axis ( Hz)y;
£ fundamental frequency of bending about the stronggaxis<(Hz));
f. fundamental frequency of torsion (Hz) ;
B, cross-sectional width of H-section hanger (1), Ywhich may be determined according
to Figure 6.5.2 in the Specifications.
Commentary

Studies have shown that solid-web H-seétion hangers are\prone tolarge-amplitude vortex resonance
at relatively low wind speeds. »Table\8-1,“gives, experimental results on vortex resonance of solid-
web H-section hangers with vafious width-to-dépth faties. When the width-to-depth ratio is 1, the
amplitude of vortex resomance“abelit the weéak axis may reach 0. 347 times the width,B,. When the
width-to-depth raties i$/1644the onset=wind“speed is only 1.5 times f,B,. Due to the larger
stiffness, the _onset wind-speed for vortex résonance about the strong axis is higher than that about
the weak axjs’y Signifieant vortex-induced resonance can also occur in the torsional direction, with a

maximum amplitude reaching 5.26°.

Table 8-1 Experimental results on vortex resonance of solid-web H-section hangers

Onset wind speed for vortex resonance Maximum amplitude of vortex resonance
Width-to-height ratio,
B/H Weak axis Strong axis Torsion Weak axis Strong axis Torsional
n h
u,/(fiB,) U,/ (f,B,) u,/(fB,) h,/B, h,/B, amplitude, 0, (°)

0.75 6.2 12.2 6.0 0.150 0.062 3.40

1 7.9 / 9.2 0.347 / 3.10

1.6 1.5 5.7 2.5 0.016 0.012 0.50

2.4 1.7 / 3.3 0.132 / 5.26
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8.5 Wind-induced Vibration Serviceability Criteria

8.5.1 Within the wind speed range corresponding to wind action W1 or below, the peak vertical
acceleration caused by buffeting or vortex resonance on bridges with pedestrian access should not

exceed 1.1 m/s>, and the peak transverse acceleration should not exceed 0.5 m/s’.

Commentary

Studies have shown that excessive vertical vibration can also cause discomfort to pedestrians. Figure
8-3 presents the simulation test results on pedestrian comforts, which are€ categorized into five levels:
Very good, Good, Average, Poor and Unacceptable. It{can’ be-ebserved that pedestrian comfort is
not only related to peak acceleration but also exhibits 4 certaih eOrrelation with vibration frequency.
These test results are in good agreement with sinfildp/re€search findings in the world. For ease of
use, the average peak acceleration corresponding\to¥the minimum frequency for the Average
comfort level is adopted as the limit valu€ Yimthis clause, with/a\criterion of 1. 1 m/s for peak

vertical acceleration and 0.5 m/s for-peak“transverse ageeleration,

3.0 1.5

Unacceptable Unacceptable

g
[

y

g
o

1.0
Poor

El g
g g
g 15 B
5 y 2 Average
Q
g 10 g 0.5/
v I Good Good
§ 05} 3
o Ay
0.0 1 - |Vel;y golod 1 [P | - 0.0 . IVer‘y g?Od. 1 L 1 L 1 . 1 .
12 1.3 14 15 16 1.7 1.8 1.92.0 2.1 2.2 2.3 05 06 07 08 09 10 11 1.2
Frequency (Hz) Frequency (Hz)
(a) Peak vertical acceleration (b) Peak transverse acceleration

Figure 8-3 Statistical results of measurements on pedestrian comfort levels

If torsional vortex resonance occurs in the main girder, the peak acceleration due to the torsional
vortex resonance can be converted to the peak vertical acceleration at the pedestrian locations based
on the relative positions between the pedestrian locations and the central axis of the main girder.

Then, the verification is performed in accordance with this clause.

8.5.2 Within the wind speed range corresponding to wind action W1 or below, the dynamic
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response at the locations of vehicle occupants should meet the following comfort criteria .
1 Peak vertical acceleration should not exceed 3.6 m/s’;

2 Peak transverse acceleration should not exceed 2.4 m/s".

Commentary

The dynamic response at the locations of vehicle occupants on the bridge deck can be obtained

through the analysis of wind-vehicle-bridge coupled vibration. The lj r acceleration in this
clause refer to the international standard ISO 2631 Mechanical Vibration and Shock — Evaluation of
Human Exposure to Whole-body Vibration. \ ‘
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9 Wind-induced Vibration Control

9.1 General

9.1.1 When the wind-resistant performance of structuresifails fo meet the design requirements for
the ultimate limit state or serviceability limit state, measuresishall be taken to meet the requirements
by optimizing aerodynamic shapes of members, fadding” aerodynamic countermeasures, attaching

damping devices, or changing the structural System or its stiffness,

Commentary

The aerodynamic performang¢ of the”main girder of a bridge can be optimized through adjusting the
angle of inclination of<webs, the shape=of fairings, and modifying the basic cross-sections. It can
also be improved threugh“additional aerodynamic countermeasures such as guide vanes, spoilers,
and central stabilizers. [ Supplementary damping devices enhance the damping of members or
structural syStems.by~installing dampers to reduce or suppress vibrations. Structural stiffness can be
adjusted by altering the structural system, such as changing the connection method between the
tower and the girder, the arrangement of cable planes, support conditions, and equipping central
buckles in suspension bridges. Modifying member dimensions and materials can also improve

structural stiffness and damping ratio to some extent.

9.1.2 When aerodynamic countermeasures are used to improve or enhance the wind-resistant
performance of structures or members, their effectiveness shall be verified through wind tunnel

testing or virtual wind tunnel testing.

9.1.3 Control measures for wind-induced vibration should be selected by comprehensively
considering the requirements for wind-resistant performance, economy, and durability throughout

the lifecycle of bridges.
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9.2 Girders

9.2.1 The wind-resistant performance of the main girder section may be improved or enhanced by

adding aerodynamic countermeasures.

Commentary

Commonly used aerodynamic countermeasures for main girders incladeSadditional deflectors,
spoilers, fairings, separators, central stabilizers, aerodynamic flaps, deck slotting, aerodynamic
gratings, and wind fins, as shown in Figure 9-1. The flutter stability and the performance of vortex
resonance suppression of several bridges in China have been improy€d by adopting aerodynamic
countermeasures in their wind-resistant design. Central stabilizers have been used in the Runyang
Yangtze River Suspension Bridge, the Beipanjiang, Bridge' (\ZHensheng Expressway ), the Aizhai
Bridge, and the Sidu River Bridge to enhance thejf fluttér performance. Measures such as spoilers,

deflectors, and aerodynamic gratings can effeCtivelynsuppress fertexresonance in bridges.

~ «
(a) Basic cross-section of box girder (b) Spoiler
(c) Separator (d) Aerodynamic flap
l
< __ . <
(e) Deflector () Central stabilizer
(g) Deck slotting (h) Fairing
<_ 1> ! T
(i) Aerodynamic grating (j) Skirt plate
(k) Central stabilizer in separated (1) Central stabilizer (upper, lower) for
double-box girder truss girder
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(m) Deflector (n) Wind fin 1
(o) Wind fin 2 (p) Wind fin 3

Figure 9-1 Examples of aerodynamic countermeasures for the main girder

9.2.2 The shape and position of appurtenances for steel main girders, such as maintenance
vehicle tracks, wind barriers, and railings on bridge decks, shall./be_d&termined to meet the

requirements for wind-resistant performance of the bridges.

Commentary

In the wind-resistant design of bridges, the \shape/and position of appurtenances such as
maintenance vehicle tracks and wind barriers\ have, a* significant jmfluence on the aerodynamic
performance of the main girder. The Sutong \Yangtze River Bridgé has avoided the vortex resonance
by reasonably positioning the maintefrap€e véhicle tracks(andadding deflectors. Recent research has
shown that the wind barriers can not ooy improve traffic Safety and ride comfort, but also enhance

the flutter critical wind speed and the/suppression|of wortex resonance of the bridges.

9.2.3 On the premiSe/that the"checkorequiterhents for the ultimate limit state of wind resistance
are satisfied, additional damping devices' may be employed to suppress vortex resonance or reduce

buffeting respenses

Commentary

The additional damping measures include: 1) tuned damping devices, such as tuned mass damper
(TMD) , tuned liquid damper (TLD) , tuned liquid column damper (TLCD), etc. ; 2) untuned
damping devices, such as viscous shear damper and oil damper. In terms of control methods, they
can be classified into passive control, semiactive control, active control, and hybrid control. For
the control of vortex resonance or buffeting response, tuned dampers have good applicability. In
terms of control methods, considering the complexity of maintenance for actual bridges, passive
control methods offer significant advantages. For the control of vortex resonance or buffeting
response in the world, the TMD method has been widely used. During the wind resistance study of

the Chongqi Bridge, the phenomenon of vortex resonance was discovered, and the study proposed
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the installation of a TMD as a vibration control measure. After the occurrence of vortex resonance
during the construction process, the TMD was installed to effectively suppress the vortex
resonance. Figure 9-2 shows the schematic structure of a commonly used TMD.

Steel connection plate

Guide for spring displacement

|

Adjustable mass

Spring

AL

Viscous damper

——
L {1

y — Steel connection plate

Figure 9-2 Schematic structure of the ¢ mmt)ﬂlwa TMD

-

-y
9.2.4 When tuned dampers are utilized to contr?y( d-i d\egd vibration of the main girder, the
optimal frequency ratio and optimal damping ra\\,fé?tuned ampers may be calculated using

Egs. (9.2.4-1) and (9.2.4-3).
7/
‘)J (9.2.4-1)

(9.2.4-2)

(9.2.4:3)

‘
where, - v \
f():?éhcy the damper (Hz) ;

&o i tio provided by the damper (Hz) ;

£ frequency of controlled mode of the bridge (Hz) ;
M, ratio of the mass of the damper to the generalized mass of the controlled mode of the
structure ;
L total length of the bridge (m) ;
m,——mass of the damper (kg) ;
m(x) mass per unit length of the bridge (kg/m) ;
@ (x) controlled mode shape;
X, installation location of the damper (m) ;
@, (x,) mode shape value corresponding to the installation location of damper.

9.2.5 When multiple-tuned mass dampers are arranged, the range of frequency and damping of
the multiple-tuned mass dampers shall be optimized.
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Commentary

At a specific frequency, TMD can effectively control the structural vibration, but it is sensitive to
changes in the parameters of the main structure. To improve its robustness, multiple-tuned mass
dampers (MTMD) can be used. Figure 9-3 illustrates the working principle of MTMD.

Z
K g ; C, Principal structure system

,7 ¢ —\
F@®) -] Y.
m cee
T™MD ke, ke, kosCy Y,

Figure 9-3 Principle of multiple taned mass dampers (MTMD)

!.

9.8 Towers and High Piers

9.3.1 The wind load and” wind-ifidiaced vibration“rgsponse of towers and high piers may be
reduced by optimizing theirAcrass,sectionalsShapes',) and damping devices may be added to steel

towers whenever necessarys

Commentary

For bridge towers or high piers, the wind load can be reduced by optimizing the cross-sectional
shape. Taking the basic rectangular cross-section as an example, the drag coefficient can be
lowered by using fillets, semicircles, chamfers, and inset corners, etc. , as shown in Figure 9-4.
For steel towers, the wind-induced vibration can be reduced by optimizing the shape and

dimensions of the chamfers.

) O O &

(a) Basci cross-section (b) Cross-section with fillets (c) Cross-section with (d)Cross-section with (e) Cross-section with
semicircles chamfers inset corners

Figure 9-4 Optimization of the cross-sectional shape of the bridge tower
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9.4 Stay Cables and Hangers

9.4.1 When stay cables and hangers fail to meet the requirements for wind-resistant performance,

damping devices may be supplemented for control.

Commentary

With the increasing length of stay cables and hangers, the stiffne damping ratio of the
members rapidly decrease. Additional damping devices can effectively iricrease the system damping
ratio of the members and reduce the amplitude of wind- 1nd|’§ ‘ vibration. Both internal and

external damping measures can be used for stay cables

provide the systems damping ratio. Internal damping in -
-

placing damping material in the annular space between t Stay cable

stay cable and the steel sleeve at the anchorage }a{Qain Damper
b llin .

girder or tower. External damping is achie
damping devices on the main girder OP/ 0 provide Bracket

additional damping. Commonly

devices include oil dampers dam 1S,
(' magnetorheological ) damp%:é%@‘{ damp{ d_ shear Figure 9-5 Schematic of stay cable
dampers. Figure 9-5 sehemat sh mper attached with dampers
installation on a cable~St CM &\ )

SR
9.4.2 They{gg Wmental dampets for stay cables should comprehensively consider the

influences of’the thstallation location of the damper, the stiffness of the damper, the nonlinearity of
the damper, cable sag, and inclination angle, etc. When hydraulic viscous dampers are used, the

damping coefficient,c, may be determined using Eqgs. (9.4.2-1) and (9.4.2-2) .

2
szlz)mnx; (9.4.22)
where ,
K dimensionless damping parameter of the damper;
g, the nth modal damping ratio provided by the damper;
Wy, the first modal circular frequency of the cable (rad/s) ;
X, distance from the damper location to the nearer cable end (m), as shown in Figure 9.4.2;
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n mode number of the cable;

damping coefficient of the damper.

For a linear damper, the optimal damping coefficient that maximizes the additional modal damping

ratio of the cable may be determined using Eq. (9.4.2-3) .

-0. lOmlwm/( xl) (9.4.23)

(71)t

7

" \
% Damper Stay cable §

/ |
| |

Figure 9.4.2 Illustration of an exte%er for a cable

Commentary )%\\

Main factors affecting the efficienc 1nclu stal ation location of the damper, the
stiffness of the damper, the no f the/damper, cable sag, and inclination angle. A
universal design curve for dart{ rs d rived frdq] \) 4.2-1) is plotted in Figure 9-6.

-;«r A

a/ o /

0.2
| —
0.1
0.0
0.0 0.2 0.4 0.6 0.8 1.0
[
nxe
mLay, [

Figure 9-6 Universal design curve for damper

Since the factors such as the stiffness of the damper, the nonlinearity of the damper, cable sag, and
inclination angle are not considered in this equation, the actual modal damping ratio achievable by

the damper is usually lower than the calculated value. Therefore, when this equation is used to
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determine the damper parameters in practice, the modal damping ratio achievable by the damper is

considered to be 50% of the calculated value.

9.4.3 Additional helical fillets or surface treatment for stay cables may be implemented to avoid

or mitigate wind-rain-induced vibration.

Commentary

Current research on wind-rain-induced vibration of cables has shown t the wind-rain-induced

vibration occurs when wind causes rainwater to form water films or ri on the cable surface,

which alter the aerodynamic shape of the cable or oscillate on thwb‘l surface, thereby inducing
large-amplitude vibrations in the cable. The water films or rivulets are the fundamental causes of
the wind-rain-induced vibration. To disrupt the formatio water rivulets, numerous
experiments and practical engineering projects worldwi demonstrated that surface treatment
on the cable, such as creating axial grooves or projecte {I)) on the surface of the PE sheath,

producing indented holes or dimples on the cab , or helically adding strip structures or

wrapping strips at intervals on the cable sur tion, can effectively suppress

the wind-rain-induced vibration. Howe\&(, 1 ic control measures for the
)

wind-rain-induced vibration may lesd).w

\@!)rable ibrations\ such as galloping of the cable.
Therefore, it is essential to Vali% 1 ae?yn untermeasures through wind tunnel

testing. Figure 9-7 shows e Jt< rod\yQ mi¢ countermeasures of additional helical fillet
and dimpled surfaces. = %’é}
y - A / - I\\

(a) Additional helical fillet (b) Dimpled surface

/
Figure 9-7 Examples of aerodynamic countermeasures on the cable surface

9.4.4 Relevant design parameters of additional helical fillets and surface treatment shall be
verified through wind tunnel testing.

Commentary

Helical fillets are arranged on the surface of the cable, and relevant design parameters such as the
geometric shape and pitch of the helix have a significant impact on the drag coefficient of the cable.

Figure 9-8 illustrates the arrangement of the additional helical fillet.
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I Pitch Pitch |

(a) Elevation of arrangement of helical fillet (b) Cross-section view of helical fillet

Figure 9-8 Schematic for arrangement of additional helical fillet

9.4.5 Cross-ties may be added to control the vibrations of stay cables.
9.4.6 Rigid H-section hangers shall be avoided. When rigid hangers faik'to ‘meet the requirements

for wind-resistant performance, measures such as adding transverSe-cables or damping devices may
be implemented to achieve the requirements. \

Commentary 7/ \)

Rigid H-section hangers are prone to flutte allopi g, and ‘
openings nor flange openings can improvzée’ er critical w

the flutter stability. However, incre %ﬂ 1ght-to-wi atio' can somewhat enhance the flutter

esonance, etc. Neither web
ed; instead, they may reduce

stability. Moderate openings in d flanges” can-improve galloping performance, with

significant improvement maipz1§ se in thﬁ\v is, while an increase in the height-to-width
ratio can notably enhance‘w@ng stability ~section hangers. Neither web openings nor
flange openings can s yortex-indug %n nce, but a moderate increase in the height-to-
width ratio can redﬁvge of wind angle where vortex resonance occurs or decrease its

amplitude. C ing H-section hangers with cross-bracings can increase their stiffness. Figure 9-9

schematical ! e arrangement of wind bracings for connecting H-section hangers.

A
yd

//

Figure 9-9 Schematic for arrangement of wind bracings as a structural vibration control measure

for rigid H-section hangers
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9.4.7 When it is determined that significant wind-induced vibrations are likely to occur in
horizontally parallel stay cables or hangers, transverse connectors may be installed for vibration

control.

Commentary

Transverse connectors link the parallel hangers of arch bridges or suspension bridges to form a unit

and prevent individual cables or hangers from undergoing low-frequency”vibrations. Figure 9-10

shows common types of connections. For suspension bridges with"Nlonge

r hangers, installing

dampers at the lower ends of the hangers also has a certain damping efféc
) §

Hanger Hanger Hanger
N\ w Horizontal —— S
Horizontal — connector
connector

N\ N\
%— /}gu/re9-10 Transverse connectors for parallel hangers
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1 O Wind-induced Traffic Safety

10.1 General

10.1.1 Wind-induced traffic safety should be assessed for’bridgesiin the following situations;
1 Bridges located in the wind risk region Rl
2 Bridges with abrupt changes in wind speed ‘en ‘the deckyor those spanning gorges;

3 Bridges that have a significantimpagt on lifeling engineeting or where the consequences of

wind-induced traffic accidents are, severe.

10. 1.2 The assessment=of Aind*inducedstraffic safety of bridges shall determine the extent of

impact of wind on trafficzsafety~Control"objectives/ and safeguard measures.

10.2 Assessment of Wind-induced Traffic Safety

10.2.1 The impact of wind on traffic safety shall be comprehensively considered based on factors
such as the category of wind risk region for bridges, the characteristics of wind environment on the
bridge deck, other meteorological conditions at the bridge site, the types of vehicles, their design

speeds and load conditions, as well as the severity of the consequences of vehicle accidents.

Commentary

The wind risk region where the bridge is located reflects, to some extent, the degree to which the

traffic safety on the bridge is affected by crosswinds in that region.

The distribution of wind speeds of different scales at the deck elevation is one of the important
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indicators for evaluating the impact of wind on traffic safety. This can generally be obtained
through a comprehensive analysis with the aid of meteorological data at the bridge site, taking into
account the influences of deck elevation and topographic features. Generally speaking, it is also
necessary to analyze the annual number of days with wind speeds reaching or exceeding Wind Scale

8 at the deck elevation to determine the necessity of assessing the impact of wind on traffic safety.

After the wind flowing along the outer side of the main girder at the deck elevation passes the
girder, a new wind speed profile distribution is generated within the roadway clearance, reflecting
the influence of the form of the main girder andappurtenances such as railings on the wind
environment on the bridge deck. Meanwhile, local structures such as bridge towers at the height of
the main girder cause abrupt changes in the crosswind speed at differenf locations along the bridge
deck. In addition, local special terrain and structures may also contribute to abrupt changes in the
wind speed on the deck. These characteristics of the wind environment on the deck can be obtained
through wind tunnel testing or virtual wind tunnel testing. Appurtenances on the bridge deck, such
as railings and wind barriers, can alter the flow charactegistics*areund the cross-section of the main
girder, thereby changing the crosswind speed within the vertical clearance for moving vehicles on
the bridge deck. The environmental wind speed Within the vertical clearance for moving vehicles is
typically evaluated using the equivalent wind speed‘en‘the decky, The equivalent wind speed on the
deck is a representative value of the crosswind ‘speed within a‘€ertainClearance for vehicular traffic
on the deck, which is determined based on{the principle of equivalent lateral aerodynamic force
acting on vehicles. It is the square/10ot0f \the integral of‘the.square of the crosswind speed over a

certain vertical clearance, as presenfed in"Eq. (10-k).

U =J(%)Ié’l}2(z)dz (10-1)

where ,

Z, veitiCah cledarance for vehicular traffic. According to the provisions of Limits of
Dimensions, Axle Load and Masses for Motor Vehicles, Trailers and Combination
Vehicles ( GB 1589-2016) , the height limit for motor vehicles, combination vehicles,
trucks, and trailers is generally 4. 0 m, and the height limit for double-deck buses
operating on fixed routes in cities is 4.2 m. Generally, the height of medium-sized and
smaller passenger vehicles, as well as medium-sized and smaller cargo vehicles, does

not exceed 3 m.

U(z)

crosswind speed at the height z above the deck (m/s).

An influence factor A, for wind speed on the deck is used to represent the proportional relationship
between the equivalent wind speed on the deck and the incoming wind speed outside the deck, as
shown in Eq. (10-2):

A, = (10-2)
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where,
U

®

incoming wind speed at deck level (m/s).

Taking the concrete double-box girder of the approach bridge of the Hangzhou Bay Bridge as an
example, the characteristics of the wind environment on the deck level were extracted through
virtual wind tunnel testing. Figure 10-1 illustrates the centerline positions of the traffic lanes, and
Figure 10-2 presents the crosswind speed profile distributions at the corresponding positions. Table
10-1 gives the influence factors for wind speed on the deck for different positions and vertical

clearances.

® T ©® 6 ©

oooo

© &

&

|
Figure 10-1 Schematic for centerline ions of%ffic lanes
-
<
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Figure 10-2 Cro. winWroﬁl‘e
-

Table10-1 Influ rs for wind d on deck for various positions of traffic lanes and
-/ vertical clearances for traffic
4 Position of traffic lane
Vertical clea? nce
@ @ ® @ ® ®
3m 0.84 0.73 0.70 0.71 0.73 0.76
4 m 0.94 0.87 0.85 0.84 0.84 0.86

The difference in cross wind stability among vehicles of different types and under various load
conditions is significant. Studies have shown that small passenger cars are prone to deviation in
driving direction under crosswind conditions, leading to side impact accidents. Large empty box-
type container trucks are more susceptible to rollover accidents under crosswinds. Most vehicles are
more likely to experience side-slip accidents caused by crosswinds when the road is wet and slippery

due to rain or snow.
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For the impact of wind on traffic safety on bridge decks, both the risk probability of vehicle
accidents for different vehicle types and the severity of the consequences of such accidents are
considered. The consequences of wind on traffic safety extend beyond the accidents themselves and
also involve the impact on the capacity of the route. For example, a vehicle accident on a narrow
bridge may lead to a disruption of traffic. For bridges spanning water source protection areas, fish
farming zones and others, it is necessary to strictly control the risk probability of wind-induced
vehicle accidents to prevent chemical leaks caused by accidents. For bridges crossing over gorges,
it is essential to thoroughly assess the impact of crosswinds on traffic safety and strictly avoid the

occurrence of vehicles plunging off the bridge.

10.2.2 The influence of bridge towers, abutment structures, arch springings or arch ribs, bridge-
tunnel transition zones, and local topographic features on the wind environment characteristics for
moving vehicles on bridge decks should be determined through Wwind tunnel testing or virtual wind

tunnel testing.

Commentary

Bridge towers, abutment structures, arch Springs.or arch ribs{\bridge-tunnel transition zones, and
local topographic features can affectgther wind €nvironfuént” characteristics for moving vehicles on
bridge decks. Figure 10-3 illustrates thédistribution of €rosswind speed in the vicinity of the bridge

towers along the longitudinal axis of theNbridges

Bridge tower

i
% )
U Bridge tower

Uy(x)

Figure 10-3 Schematic for the distribution of crosswind speed in the vicinity of the bridge tower
along the longitudinal axis of the bridge

10.2.3 The control objectives for wind-induced traffic safety on bridge decks should be
determined by comprehensively considering the design speed, vehicle types, traffic capacity
requirements, traffic safety and ride comfort requirements, as well as the implementable traffic

management measures and engineering structural measures.
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Commentary

Taking the Hangzhou Bay Bridge as an example, the bridge crosses over the waters of Hangzhou
Bay with a design speed of 100 km/h and is accessible to all compliant vehicles, mainly including
basic passenger cars, crossover passenger cars, medium-sized commercial buses, large commercial
buses, and large commercial van-type trucks. Studies on wind-induced traffic safety have shown
that under the original design plan, the entire bridge would need to be closed when the wind reaches
Wind Scale 8 at the ground surface. As an important land route connecting Ningbo to Shanghai, the
Hangzhou Bay Bridge has high requirements for traffic capacity duriigNwindy days. Its traffic
control objective is set as; the entire bridge remains open when the wind\reaches Wind Scale 10,

and it will be closed when the wind reaches Wind Scale 11.

10.2. 4 The control objectives for wind-induced traffic ’safety "may be ensured by selecting
appropriate types of railing or installing wind barriers,

Commentary

When the control objectives of wind-ifiducedtraffic safety”cannot' be achieved only through traffic
management measures, engineering<solutions such 4s appropfiate types of railing or wind barrier are
often employed. Taking the Hagzhoti\Bay Bridge/a$an example, in order to achieve the control
objective that the bridge is still lacce§sible duting the Sccurrence of Wind Scale 10, besides traffic
management measures=<to Jrestrict the spe€d\t6,40 km/h when the wind reaches Wind Scale 10,
engineering measures inéluding’ increasing thg height of the railings along the entire bridge from 1.06 m
to 1.5 m and-installing wind barriers on the traffic barriers of the south and north navigation channel

bridges and the -approach bridges in the high-pier areas have also been implemented on the bridge.

A wind barrier is a device installed on the main girder to reduce the impact of lateral wind speed on
the bridge deck, thereby enhancing the traffic safety and ride comfort on the bridge deck. It
typically consists of posts, barrier strips, as well as anchoring and damping components. Figure 10-

4 presents three different methods of connecting wind barriers to the bridge deck.

In recent years, wind barriers have been employed in several bridges around the world after
research. Taking the north navigation channel bridge of the Hangzhou Bay Bridge as an example,
virtual wind tunnel testing was conducted on the wind environment on the deck with a typical closed
steel box girder section shown in Figure 10-5, in which different types of railings and wind barriers
were considered, as illustrated in Figure 10-6. The extracted influence factors for wind speed of

different positions and typical vertical clearances on the bridge deck are listed in Table 10-2. A
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comparison of the data in the table reveals that the influence factors for wind speed on the deck
decrease somewhat with the increasing height of therailings, and significantly decrease after the
installation of wind barriers. Taking the finally adopted scheme S5 as an example, the influence
factor for wind speed on the deck within the vertical clearance of 3 m and 4 m at the position of
Lane (D is reduced by 63% and 62% , respectively, when compared with the corresponding cases
of SI. By installing wind barriers, optimizing the design of railings and implementing relevant
management measures, a consistent level of wind-induced traffic safety was maintained between the

main bridge and its connecting lines.

Barrier strip Post

~

Barrier strip

~ Barrier strip

~

Post

Post ~ ~

Wind
barrier

—_—

Wind barrier

—_—

Parapet wall

—_—

Traffic barrier

—_—

Traffic barrier,

(a) Wind barrier mounted on (b) Wind barrier mounted on (c) Separated installation of the
traffic barrier parapet wall wind barrier
\ N
Figure 10-4 Composition of wi \?Br}ld its 0 the bridge deck
DZAN 4
@® @ ® = @ ® ®
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" d
Figurel0-5 Sche Mn&m‘%}})t wind speed profile on the deck of the north

- on channel bridge of the Hangzhou Bay Bridge

IS :

S1 S2 S3 S4 S5

Figure 10-6 Schemes of railings and wind barriers for the main navigation channel bridge
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Table 102 Influence factor,A , for wind speed on bridge deck at different traffic lanes

and typical vertical clearances

Vertical clearance
Position of traffic lane S1 S2 S3 S4 S5

3m 4 m 3m 4 m 3m 4 m 3m 4 m 3m 4 m
@® 0.95 | 0.98 | 0.90 | 0.92 | 0.70 | 0.74 | 0.68 | 0.66 | 0.60 | 0.61
@ 0.88 | 0.93 | 0.84 | 0.88 | 0.63 | 0.67 | 0.63 | 0.60 | 0.55 | 0.54
@ 0.85 | 0.90 | 0.83 | 0.87 | 0.60 | 0.64 | 0.59 | 0.57 | 0.53 | 0.51
@ 0.81 | 0.88 [ 0.79 | 0.85 | 0.57 | 0.62 | O8S3p| 0.52 | 0.48 | 0.47
® 0.79 | 0.87 | 0.77 | 0.83 | 0.54 | 0.59 | B{50,0.49 | 0.46 | 0.46
© 0.79 | 0.87 | 0.74 | 0.80 | 0.51 | O=54«| 0.46 | 0.47 | 0.44 | 0.44

10.3 Design of Wind Barriers

10.3.1 The design life of posts of a wind'barciet shall not be _less, than 50 years, and the design

life of the barrier strips shall not be Jess«than, 20" years.

10.3.2 The wind load for stfueturaltdesign of wind barriers shall be selected based on the wind
action W2.

10.3. 3  The sefection off type and™matetials for wind barriers should be comprehensively
determined according to—the vehicle collision condition, fire resistance, durability and landscape

requirements:

10.3.4 Types and sheltering efficiency of wind barriers should be determined through wind tunnel
testing or virtual wind tunnel testing, and the sheltering efficiency should be in the range of 0.35 ~
0.70.

10.3.5 Wind barriers may be connected to the bridge by mounting on traffic barriers or parapet
walls, or may be separately connected to the main girder and placed outside the traffic barriers or

parapet walls.

10.3.6 The distance between the top of the wind barrier and the bridge deck should not exceed 4
m, and should not exceed 5 m in areas with abrupt changes in wind speed. A height transition

section should be provided in the area where the height of the wind barrier changes.
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Commentary

The height transition sections are set at both ends of the wind barrier to reduce abrupt changes in

wind speed and mitigate the impact of crosswinds on vehicle driving.

10.3.7 If wind barriers are installed only at the sections with sudden changes in wind speed
including bridge towers, abutment structures, arch springs or arch ribs, bridge-tunnel connections
and others, the range and form of their arrangement should be determined based on wind tunnel
testing or virtual wind tunnel testing, or they may be arranged according™Me Figure 10.3.7. The
arrangement range at one side should not be less than 5 times the longitudinal dimension of the
bridge towers, abutment structures, arch springs or arch ribs at the™de€k elgvation, and the overlap

section at one side should not be less than 0.25 times their longitudinal dimensions.

Bridge tower

w
Wind barrier /\/

ﬁ <0.5W 4

\

| >2w | >3W | >3W | >2W |
I | [ |
\Height of railing Height transition section Height of rz}iling

I

Section for wind barrier

Constant height section

Figure 10. 3.7 Schematic for arrangement” of wind barrier at bridge tower
(Wl isthe longitudinal width, of theé tower at the deck elevation)

Commentary.

Wind barriers are installed only at the section of the bridge tower in the Taizhou Yangtze River

Bridge, as shown in Figure 10-7.

Figure 10-7 Arrangement of wind barriers at the tower section of Taizhou Yangtze River Bridge
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1 1 Wind Tunnel Testing and Virtual Wind

Tunnel Testing

11.0.1 The wind-resistant performance and relevant parameterS-ef<bridge structures or members

may be verified and acquired through wind tunnel testing and virtual wind tunnel testing.

11.0.2 Flutter, galloping, and aerostatic stability testing¥should be conducted in a uniform flow
field. Vortex resonance testing should be perforin€d ineither a uniform flow field or a turbulent
flow field. Buffeting testing should be conducted\innd wind{tunnel or virtual wind tunnel that
simulates the atmospheric boundary layéep;{and the simulatéd atmospheric boundary layer shall
reflect the mean wind speed profile , gurbulénce/intensity profile, ‘and power spectrum of fluctuating

wind at the bridge site.

11.0.3 Wind tunnel test mgdels”of bridge_Structiives Or members shall simulate their shapes, mass
distributions, constraiat¢conditions, principal modes, frequencies, and damping ratios according to

the principle of similarity.

11.0.4 The turbiilence characteristics, wind attack angle, and wind yaw angle considered in wind
tunnel testing for/the wind-resistant performance of bridge structures or members shall be consistent

with the wind environment at the bridge site.

11.0.5 The scale of sectional models for stay cables and hangers should be 1:1, and the damping
ratio of models should be lower than 0. 15% . The simulated rainfall, wind yaw angle, inclination
angle of cable, and other factors in wind-rain-induced vibration testing of stay cables should be

consistent with the actual situations.

11.0.6 The coverage radius of topographic wind environment test models should not be less than
2 km. The approach flow may be selected as a turbulent flow field corresponding to Terrain

Category B at the same scale. The scale of the test model should be larger than 1:1000.
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Commentary

In the design of topographic wind environment testing, a larger simulation scope can better reflect
the influence of the surrounding terrain on the wind field at the bridge site, but the simulation
accuracy may be compromised. For cable-stayed or suspension bridges, the bridge tower can be
selected as the reference component, with a coverage radius of 10 times its height for the design of
the terrain model. For arch bridges or continuous girder bridges, the rise of the arch rib or the
maximum pier height can be chosen as the reference component. Figure 11-1 illustrates the
arrangement of a wind tunnel test for topographic wind environment, wherefoughness elements and
spires are turbulence simulation devices used to simulate Terrain Category B, at the same scale as the

terrain model.

-~ Radius for /"~
, e simulation / \\\
. . /
,/ Bridge site / A

~ -
00000000000 00EO0000000o0oo000000ooooo
EIEIEIEIEIEIEIEIEIEIEIEIEIEIEEG.D,DEEEEIEIEIEIEIEI ooooooo

Roughness 000000000000000000000000000000000000
000000000000 000000000000000000000O0
elements 00000000 000000000000000000000000000O . . .
00000000 0000000000000000000000000O00 Simulation devices for

O00O0O00O0000O0000000000000O0O0O0O0O0oOoOooOoooooo

Terrain Category B at
Oo0OOooDoOoDoDOo0oDoDoOooooao the same scale
Spires——— OO OO OOOOO O oo O

[} [}
VANNRVANENV ANV ANYANRVAND VA NVANYANERYANVAVRPAN

Approach
flow

Figure 11-1 Schematic for the arrangement of the wind tunnel test model for the topographic

wind environment

11.0.7 The requirements for wind tunnel testing and virtual wind tunnel testing may be found in

Appendix B and Appendix C of the Specifications, respectively.
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Appendix A
Wind Risk Region Map and Wind Speed
Distribution Map for Bridges in China =

A.1 Wind Risk Region Map for Bridges inyChina

A.2 Basic Wind Speed Distribution-in Ghina

A.3 Wind Speeds for Diffefent Refurn Periods in Major Regions of China

A. 4 Prebabilistic Distribution Models and Parameter Values of Wind
Speed at’Meteefological Stations across China

* Editor’ s note: Relevant data in Appendix A may refer to the corresponding Chinese version o the Specifications.
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Appendix B
Basic Requirements for Wind Observation at
Bridge Site in China

B.1 General Rules

B.1.1 For important bridges that are sensitiye to\whid actions; When the bridge site has complex
terrain or lacks usable wind speed records, jwind-parameters<at the/bridge site may be obtained by

establishing an observation station there.

B.1.2 Necessary measures shall\be taken to emsure the normal operation of the instruments and

equipment during the observation period.

Commentary

Wind observation-inastruments and equipment generally require a long-term power supply. Due to
the harsh field working environment, these instruments and equipment are exposed to adverse
conditions such as corrosion, lightning strikes, and strong winds. Therefore, during the
observation period, measures for lightning protection, durability assurance, and continuous power

supply for the instruments and equipment are of great importance.

B.1.3 The connection structure for wind observation towers and anemometers shall demonstrate

adequate structural stiffness.

Commentary

Wind observation instruments and equipment are connected to the wind observation tower or
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associated fix devices. If the stiffness of the wind observation tower itself or the fixing devices is
not sufficient, the measured wind speed data will involve spurious data due to the displacement and

vibration of the wind observation tower or the fixing devices.

B.1.4 The wind observation at the bridge site shall conform to the relevant requirements or
provisions in Specifications for Surface Meteorological Observation - Wind Direction and Wind
Speed (GB/T 35227).

B.1.5 The selection of locations for wind observation towers and the height for wind observation
should be determined considering the topographic features of the bridge sife, the deck elevation of

the main bridge, and other factors.

B.1.6 The placement of anemometers shall avoid the interférence from the observation tower

itself or other structures under prevailing wind directions.

B.2 Wind Observation Period, Measurément Points and Parameters

B.2.1 The wind observation period at the\bridge site shall ngt/be,less than two years.

B.2.2 The installation locatiohs ardd“Meights of wind”gbservation instruments and equipment
should be determined based of ,the¢ obsefvation purposes, and the measurement layers for wind

speed profile observation showld 16t be fewer than four!

Commentary

A wind observation tower of 75 m height on the south bank of the Sutong Yangtze River Bridge
was constructed with measurement points at heights of 10 m, 30 m, 50 m, and 70 m. An
observation tower of 60 m in height was erected at the site of the Taizhou Yangtze River Bridge
with measurement points at 10 m, 30 m, 50 m, and 60 m. An observation tower of 80 m in height
was erected at the site of the Shanxi Linyi Yellow River Bridge with measurement points at 10 m,
30 m, 50 m, and 80 m.

B.2.3 Wind observation parameters shall include wind speed and wind direction. Anemometers
for measuring mean wind speed and direction shall have a sampling frequency of no less than 1 Hz.
Anemometers for observing fluctuating wind characteristics shall have a sampling frequency of no
less than 10 Hz.
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B.3 Wind Observation Data Analysis

B.3.1 The validity rate of wind observation data should not be less than 95% , and the data
completeness rate should not be less than 98% . In the event of missing data, data interpolation and
correction may be performed based on correlation analysis using data collected by other observation

instruments during the same period.

Commentary

If Anemometer A has missing data while Anemometer B has colleeted valid data during the same
period, a correlation analysis can be performed on their measured |ddily mean or maximum wind
speed data. After passing the correlation test, a data ratie/relationship between Anemometer A and
Anemometer B can be established. Subsequently ,tfe missing” data from Anemometer A can be

interpolated using the synchronized measurement§, fromAnemometer B as a reference.

B.3.2 Wind observation data analysis,shall ‘primarily encompass, wind speed, wind direction,
wind attack angle, terrain roughness—factof, turbulene¢ intensity, gust factor, and wind speed
spectra. Results of statistical analyses<dindetyhigh wind-Conditions shall serve as the basis for design

parameter selection.

Commentary

The statistical Janalysisf of wind speed includes mean wind speed, extreme wind speed, and 10-
minute average maximum wind speed. Wind direction is primarily presented in the form of a wind
rose diagram, as illustrated in Figure B-1. The number of high-wind days, which is a statistical
parameter indicating the frequent occurrence of high winds at the bridge site, and is typically
represented by the number of days with wind speeds exceeding a specified threshold within a
specified period (e. g. , one year). Table B-1 presents a statistical summary of high-wind days
above Wind Scale 7 from an observation report. The terrain roughness factor is obtained by fitting
the mean wind speeds measured at multiple elevations and is derived from the statistics of data
collected under high-wind conditions. Table B-2 presents the measurement analysis results of the
terrain roughness factor for a river-crossing bridge. Turbulence intensity and gust factor exhibit
significant variability and are obtained by fitting the asymptotic trend of turbulence intensity under
strong wind conditions. Figure B-2 illustrates the relationship between turbulence intensity and mean

wind speed.
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Table B-1 Number of high-wind days abo‘v%()l‘ Scale 7 from an observation station

7/
Measurement | Elevation 0“\\@ A Maximum
h 12 )
o \

. T Annual )
point (m) 41516l 7 7/‘ R Y consecutive days

2 \1@.\4 9) 6 ;'12 \v 8 77 5
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A Y va — i
40 7,/5/'79; /310 Qt}/‘\l’6 131111 101 6
-~ 7 i ] A4
60 7 4‘4 5| 94 Shile li2]i0]o 89 5
B 20/3:2)\5—‘/ 1‘7;13\\; >l lolol1 ] 19 6
= p "\ H

N\ \l
T%—
aWStaﬁsﬁcal results of terrain roughness factor, «,, for a bridge site

Wind ya\/ angle Northward Southward Eastward Westward
Mean value 0.093 0.192 0.141 0.169
All samples
Regression value 0.088 0.171 0.134 0.155
Mean value 0.092 0.182 0.129 0. 166
=5m/s
Regression value 0.082 0. 166 0.134 0.158

B.3.3 The basic wind speed at the bridge site U, may be estimated based on the correlation
between wind observation data at the bridge site and concurrent wind speed data from nearby

meteorological stations, utilizing long-term wind speed records from these stations.
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Commentary

Given the limited duration of wind observation records, short-term data alone are insufficient to
reflect the regional long-term wind characteristics. Therefore, correlation analysis between the wind
speed data from the observation station and those from nearby meteorological stations becomes
particularly critical. In determining the design wind speed for the Sutong Yangtze River Bridge, a
correlation analysis was conducted between wind observation data at the bridge site and concurrent
data from Changshu and Nantong meteorological stations, demonstrating a strong correlation
between the two datasets. Table B-3 presents the correlation analysis, reSults and the finalized
correlation estimation formula adopted for the Sutong Yangtze River Bridge, which incorporates a
99.7% confidence level. Based on the obtained correlation formula, the ‘observation station data
were adjusted and extrapolated with the data from the meteorological|stations, resulting in an annual
maximum wind speed sequence for the bridge site. Findlly/ Statistical analysis was performed on

this sequence to obtain the basic wind speed at the bridge site,

Table B-3 Correlation analysis results betweendaily maximum\wind speed (5 m/s) from

various observation stations fox, the Sutong Yangtze River Bridge

. Correlation | Residual )
Item Correlation’formwa . . Sample size
coefficient | variance

Correlation between river surface
observation station (Y) and*Nanitong Y =32J68%1.173X 0.609 1.982 446
meteorological station (X)

Correlation betweef\river ‘sutface
observation-statiem( Y) and Changshu Y=3.662 +1.186X 0.598 2.030 436
meteorplogical station (X)

Correlation between river surface
observation Station (Y) and Nantong (X, ), Y =2.805 +0.701X, +0.632X, 0. 645 1.912 376

Changshu (X, ) meteorological stations

Finalized correlation formula Y =8.540 +0.701X, +0.632X, Based on the 3 o principle
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Appendix C
Requirements for Wind Tunnel Testing

C.1 General

C.1.1 Aerostatic force testing, sectional model vibfation testing, bridge tower model testing,
full-bridge aeroelastic model testing, topoZtaphic wind enVirsnmeént model testing, and wind
environment testing for traffic safety on bridge, decks may,be condueted in wind tunnels for bridge
structures or members to verify theiry wind-resistant perfermance and acquire relevant aerodynamic

parameters and wind parameters.

C.1.2 Wind tunnel testidg \should be cenducted“in wind tunnels capable of simulating the

atmospheric boundary“ayer.

C.1.3 Thestest model shall be placed within the effective test section of the wind tunnel.
Measurements|shall.b€ conducted at the mid-span cross-section of the model along the longitudinal
axis of the wind/ tunnel. The unoccupied wind tunnel shall satisfy the following flow field

characteristics :

1 At commonly used test wind speeds, the deviation of the wind speed distribution from the

mean wind speed should be less than 2% .

2 The pitch angle, ||, between the direction of the approach flow and the axis of the wind

tunnel should be less than 0.5, and the wind yaw angle, |3/, should be less than 1.0.
3 At commonly used test wind speeds, the turbulence intensity should be less than 2% .

4 Within 1 m zones of the entrance and exit of the wind tunnel test section, the axial static
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pressure gradient of the wind speed should be less than 0. 01 m.

C.1.4 When conducting wind tunnel testing simulating natural wind characteristics, if wind
observation data from the bridge site is available, the wind field shall be simulated based on the
wind parameters derived from such wind speed data, including wind speed profile, power spectral
density functions, turbulence intensity profiles, and turbulent length scales. In the absence of wind
observation data from the bridge site, the wind field simulation may adhere to the following

principles ;

Clause 4. 2. 6 of the
r, o,, may be 0.01.

1  The wind speed profile may be adopted in accordance wit

Specifications. The allowable tolerance for the terrain rough

‘\‘
2 The power spectral density functions of fluctuating wind p&in the horizontal along-wind
(C

and vertical directions may be determined using Eqgs. 1.4-1) and (C. 1.4-2),
respectively 4

O
nS,(n) 72( '

(C.1.4-1)
(C.1.4-2)
(C.1.43)

‘@:&S\l;d (C.1.4-4)
A\

- - -
=H-z,/K (C.1.4-5)
- /=
where, /

S, (n) power spectral density function of fluctuating wind in the horizontal along-wind
irection ;
S, (n) power spectral density function of fluctuating wind in the vertical direction;
n frequency of wind fluctuation (Hz) ;
u, frictional velocity of wind, also known as the shear velocity (m/s) ;
K dimensionless constant, K =~ 0.4;
zZ height above the ground or water surface (m) ;
u(z mean wind speed at height Z (m/s) ;
H average height of surrounding buildings (m) ;
Z terrain roughness height (m) , see Table 4.2.1.

3  The average design turbulence intensity, I, , for the fluctuating along-wind speed

u?’
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component u of the approach flow may be determined in accordance with Clause 4.3.1.
The variation range of turbulence intensity should be within 30% . The turbulent length
scales, L; and L, in the cross wind and vertical directions for the turbulent component u

may be selected from Table C. 1.4.

Table C.1.4 Benchmark values of turbulent length scales for turbulent component « in the

cross wind and vertical directions

Turbulent length scale (m)
Height (m)

Ly L

Z=<10 50 20

10 < Z<20 70 30
20< Z <30 90 40
30< Z <40 100 50
40< Z <50 110 50
50<Z2<70 120 60
70 < Z < 100 140 70
100< Z < 150 160 30
150 < Z < 200 180 90

Commentary

The integral length scCalds ofrtdrbulence represent the average size of eddies in the airflow.
Corresponding to the thiee, difections of“eddies associated with fluctuating wind speed components
in the along-winds. crogs=wind, and vertical directions (u,v, andw), there are a total of nine
turbulent int€gral | length scales. For example, L;, L;, and L represent the longitudinal,
transverse, and vertical average sizes of eddies associated with the along-wind fluctuating wind

speed of the approach flow, respectively. L is mathematically defined as:

L' =LR,, (x)dx (C-1)
o,

where ,
Ieulu2 ( x)

cross-covariance function of two longitudinal fluctuating wind speed components

U, E”(xl » V1534 ,t) and u25u<x2 s V252 )5

o

u

root mean square of u, (and u, ).

C.1.5 Wind tunnel test models for bridges should conform to the provisions in Table C.1.5.
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Table C.1.5 Requirements for wind tunnel test models of bridges

Type of testing

. Sectional model testing
Model requirement

. . . Full-bridge aeroelastic
) . Sectional model | Bridge tower model testing .
Aerostatic testing | . . model testing
vibration testing

Modelscale =1/80 =1/200 =1/300
. <0.2
Model width/height of the For closed circuit; < 0.4 . . .
. ) o (Model width is the spacing /
effective test section For open circuit: < 0.2

between tower columns)

. For closed circuit; > 2
Model length/model width o / /
For open circuit: > 3

Blockage ratio < 5%

C.2 Aerostatic Force Testing

C.2.1 The model for aerostatic force testing shall fnaintain geometric similarity to the prototype
bridge, and end plates or compensation models shall be€quippéd asboth ends of the model. When
end plates are used, aerodynamic correctionsNoryforces acting ofi the end plates and the model
support devices shall be considered. When eompensation’ piodels are employed, the gap between
the compensation model and the ,fofee measuremerit /model should be less than 1 mm, the
compensation model shall be ,of sufficient length;s.and aerodynamic corrections for the support

devices of the force measurement-model shall beperformed.

C.2.2 The wind attack angle for the aerostatie’ force testing of the main girder should vary in a
range of —10° ~y+ YOS Nand the step size“of the variation shall be 1°.

C.2.3 Two/different wind speeds shall be selected for the aerostatic force testing of the main

girder.

C.2.4 The aerostatic force testing for members with variable cross-sections should be conducted
in segments, and the compensation segment model shall have sufficient length. For parallel

members, the mutual influence of upstream and downstream members should be considered.

Commentary

For the force measurement testing of members with variable cross-sections, it is necessary to
consider the aerodynamic effects of the upstream and downstream members, as well as adjacent

members on the tested segment. This is typically achieved by conducting simultaneous tests on the
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tested segment and the compensation segment. The role of the compensation segment is to account
for the aerodynamic influence of adjacent members on the tested member. The model of the tested
segment is connected to a force balance, while the model of the compensation segment is

independent of the tested segment model. Figure C-1 illustrates the principle of the segmented force

measurement testing .
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Figure C-1 Schemaﬂc/ {01' t rinci evsegmented force measurement testing
-
)
C.2.5 The influenc ind yaw ah be considered in the aerostatic force testing for
-
bridge tower memb ind yaw anglel should vary in a range of 0° ~180°, the step size of

the variation should not'be larger than 15°, and it should not exceed 5° within the 30° range near

the transverse ’an gitudinal directions of the bridge.

C.3 Sectional Model Vibration Testing

C.3.1 Sectional model vibration testing shall ensure the two-dimensional flow characteristics of
members, employing a spring-suspended sectional model setup or a forced vibration model setup.

Commentary

In the sectional model vibration testing, it is crucial to ensure two-dimensional flow characteristics.
Figure C-2 illustrates the schematics of three-dimensional flow around the ends and two-dimensional
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flow across the cross-section. Generally, when the length-to-width ratio of the model is 4 or
greater, the aerodynamic forces induced by three-dimensional flow around the ends have minimal
impact on the overall aerodynamic forces on the model, and end plates may not be necessary.
When the length-to-width ratio is less than 4, end plates can be installed to maintain the two-

dimensional flow characteristics of the sectional model.

~—
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(a) Three-dimensional flow around ends (b) Two-dimensional flow across the cross-section

Figure C-2 Schematics for three-dimensional flow around elds\y?d. two-dimensional flow

acCross Cross- Sect N
‘

ind speed, onset wind speed for

Sectional model vibration testing can determine flu @tlcal
del

vortex resonance and vibration amphtudes iona esting conducted in turbulent

flow fields can measure the buffeting re nal models typically simulate

two degrees of freedom: vertical vi . Horizontal springs may also be

added to simulate the degree of Flgure C3 schematlcally shows a

spring-suspended sectional n}oﬁ

forced vibration method. /\/
/’ A ‘/{
- I

Sectional model

Spring
Spring

Figure C-3 Schematic for a spring-suspended sectional model
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-

Figure C-4 Schematics for sectional model tesg%\‘t} forced vibration method

C.3.2 The model shall maintain geometric 51%\
parameters, m/pb’ and I, /pb*, inertial % U/f,b

parameter, {, shall satisfy the similarity ¢

Specifigallyy, for suspension bridges and cable-

stayed bridges, the mass ,m, an nt of inertia; |/, , shall be the equivalent mass and
equivalent mass moment of in 1 %ount tXtﬁhe global bridge interaction.

C.3.3 Tests shall be_con ct both éow field and turbulent flow field according to
the testing objectives sts in t flow field, the similarity condition of turbulence

intensity should be s s

‘A

C.3.4 Se i(¥1 el vibration test conditions shall comply with the requirements in Table C.3.4.

Table C.3.4 Allowable tolerances of sectional model parameters

Parameter Mass Mass moment of inertia Frequency Damping ratio

Allowable tolerance +3% +3% +3% +10%

C.3.5 Tests with the forced vibration method shall comply with the requirements in Table C. 3.5.

Table C.3.5 Allowable tolerances of sectional model parameters for tests with forced vibration method

Mass moment Drive amplitude Frequency of
Parameter Mass . T
of inertia Vertical vibration amplitude Torsional amplitude forced vibration
Allowable tolerance | +*3% +3% (0.01 ~0.02)B 1° ~5° +3%
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Commentary

The forced vibration method is a test method that drives a sectional model to perform pure
torsional, pure vertical or pure lateral motions and obtains flutter derivatives by directly measuring
the self-excited flutter forces. Typically, eight flutter derivatives are used to describe the self-
excited lift force and moment resulting from the interaction between the airflow and the structural

motion, as shown in Eq. (C-2):

L.=pUB|KH s kH) %O‘+KH +K°H,

M, =pU'B* [KA; (.]+KAZ U+K2? o : %]
where, c;

L,,—self-excited lift force (N/m) ; //
M,,——self-excited moment (N -m’/m \\0
B characteristic width of main )

(C2)

o —torsional vibration dlspl

vertical vibration dis %
reduced frequenyr, ake Bw/({\/ which w is the circular frequency of modal

h

K
vibration ( rad{s )
H A flutter deriVative ich am&\gms}of reduced frequency U/fB.
-
Self-excited fl_utA or e generally o 1ned by directly measuring aerodynamic forces or by

integrating thé; measured surface pressure. Figure C-5 illustrates the principle of two-degree-of-

freedom vibration ffor a sectional model using the forced vibration method.

Jr h(f)y=h,sin(e?) Jr 5

(1) /i_,/:”’

| | a(t)=a,sin(wt)

(a) Pure vertical drive (b) Pure torsional drive

Figure C-5 Schematics for the principle of the sectional model testing with forced vibration method
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C.4 Bridge Tower Model Testing

C.4.1 For free-standing bridge towers, either a full elastic model of the tower or an elastically
supported rigid-body model of the tower may be employed for vibration or force measurement
testing. When using an elastically supported rigid-body model, the test results shall be corrected

based on the actual mode shapes.

Commentary

The wind-induced vibration response of bridge tower stractures is/primarily dominated by the
contribution of low-order mode shapes. When the Wind<induced vibration of the tower is
determined to be dominated by the first bending mode shapes”an elastically supported rigid-body
tower model can be used for testing. In this case )\ the“yibration digplacement of the tower is linear,
and the vibration response needs to be corrected baséd on the fitst bénding mode shape. If multiple
mode shapes participate in the wind-induced Wibration, a full elagticvmodel of the tower needs to be

employed for testing.

C.4.2 The model shall mdintain geometric ‘similarity to the prototype bridge, and its elastic

parameters, inertial parameters ,| ahd/damping parameters, £, shall satisfy the similarity condition.

Commentary

When a full elastic model is used, the dimensionless parameters include /;s, ULZIsz , and (.
p

1
When an elastically supported rigid-body model is used, the dimensionless parameters include #,
p

f%’ and ¢..

Where ,
I, ——mass moment of inertia of structure or member (kg -m’) ;
D characteristic dimension of structure or member (m) ;

P, density of structure or member (kg/m’).

Vs



C.4.3
dimensionless parameters of a full elastic model or an elastically supported rigid-body model and the

The model shall maintain geometric similarity to the prototype bridge, and the
damping parameter, £, shall meet the consistency requirements.

C.4.4 Bridge tower model testing shall be conducted in both uniform flow field and turbulent
flow field according to the testing objectives. For the tests in the turbulent flow field, the similarity
condition of turbulence intensity should be satisfied.

C.4.5 Bridge tower model test conditions shall meet the requirements in Table C.4.5.

Table C.4.5 Allowable tolerances of bridge tower model,parameters

Parameter Mass Mass moment of inertia Frequency Damping ratio

Allowable tolerance +3% +3% + 3% +10%

C.5 Full-bridge Aeroelastic Model Testing

C.5.1

similarity parameters, the model scale ,1/n/,/and‘the test/wind speed scale ,1/m, shall be selected

The aeroelastic model shall maintain ‘geometric similarityxfo the prototype bridge, and the
from Table C. 5. 1. If the bridge ,structite Or members| have near-streamlined or circular cross-
sections, the geometric shape shall \be& deteririined based on the principle of aerodynamic

equivalence by considering theReynolds number €ffects’

Table €¢5N1 ’“Similarity ‘factors.of the full-bridge aeroelastic model

Scale ratio
Patameter Similarity factor Suspension bridge and Beam bridge,
cable-stayed bridge” arch bridge
Length C, =L,/L} 1/n 1/n
Time C =t,/t, 1/dn m/n
Wind speed c,=U,/U, 1/Jn 1/m¢
Frequency C.=1./1, Jn n/m
Density C,=p./p, 1 1
Mass perunit length Cy=M,/M, 1/n? 1/n?
Massmoment of inertia per unit length ¢-=1,/1, 1/n’ 1/n*
Tensionforce C,=H,/H, /n’ 1/n’
Tensilestiffness Cp, =(EA),/(EA), 1/n’ 1/m*n®
Flexural stiffness Cy =(EI),/(EI), /n’ 1/m*n*
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continued

Scale ratio
Parameter Similarity factor Suspension bridge and Beam bridge,
cable-stayed bridge'”’ arch bridge
St. Venant torsional stiffness Cq,=(G1,),/(GI,), 1/ L/m*n*
Warping torsional stiffness Cy,=(El,),/(EL), 1/n 1/m*n®
Structural damping (logarithmic decrement) C;=6,/9, 1 1

Notes:a The subscripts m and p of similarity factors denote the model and prototype bridge.
b The values in the right column may be adopted if the influences of stay cable vibration characteristics are not
considered.

¢ The test wind speed scale,1/m, may be selected from the possible range that/meeéts’wind tunnel test conditions.

C.5.2 Full-bridge aeroelastic model testing shall be conducted{in_both a uniform flow field and a
turbulent flow field according to the testing objectives. The, turbulent flow field shall comply with
the provisions in Clause C. 1.4 of the Specifications, and(thetdpographic effects shall be considered
or topographic modelling shall be performed fory the ¥bridge sites surrounded by complex

topography.

C.5.3 Full-bridge aeroelastic model test/conditions shall complywith the requirements in Table
C.5.3.

Table C.5.3 AllowableMolérances of full:bridge aeroelastic model parameters

Parameter Mass Mass"moment of| inertia Stiffness Frequency Damping ratio

Allowabletolerance +3% +3% +4% +5% +30%

Note: The frequency and damping ratio in the™table\refer to those corresponding to the low-order modes.

C.5.4 The full-bridge aeroelastic model should undergo vibration measurement tests at three wind

attack angles of -3°, 0° and +3° in a uniform flow field.

C.6 Sectional Model Testing for Wind-rain-induced Vibration of Stay Cables

C.6.1 The stay cable sectional model shall maintain geometric similarity to the full-scale stay
cable, and the scales for geometric dimensions of the model and wind speed shall be selected as
1:1. The scales for other parameters shall be selected in accordance with Table C. 5. 1. Testing
parameters include a wind speed range of 1 m/s ~ 25 m/s, rainfall intensity range of 0 ~ 120
mm/h, and the wind yaw angle varying between 0° ~ 90°. Figure D. 6. 1 illustrates the definitions

of the cable inclination angle,«, and wind yaw angle,S .
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FigureC. 6.1 Definition schematic for inclination angle of stay cable and wind yaw angle
C.6.2 Sectional model testing for wind-rain-induced vibration of stay€ables shall be conducted in

both uniform flow field and turbulent flow field according to, the tésting objectives, and the

turbulent flow field shall comply with the provisions in Clause C. 1, 4 of the Specifications.

C.6.3 Sectional model test conditions for wind-rain-induced*vibration of stay cables shall comply

with the requirements in Table C. 6. 3.

Table C.6.3 Allowable tolerances of sectional medel parameters for wind-rain-induced

vibration, ofjstay cable

Parameter Mass Frequency: Damping ratio

Allowable tolerance 3% +5% +10%

C.7 Bridge Site*ltopographic Wind Environment Model Testing

C.7.1 Topographic wind environment models shall simulate the key topographic features of the

area surrounding-the-bridge site.

C.7.2 The primary wind direction for the test shall consider the spatial arrangement of the bridge
axis and main members, as well as the prevailing wind direction at the bridge site. The step size for

changes in wind yaw angle should not exceed 15°.

C.8 Wind Environment Testing for Traffic Safety on Bridge Deck

C.8.1 The wind environment model for moving vehicles on the bridge deck shall simulate
members such as bridge towers, abutment structures, arch ribs and trusses, as well as
appurtenances on the bridge deck such as railings and wind barriers, that affect the flow within the

vertical clearance for vehicular traffic on the bridge deck. Besides, it shall account for other
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topographic features or structures that influence the wind environment on the bridge deck.
C.8.2 The primary wind direction in the test shall be determined by considering the approach

flow perpendicular to the bridge axis, the prevailing wind direction at the bridge site, as well as the

influences of the shapes of bridge towers, abutment structures, arch ribs, and trusses.
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Appendix D
Requirements for Virtual Wind Tunnel Testing

D.1 General

D.1.1 Aerostatic force testing, sectional model #ibrdtion testing, bridge tower model testing,
full-bridge aeroelastic model testing, topographic\wind enyironment model testing, and wind
environment testing for moving vehicles on bridge)decks may ‘beconducted in virtual wind tunnels
for bridge structures or members togverify €heir windsré€sistant performance and acquire relevant

aerodynamic parameters and wind{parameters.

Commentary

Virtual wind tunpel €stingAS a simulation‘gstablished using high-performance computing platforms
based on the fundamental principles of computational fluid dynamics. It achieves wind-resistant
performance verificdtion and parameter acquisition by numerically solving the flow field around

models of topography, structures or members.

D.1.2 An appropriate numerical simulation method shall be selected for the virtual wind tunnel

testing based on the requirements for the wind-resistant performance testing of the bridge.

Commentary

Virtual wind tunnel testing generally involves selecting a solution method and a turbulence model,
as well as setting relevant parameters. The solution methods for virtual wind tunnel testing studying
the wind-resistant performance of bridge structures or members include the finite element method,

finite difference method, finite volume method, meshless method, and others. Researchers can
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select an appropriate solution method based on factors such as test requirements and their own

capabilities in practical applications.

The simulation of turbulent flow remains a relatively complex and challenging aspect of virtual wind
tunnel testing, especially since bridge structures or members are often bluff bodies with complex
turbulent flow structures around them, including flow separation and reattachment. Solution
methods and turbulence models usually contain multiple parameters, and different parameter values
can lead to different numerical solution results. Therefore, during the test process, it is necessary to
select the turbulence model and its relevant parameters reasonably with reference to relevant research
data and based on the simulated object, research purpose, and adopted falculation method. It is
recommended that personnel conducting virtual wind tunnel tests nef\only, possess professional
knowledge related to the wind resistance of bridges, but also have extensive experience in both
physical and virtual wind tunnel tests, enabling them to professiQnally_evaluate the reasonability of

the test results.

D.1.3 The numerical simulation method used in-the,virtual\wind tunnel testing shall be validated
against the completed wind tunnel test results. The felative errorxin the drag coefficient should not
exceed 15% , that in the flutter critical wind(speed ‘should net ‘excced 20% , and that in the wind

speed distribution should not exceed 10%;:

Commentary

By selecting appropriate/numetical methods,\tutbulence models, and relevant parameter settings,
the relative errors between, viftual and physical wind tunnel test results have generally reached an
acceptable range’for engirieering applications. Among these, the wind speed distribution shows the
highest accuraty_in _test results. The drag coefficient among the aerostatic coefficients exhibits
relatively lower accuracy, while the lift coefficient and torsional moment coefficient may show
significant deviations between virtual and physical wind tunnel tests due to their smaller values at
small wind attack angles. Therefore, the requirements for their errors are currently not specified.
For virtual wind tunnel flutter tests, whether the flutter critical wind speed is estimated by the flutter
derivatives obtained using the forced vibration method or directly acquired using the free vibration
method, the issue of fluid-structure interaction needs to be addressed, in which mesh generation

and flow field distribution are more complex, resulting in slightly larger relative errors.
Case Study 1. Static three-component force testing of bridge deck sections

The main girder in the Sutong Yangtze River Bridge adopts a steel box girder configuration with the

cross-sectional dimensions shown in Figure D-1. In the virtual wind tunnel testing, appurtenances
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such as railings, traffic barriers, and maintenance vehicle tracks are included, and the model cross-
section is shown in Figure D-2. The meshing for the flow field is illustrated in Figure D-3. The

parameters selected for the analysis are presented in Table D-1. The results of the virtual wind
tunnel test are shown in Table D-2.
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Figule

3 Schematic for the meshing orf the flow field around the cross-section

Table D-1 Analysis methods and parameters

Analysis method Finite volume method (FVM)

Spatial discretization scheme Second-order central difference scheme

Time discretization scheme Second-order implicit scheme

Pressure andvelocity coupling Simplealgorithm

Turbulence model Standard Smagorinsky subgrid scale (SGS) model (C, = 0.1)

Number of meshes About 120000

Time step, Ct t =0.005 s

Total computation time

T =50s
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Table D-2 Test results of three static force components on the cross-section

Drag coefficient ( C,,) Lift coefficient (C,) Torsional moment coefficient (C,,)
Wind attack angle
°) Virtual wind | Physical wind | Virtual wind | Physical wind | Virtual wind Physical wind
tunnel tunnel tunnel tunnel tunnel tunnel
-5 0.99%4 1.018 -0.502 -0.454 -0.081 -0.071
-3 0.935 0.953 -0.436 -0.328 -0.014 -0.028
-1 0.891 0.925 -0.251 -0.188 0.037 0.012
0 0.881 0.911 -0.125 -0.107 0.047 0.028
+1 0.906 0.946 0.046 -0.014 0.055 0.045
+3 0.923 1.056 0.091 0.142 0. 069 0. 064
+5 1.347 1.229 0.368 0.231 0,071 0. 069

Note : The reference height for the drag coefficient is taken as the girder depth of 4 m, and the“eference width for the lift
coefficient is taken as the girder width of 41 m.

Case Study 2. Sectional model vibration testing

forced wibration method

The main girder of the Aizhai Bridge adopts a steel truss<cofifiguration with the cross-sectional
dimensions shown in Figure D-4. The cross-sectional/shape was, selected, taking into account the
layout of the trusses at the characteristic positiofis as ‘welldas the dppattenances such as railings, traffic
barriers, and maintenance vehicle tracks>The\model cross-seéction, is’ shown in Figure D-5. The
meshing for the flow field is illustrated in<Figure D-6. With flutter\derivatives identified by the forced
vibration method, a flutter critical wind’speed of 51.8 m/swwassobtained through flutter analysis, and

the corresponding flutter critical wind speed obtainedArom wind tunnel tests was 52.5 m/s.
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Case Study 3. Sectional model vibration testing
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Table D-3 Design parameters of virtual wind tunnel test model for Daxie Second Bridge

Parameter Model Prototype bridge
Geometric scale 1:29.5
Wind speed scale 1:10
Deck width (m) 1 29.5
Vertical bending frequency (Hz) 1.4154 0.4798
Effective mass of vertical bending mode (kg) 23.7978 20710
Torsional frequency (Hz) 2.54 0.861
Equivalent torsional moment of inertia (kg -m*) 1.7961 1360260
Damping ratio of vertical bending mode (% ) 0.5 0.5
Damping ratio of torsional mode (% ) 0.5 0.5

D.1.4 Models established for virtual wind tunnel testing shall gonform to the principle of
similarity in terms of geometric shape, elastic parameters, 1nertial parameters, damping
parameters, etc. The principle of similarity may comply Withthe relevant requirements for wind

tunnel testing in Appendix C of the Specifications.

Commentary

The geometric shape of a bridge structiireyor component has a crucial influence on the flow pattern
around the structure, and the established médelneedy to maintain geometric similarity to the
prototype structure as much_as pdssible. The‘simulation of the bridge structure or member needs to
be as detailed as possible’ \taking into~aCcount appurtenances such as guardrails and maintenance

vehicle tracks.

D.2 Virtual Wind Tunnel Test Area and Boundary Conditions

D.2.1 The computational domain of the virtual wind tunnel should not be smaller than the ranges
specified in Table D.2. 1, and the blockage ratio of the geometric model in the virtual wind tunnel
shall not exceed 5% .

Table D.2.1 Ranges for the computational domain of virtual wind tunnel

. Distance from the | Distance from the Distance from the Distance from the top
Type of testing . .
inlet to the model | outlet to the model | two sides to the model | or bottom to the model

Aerostatic force testing/sectional
o . 5B 20B 5B 5B
model vibration testing
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continued

T £ testi Distance from the | Distance from the Distance from the Distance from the top
e of testin
P g inlet to the model | outlet to the model | two sides to the model | or bottom to the model
Bridge tower model testing 2H 10H 5B 3H
Full-bridge aeroelastic
. 10B 20B 10B 3H
testing
Topographic wind 5L or 5B, 20L or 20B, 2L or 2B, sy
environment model testing | whichever is greater | whichever is greater| whichever is greater
Wind environment testing for
. . 5B 20B 5B 3H
traffic safety on bridge deck

Note: L, B, and H are the length, width, and height of the model, respectively=

Commentary

The basic principles for determining the computational domainsinclude: (1) The inlet location
should be reasonably distant from the structural model to avoird‘the mfluence of its presence on the
inlet wind speed. (2) Due to the strong .eddi€s\or high-intensity turbulence typically present at the
model downstream, the outlet locatignzshould be as fapaway from the model as possible to reduce
the impact of the eddies on the outlet, <Ifthéyoutlet Jocation isinsufficiently distant, the computation
may result in backflow at the-outlet,/eontradicting fthe -actual situation. (3) The positions of the
sides of the computational domain’ shiould b&selected t6 minimize the significant blockage effect on

the airflow within the/entire virtdal wind tunnelhcaused by the presence of the model.

D.2.2 Reasgnable boprdary conditions and appropriate boundary parameters shall be applied in

virtual wind-tunnel testing.

Commentary

In virtual wind tunnel testing, the boundary conditions applied to the computational domain
typically include: velocity inlet for wind, far-field pressure outlet, symmetry or slip boundaries on
both sides, and wall boundaries for the bridge structure or members. The rationality of the
boundary parameter settings is determined by their ability to minimize the unphysical influences of
the boundaries on internal physical quantities within the computational domain. For instance,
improper settings of turbulence intensity or turbulence dissipation rate at the inlet may lead to
unreasonable unphysical solutions or even cause solution divergence. A schematic of the boundary

setup for the virtual wind tunnel testing of the sectional model is shown schematically in Figure D-9.
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Figure D-9 Schematic of boundary setup for virtual wind tunnel testing of sectional model

D.2.3 The inlet boundary for the wind flow shall meet the requirements of the experimental wind
field, and the turbulent flow fields shall satisfy the simildrity )conditions for turbulence, which may

refer to the provisions in Appendix B. 1.4 of the Specifications.

Commentary

The configuration of the wind speed” inlet boundary” ¥Or/Virtual wind tunnel testing needs to
correspond to the specific test contehtsibeing conducted. For aerostatic model testing and sectional
model vibration testing, the-inlét boundary is\typicallyyset as a uniform flow. For bridge tower
model testing, full-bridge aeroelastic model Mesting, topographic wind environment testing , and
wind environment testing fer traffic saféty-omn bridge decks, the wind speed profile corresponding to
a specific terrain _categoty ‘i’ generally adopted for the wind speed inlet. For test conditions that
require simulatiof of the approach turbulent flow, the approach turbulent flow also needs to satisfy

similarity conditiens=for parameters such as turbulence intensity and turbulent integral length scale.

D.2. 4 Before conducting virtual wind tunnel testing, the reasonableness of the boundary
conditions such as inlet, outlet, and ground of the unoccupied wind tunnel for the corresponding
flow field shall be verified, and it shall be ensured that the flow characteristics do not vary
significantly with the flow direction.

Commentary

Before conducting virtual wind tunnel testing, it is necessary to perform flow field simulations of
the corresponding computational domain. Based on the simulation results, the variations in airflow

characteristics such as wind speed, wind speed profile , and turbulence intensity along the flow
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direction within the computational domain are examined to ensure that these characteristics do not
change significantly along the flow direction. If significant changes are observed, the rationality of
the boundary conditions set for the inlet, outlet , and walls should be checked, as well as the
correctness of the parameters such as inlet wind speed, turbulence intensity , and outlet pressure

gradient corresponding to these boundaries.

D.3 Mesh Generation

D.3.1 For virtual wind tunnel testing using mesh-based numerical methéds, the mesh generation

of the computational domain shall conform to the following principles

1  Sufficiently fine meshes shall be generated in the areas wadjacent to the surfaces of the

structural or member model.

2 Mesh refinement shall be applied to the areas of the/structural model that contain small

members.
3 Relatively fine meshes shall be empldyed“in the vicinity/of\the model.

4 Relatively coarse meshes ymay be\used in areas far_away from the model.

Commentary

The virtual wind_tunnel-t€st results solved by methods such as the finite element method, finite
volume method.-on finite difference method are greatly influenced by the meshing scheme, with the
principle being to/avoid introducing excessive numerical errors. Generally, in the core flow regions
near bridge structures or members, especially at the corners of the main girder and bridge towers,
where airflow often separates, the mesh needs to be sufficiently fine to allow the test to resolve
potential large gradient flow field patterns in these areas. In the area near the model surface, where
the airflow forms a very thin boundary layer, a sufficiently fine mesh is required to improve the
solution accuracy in this area, typically with no less than 5 layers of mesh elements. In the areas of
the structural model containing small members, such as railings on the bridge deck, maintenance
vehicle tracks , and other appurtenances or aerodynamic countermeasures added to enhance the
wind-resistant performance of the bridge structure, these members are usually smaller in size
compared to the main girder or bridge towers, but their impact on the aerodynamic performance of
the structure cannot be ignored. Therefore, mesh refinement is necessary in these areas. As the

flow field moves further away from the model area, the interference between the surrounding flow
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field and the flow field in the model area gradually weakens. To save computational resources and
improve efficiency, a transition to coarser meshing can be made uniformly. Figure D-10 shows an

example of meshing for a flow field around a blunt steel box girder section.

‘ \]“‘u‘u‘»‘_ﬁ.\i‘z “

E
m‘\““ i

(a) Global mesh (b) Local mesh

Figure D-10 Mesh generation for the flow field around blunt ste)%§rder section

D.3.2 When using a mesh-based numerical method, t routlm of edge lengths between
adjacent mesh elements should not exceed 1. 2. The &fho of mesh elements should not
WO- n

exceed 5. The skewness should not exceed O. 2

dimensional meshes. \\O
Commentary %_
as ; ific 15{

The quality of mesh generat}orﬁ on the convergence and accuracy of test
) smc%;v process is carried out by computers and the

sional meshes and 0. 5 for three-

results. In virtual wind tufin

processing of test re vely stra d, test personnel should devote themselves to
improving the qual‘i'[‘y genera‘uoﬂ ¢ computational domain to achieve better test results.

There are nu ds and parameters for evaluating mesh quality, and different numerical
methods an dopt varying criteria for the mesh quality evaluation. Three commonly used

criteria are selected in this clause, including adjacent mesh edge growth ratio, mesh aspect ratio ,
and mesh skewness. The mesh aspect ratio is defined as the ratio of the longest to shortest edges of
an element, with a value closer to 1 indicating a more ideal element shape. The adjacent mesh edge
growth ratio is the ratio of the edge change between two collinear or coplanar mesh elements, with
a value closer to 1 being preferable to ensure smooth transitions in mesh distribution. The mesh
)/0,,} , where 6, and

0, are the maximum and minimum angles formed by the element edges, and 6, is a characteristic

mm

skewness is typically defined as max{ (6, -#0,)/(180-40,,),(0,, -

angle of a similar equilateral element shape, taken as 60° for triangles and tetrahedrons, and 90° for
quadrilaterals and hexahedrons. A mesh skewness closer to O indicates a superior element shape,
while a value closer to 1 indicates a poorer element shape.

It should be emphasized that even a few highly skewed elements ( skewness > 0.95) within the
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computational domain can lead to solution divergence or unreliable results for the entire flow
field. The adjacent mesh edge growth ratio exceeding 1.2 may degrade computational accuracy
and cause residual convergence difficulties. The aspect ratios exceeding 5 tend to increase the
stiffness of the discretized equations, resulting in slower iteration convergence or even failure to
converge. Figure D-11 illustrates triangles and quadrilaterals with varying aspect ratios.
Figure D-12 schematically shows the uniformity of transitions between adjacent meshes. Figure
D-13 presents examples of two-dimensional and three-dimensional meshes with different skewness

levels.

(a) Aspect ratio of 1 (b) High aspect ratio

Figure D-11 Schematic of\different, mesh aspect ratios

(a) Smooth mesh transition (b) Abrupt mesh transition

Figure’ D«12.7 Schematic of different transitions between adjacent meshes

’k‘

(a) Low skewness (b) High skewness

Figure D-13 Schematic of meshes with different skewness levels
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D.3.3 When using mesh-based numerical methods to solve aeroelastic problems, dynamic mesh
simulation techniques capable of accounting for boundary movement effects shall be employed. The
mesh adjustment or remeshing of the computational domain shall be synchronized with the boundary
movement and comply with the requirements specified in Clauses D. 3. 1 and D. 3. 2 of the

Specifications.

Commentary

When using mesh-based numerical methods to solve aeroelastic problepis, the displacement of
bridge structures under aerodynamic forces will cause boundary movement,\rendering the existing
mesh incompatible with the computational domain after the boundary fmoyement. In such cases,
dynamic mesh techniques are needed to match the moved boundarigs. Local mesh adjustments can
be made for the moving boundary regions for the existing mesh elements within the computational
domain to adapt to the new boundaries. For cases whete the' beundary changes significantly and
local mesh adjustment is difficult to adapt to the new” boundari€s, remeshing of the computational
domain can be required. Typically, dense meshing4s/employed in the surface regions of structures
or members, and boundary movements can gasily lead{to remeshing that generates elements with
sharp angles or even cause mesh inversioh /s ‘wesulting in négative “volume elements, impeding
solution convergence or causing divergence {thus failiig”to” gbtain satisfactory results. In practical
implementation, rigorous quality ‘chiecKs Nate required forthesregenerated meshes to prevent these

issues. Figure D-14 shows twg examplesyof poeriquality mesh regeneration.

cl

a b /\
Ottt T M 5

a b

c

(a) Mesh with sharp angles (b) Mesh inversion

Figure D-14 Examples of poor-quality mesh regeneration

D.4 Numerical Solution

D.4.1 The reasonableness of mesh generation should be validated by comparing two meshing
schemes with a mesh density difference of no less than 2 times, ensuring that the discrepancy in test

results does not exceed 5% .
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Commentary

Ensuring mesh independence is crucial for the validity of numerical solutions, and well-designed
meshing schemes have minimal impact on the discrepancy in test results. A common practice is to
select a specific condition and generate an initial coarse mesh within the computational domain for
subsequent numerical solutions. On this basis, the mesh is typically refined by halving the element
size. After solving, the difference between the results obtained from the coarse and refined meshes
is required not to exceed 5% . Otherwise, the mesh needs further refinem€nt for the solution until

the discrepancy requirement of not exceeding 5% is satisfied.

D.4.2 For numerical solutions, schemes with at least second-prder accuracy should be utilized,

and the solution convergence shall be guaranteed.

Commentary

The accuracy of numerical solutions depedds,on the accugacy\ o0f the discretization scheme
employed. Higher-order schemes deliver better’dccuracybut present convergence challenges, while
lower-order schemes offer faster \convergence at the €xpemse of reduced accuracy. A common
practice is to conduct initial coOmputatiQnt using\a\ fifst-order scheme to achieve convergence, and
then utilize the resulting flow \fi€ld/ as th&initial ‘tendition for subsequent computation with a
second-order or higherzofder s¢héme, in ordeéx te ensure both the accuracy and convergence of the
solution. Convergence(is\typically jud8ed by requiring that relative residuals of computational

variables are not’larger thdn 1 x10 ~*, with attainment of 1 x10 ~* being optimal.

D.4.3 When employing partitioned coupling iteration schemes to solve aeroelastic problems, the
conservation of variables shall be ensured during the data exchange between flow field pressures and

structural boundary displacements within each time step.

Commentary

The solution of aeroelastic problems involves the coupled calculation of flow field and structural
domains, making it relatively complex in numerical simulation. Two primary approaches are
commonly employed; the first unifies the flow field and structural equations for simultaneous
solution, while the second solves the flow field and structural equations separately. The first

approach directly solves the flow field and structural results synchronously. However, due to the
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different methods used to formulate the flow field and structural governing equations, developing
programs that directly solve these coupled equations remains technically challenging. Although
some research achievements exist in this area, the approach has not yet been widely applied. The
second approach leverages existing mature standalone solvers for flow field and structural domains,
and requires only effective handling of boundary information exchange between the two domains to
easily solve the aeroelastic problems. This makes it the prevailing method for solving aeroelastic
problems in the structural field. Since the meshing at the coupled boundaries often differs between
the flow field and structural domains, and the mesh of the flow field boundary is typically finer than
that of the structural boundary, it is important to ensure the balance and coordination in the
conversion process of results, for example boundary displacements and pressure distributions, at the
coupling between the flow field and structural boundaries within eaCh time step when solving

aeroelastic problems.

D.5 Requirements for Virtual Wind TunnekTesting

D.5.1 Models and test conditions for aerostati¢” force testing, ssectional model vibration testing,
bridge tower model testing, full-bridge aereglastic ‘model testing’, topographic wind environment
model testing, and wind environment testing\fomtraffic safety onbridge decks may be determined in
accordance with the requirements fof=wirld.resistant Xperformance verification by referring to

Appendix B of the Specifications.

D. 5.2 The model coverage/fotr the topographi€® wind environment model testing should

encompass the areas sarrdunding metearologicalstations.

Commentary

Virtual wind tunnel testing for topographic wind environment require establishing the topographic
models covering a specified area around the bridge site, generally no less than 10 km. To better
analyze wind parameters at the bridge site, the topographic model ideally needs to include areas
where surrounding meteorological stations are located. This enables the establishment of
correlations between the wind parameters at the meteorological stations and those at the bridge site.
By fully utilizing long-term wind parameter observation data from the meteorological stations, a
more comprehensive and reasonable assessment of the wind parameters at the bridge site can be

provided.

Case Study: Wind speed distribution at the site of the Hezhang Bridge in Guizhou

7606



The Hezhang Bridge in Guizhou is a large river-crossing bridge on the Biwei Expressway. For the
virtual wind tunnel testing of the topographic wind environment, a topographic model was
established covering a 20 km radius around the bridge site, which also included the nearby Hezhang
meteorological station. Through the virtual wind tunnel testing, a correction factor of 1.46 was
obtained between the wind speed at the main girder height of the bridge site and the observed wind
speed at a height of 10 m from the nearby meteorological station, with Terrain Category C at the
bridge site. Figure D-15 shows the virtual wind tunnel simulation results of the wind speed profile
at the site of the Hezhang Bridge.
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Figure D-15 Virtual wind tunnel/ simulation<césults of wind speed profile at the Hzzhang Bridge site

D.5.3 In topographicwind environment\esting, the simulation of ground vegetation or small-
scale obstacleg may be moderately simplified, or they may be considered by adding source terms to
the fluid governing equations.

Commentary

The topographic wind environment testing for bridges focus on the distribution of wind parameters
at the bridge site. Due to current computational resource limitations, it is difficult to accurately
simulate ground vegetation or small-scale obstacles in the topographic model. On the premise that
their impact on the overall topographic wind environment is insignificant, the terrain surface can be
smoothed. If the influence of ground vegetation or small-scale obstacles on the topographic wind
environment needs to be considered, an equivalent mathematical model can be used. A common

approach is to apply additional source terms in the fluid governing equations.
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D.5. 4  Spatial models of complex terrains may be obtained through reverse engineering by

utilizing the positional information of spatial contour lines and elevation points.

Commentary

The virtual wind tunnel testing for a topographic wind environment first requires the establishment
of a spatial model of the terrain surface. Existing geographic information databases of terrains
typically cannot directly provide three-dimensional spatial models of the terrains, but rather present

them in the form of contour lines or elevation points. In such cases, the_three-dimensional spatial

model of the terrain can be generated with relevant software based principles of reverse
engineering.
g g \4.
‘
g()
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Explanation on Wording in the Specifications

1. For the purpose of differentiating treatments when imptementing the provisions of the
Specifications, the following words with different levels of stricthess ipwequirements are explained

as follows:
(1) Must or must not is used for a mandatory’requirernent in any circumstances.
(2) Shall or shall not is used for a mandatery requirement’normal circumstances.
(3) Should or should not is used’fox_an“advisory requifement.
(4) May or may not is/tised for’ aspermissive/condition that no requirement is intended.

2. When other/televant istandards {or\ spegifications are designated to be followed in the

"

Specifications, the phrase uséd is " shall comply with. .. " or " shall conform to the requirements or

provisions of5/~"=* When it is not mandatory to follow the designated standards or specifications,

the phrase used ts4=may refer to...".
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