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1 GENERAL

1.1 MOTIVATION

The advent of innovative techniques and matgribe development of numerical and experimental
methodsand the wish to make constructios with striking and stylish formal cootations have
given rise toa new generation oincreasingly daring and complestructure (low- and highrise
buildings, towes, lighting columns bridges andootbridges roofings and shelterschimneys and
tanks industrial buildings and their structural componentsranes cables and cable systems
claddng or finishing etc). Thesestructuresare often charactised by excefonal height, length,
slenderness, flexibility and lightneg®mbined with unusual shapdss such, they are exposedao
wind action thatplays aprimary role, andwhose effects must be assessed in ordemBurethe
required degree of safety.

Theseconstructionsare becoming incremgly common inmanycounties of the world, including
Italy, andtheyare often builtogether withmore conventionaktiff and bulkystructuredor which
therole of wind loadsis far less important, thoughot negligible This situation leads tomore and
more complex andwider range ofstructurs that requires design principles and rugdde of
encompassingimple and immediate methods forrmal situatios, detaled methods for special
construction needsand criterigthatturn the designer towardslvancechumeri@l, anaytical and/or
experimental techniques This occurs especially inthose cases involvingomplex physical
phenomena, presenting a challenge for the engineer

Wind Engineeringo f f i ci al | ye ratienél treatenent o interdttiors between wind in the
at mospheric boundary | ayer and mans aasadlific hi s
discipline foundedin the &0s, that hasrecordeda tremendougrowth over the yearswithin its

field of adivity, it has followed the progresef civil and industrial constructionthrough the
development ofppropriate solutiont® wind-relatedproblemsto which maamade structures are
prone Activities in the area of Wind Engineering areordinated by thénternational Association

for Wind Engineeng (IAWE) (www.iawe.org), a body whoseole isrecognisedvorldwide

Many countries, such as the United Stalepan, Australia, Canada and the United Kingdom, have
regularly updated theirstandardsincorporating into thenstateof-the-art tools adequatewith a
constantlydeveloping constructiomndustry This triggeredthe attention of the consultancy on
wind-related problemsOn the other hand, aftehe releasein 1964 of one of the world's first
standards owind actions on structurdsy the National Research Council, Itahas made no update

to a document thatpitially ground-breaking,became more and more obsolete and misleading as
time passednd knowledgen Wind Ermgineering grewThis brought to the freezing dechnical
knowledge and slowed down tlggowth of those areas dftructural engineeringelated to Wind
Engineering

Giventhis situation, the implementation tife Eurocodes in thé20s has created conflict Italy.

On the one hand, this introduced principldsich were consistenwith the stateof-the-art of the

time, sometimes indeed advanged the other hand, almost without warning, the Italian engineer
suddenlyfound himself faceto face with a huge ahcomplex documenmnearly alienfrom the
regulations applied for yearblaving played no part in this process by means of a systematic and
progressive development obdes the Italian engineer has tleare been almost a stranger to it.
The releaseof the new lItalian Building Code in 2008 has helpedn harmoniéng Italian and
European codes of practicepwever, it is not enough to bridge the enormous gap that still exists
between two documents of very differentrgaexity andstructure Above all, when daling with
structures that are aerodynamically complex or dynamically susceptible to wind, the engineer is
forced to turn to Eurocodes or ottdycumentof similar or greater quality and detaih addition,

in some cases he or she is forced to mergspheifications ofseveral documents.

1
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Acknowleddng this situation, the National Research Coutab decidedt would beexpedien,

and indeed its official dutyto take an important step on behalf erigineers and the national
techncal/scientific commuity by drawing up with the aid of aCommitteeopen to any form of
contribution, Document CN®T 207/2008.Such a documentmeets the general concept of
fiGuide®d i n both a fAregul atoryo and fAinformativeo

From a regulatory point of view, Document CNIR' 207/2008is generallyconsistent with both
Italian Building Code(DecretoMinisteriak 14/01/200§ and the Eurocodesas a wholeWhen it
departsfrom thesedocuments it is to incorporatecentprogress recognisasiorldwide In addition,
it extends toseveral areasnot dealt with by the Italian Building Codeandor by Eurocode 1,
acknowledgingseveral aspects ahe recent progress iacierce and in codification that the
Eurocode ha failed toincorporatein its initial draft (ENV, 1994) and final version(EN 2005).
Above all, it brings togethen oneuniform publication the set of all thosprinciples and ruleshe
enginees might need wheranalysing thebehaviour of structureand theircomporens underthe
wind action

From an informative point of we, in drafting Document CNRDT 207/2008an efforthasbeen
madeto make it nojust provide hardo-understand and difficutib-apply principles and rules, but
also tohelp the reader tanderstancand apply its content3.he key to the Documenis given n
Section 2, summarising the basics of wind actions and effects on structuresSeation 3,
explaining designriteria. Examples ofapplication of theDocument are given in Secti@h which
contains a numbeof worked examplesand Chapter 3¢ontainingequations andliagrams; the
former aregiven for use irautomatd procedures, whilst the latter allammediateinterpreation of
thetrendsof the relevant parameter and the visual check of the results of the calculations.

Due to their origin and naturthe guidecontained irDocument CNRDT 207/2008s thereforenot
to bemeantas compulsory rulesdutratheratool providedto engineers in sifting through national
and internationgpublications whilst leaving them with the freedom and final responigybibr the
choices made.

The National Research CouncilAdvisory Committee on Technical Recommendations for
Constructionsand theCommittee for the drafting of this Documemtpress their appreciation for
and satisfaction wittthe Italian technicalscientific community that with great spirit of operation
has been involved in the preparatafrthe documenandin the public inquiry stage.

This Technical Document wasaftedby aCommitteecomprising:

Prof. Gianni BARTOLI - University of Florence

Prd. Vittorio GUSELLA - University of Perugia

Prof. Giuseppe PICCARDO - University of Genoa

Prof. Pierangelo PISTOLETTI - Seteco IngegneriaUniversity of Genoa
Prof. Francesco RICCIARDELLI - University of Reggio Calabria

Prof. Giovanni SOLARICoordinator) - University of Genoa

Ing. Alberto VINTANI - BCV Progetti- Milan

A preliminary version of the Italian text of the document was approvedaonary 1, 20Q8and
presented to a pAdbisoly Commitep wn Teghnical Rgcommiereiagidor
Constructiong comprising:

Prof. Franco ANGOTTI - University of Florence

Prof. Luigi ASCIONE - University of Salerno

Prof. Alessandro BARATTA - University of Napleg-ederico Il
Prof. Edoardo COSENZA - University of Napled$-ederico Il
Prof.Elio GIANGRECO - University of Napleg-ederico Il
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Prof. Ruggiero JAPPELLI - University of RomeTor Vergata
Prof. Franco MACERIRresideny - University of RomeTor Vergata
Prof. Federico MMAZZOLANI - University of Napleg-ederico Il
Prof. Paolo Enfio PINTO - University of Romd.a Sapienza
Prof. PieroPOZZATI - University of Bologna

Prof. Giovanni SOLARI - University of Genoa

Prof. Carlo URBANO - Techical University of Milan
Arch. RobertoVINCI - National Research Coundf Italy
Prof. Paolo ZANON - University of Trento

At the end of t hAdvispry Gommittee onnTgalnical \Recontmbenelatiofs for
Constructiong approved the final Italian version of the documentebruary 2, 2009Meanwhile
Professor Elio Giangreco drProfessor Piero Pozzati ceased to be members of the Commission.

This updated document has been discussed and approved during the meeting heldlbn2iite
at the CNR headquarters in Rome by the aforementioned Advisory Committee.
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1.2 FIELD OF APPLIC ATION

Subject to the limitations and requirements specified herein, this Document applies to civil
engineeringstructures of height not exceeding 200 m, industrial structures, including moving and
lifting equipment, and bridgewith spars not greater tharRO0 m and of the types listed in the
relevant Sectios

The Document provides wind actions (pressjrorces, momens, etc.) onthe whole resisting
structure anan its components, including both structural and-sbmctural parts (Figure 1.1Pn
theother hand, it generally refers the reader to other technical standards or sgrétiationsas
regards the effects induced by these actions (sgedisplacemerst strairs, etc.) andhe relevant
checkg(Ultimate Limit States, ServiceabilityLimit State,FatigueLimit States etc.).

AN AV

Vento

Vento
—

/
/
7

)
)
)
l
)
!

(© (d)

Figure 1.1- Wind actionsya) on the whole resisiy structure;(b) onmindividual structural
element (c) on nonstructural roof element$) on roof asteners

Furthermore many parts of thelocumentcontin explicit or implicit requirementsand criteria

associagd with the effects ofvind actions This occurs specifically when the effgitiys a role in
the definition of the actiofe.g.in requirements foequivalentstatic actionsi.e. actions thatwhen
applied staticdly to the structureor one of itscomporents produe@ a static effect equal tthe
maximum correspondinglynamic ong and as part of aeroelastic phenomemavhich the wind-

structure interactiormakest impossible to separate theion from theeffect

The Document also provides specific guidance on the effects of wind forcesnatiterelevant
checks,shouldthey have any peculiarspectsTypical examples are the procedure for calculating
the numberof stresscycles produced byesonantvortex shedding fromslenderstructures or
elements witlthe aim offatiguechecksandthe check okerviceabilityof buildingswith respect to
floor accelerations

1.3 ORGANISATION OF THE DOCUMENT AND KEY TO ITS USE
The Document islividedinto four Sections

Sectionl contains general introductory remarksplaces the Bcumentwithin the framework of
the ltalian traditon andof theinterndional scerario (1.1), it defines the scope of tieuide(1.2), it
illustrates the organisation of ti@cunentand providesa key to itsuse (1.3), whilst listing the
main normative references (1.4) and symiotilssed (1.5).

4
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Section2 provides basic conceptegarding the actions and effecswind on structures (2-2.8)
and provides a summary of essentiéhd engineeringpublications(2.9). Experts in the field or
persons simply wanting to apply the Instructions directlystamthis Section

Section3 contairs the body of the Guiddt is divided into two parts the mainbody of the text
(subsection8.1to 3.4)and a set 015 AnnexeqA-Q).

The main body othe text gives explicit criteria for assessing design wind velocity and pressure
(3.2); it also explains the general notions of aerodynamic actions (3.3) and dynamic and aeroelastic
effects (3.4)Following the approach of tHeurocods, the Sectionis arranged in clauseghich can

be eithei p riplesdc, identifiedibulebBe.l etter APO,

The annexes provide gusl@and criteria thaincorporatethe current statef-the-art on how to
perform cktailed assessmentstbe characteristics of trencoming wind/A-F), of theaerodynamic
actions (GH) andof thedynamic and aeroelastic effectsR). Annex Q regardingthe use of wind
tunnek, is transverseo all topics. The structure chosen for thBocumentguarantees three main
advantagesdt simplifiesits implementatiorbecausenly a limited portion of the textas to be used
for each application.e. the main part antew relevantannexesthis means that, where appropriate,
procedires of equabr greaterquality and indepth analysigan be used instead of each particular
anne; it helps to extend the validity of theaintext andallows limiting maintenance only to those
portions requiring it

Section4 brings ten worked examples application of theGuide to ten amonthe most common
structural typeslt thereforeprovidesguidanceandfacilitatesthe use of the Documergspecially
for the firsttime user.

Figure 1.2showstheorganisatiorof Section® (Basics) and 3 (Principles and rules).

FUNDAMENTALS PRINCIPLESAND RULES
MAIN TEXT APPENDIXES
( 2.1 Introduction ) ( 3.1 Guidelines )

( 2.2 Atmospheric circulation )

s ) Y
( 2.3 Wind modelling ) ( 3.2 Wind velocity and kinetic pressure )—-I»( Appendix A-F )
( 2.4 Buildings aerodynamics ) ( 3.3 Aerodynamic actions )—-»( Appendix G-H )
( 2.5 Dynamic response )
* Y
( 2.6 Vortex shedding ) ( 3.4 Dynamic and aeroel astic phenomena )—-I»( Appendix I-P )
G J
( 2.7 Other aeroelastic phenomena ) A

v v

( 2.8 Interference ) ( Appendix Q )

Figure 1.27 Organisation oSectiors 2 and 3.
Whilst the main tex(subsections 3.1 t8.4) applies to allthe structuresfor which an example is
given in Sectiord, Table 1.1 lists the annexes (AroughQ) neededn eachspecific @se.
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Table 1.1 - Application of Annexes to thetructureshosen as calculation examples.

Structure Annex
A/B|CID|E|F|G|H|I|L|M|N|O|P|Q

4.3 Industrial building # ##

4.4 Residential building # #|# #

4.5 Multi-storey office block # ## ##|#

4.6 Tall building # # # | #H | # | H#H|#

4.7 Gastank # # # #

4.8 Canopy # ##

4.9 Reinforcedconcrete chimney # # ## #

4.10Steelchimney # # ## #

4.11Truss railway bridge # # #|# ##

4.12Box girder road bridge # # ## #

The overview provided byable 1.lhighlightsthe differentuses of the individual annexeshat can
be grouped intdour families(Table 1.11):

1.

Essential annexedAnnexes A and G are essential in all casdsnex A (Design return
period provides a guidgo the choice of thewind velocity return periodaccording to
structural properties and the type aheck Annex G Qverall aerodynamic coefficients)
provides the paraeters needed to convevind velocity into aerodyamicactions only the
clauserelevantto the type of construction under considerati@s to be considered in each
case.

Specific annexeAnnexes D, H, I, L, M, N, O and P are essential to specifict®tgonly.
Annex D (Topograhical facto) applies tostructuredocatedat thesummit of isolatedhills,
ridges, etc., Wile Annex H Qetailed and local aerodynamic coefficientsapplies to the
evaluation ofwind actions on individuabktructural and nostructural membersndto the
detailed calculatiorof main structural component&nnex | Dynamic characteristics of
structure} providespreliminary elements to carry odynamic and aeroelastiassessmés
Annex L (Along-wind actions and accelerationgives the criteriorfor assessinghe along
wind dynamicfactor and is far and away the most used of all spedifinexes.Annex M
(Crosswind and torsional actions and accelerationspplies tohigh-rise, regularshaped
buildings Annex N (Acceleration ad serviceability) is concerned withassessg the
serviceability of the top storeys a@éll structures Annex O {ortex sheddingof slender
structures) is essential for slendelements andstructures.Annex P (Other aeroelastic
phenomena) gives essent@iteria for structures that are particularly slender, giate
flexible, lightweight and loly damped, andit is aimed at assessing them agaaesbelastic
instability problems

Informative annexesAnnex Q (Wind tunnel tests) igimedat guidingthose involved in
prototype testing.

SpecialpurposeannexesAnnexes B Reference elocity), C (Modelling of wind actions E

(Atmospheric turbulenceand F (Peakwind velocity) have a specialistcontent aimed at
improving wind knowledge andepresentton.
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Table 1.11 i Annex Classification.

Annex Essential | Specific | Informative | Specialist
A. Design return period #
B. Reference velocity #
C. Wind velocity #
D. Topographical factor #
E. Atmospheric turbulence #
F. Peak wind velocity #
G. Overall aerodynamic coefficients #
H. Detailedandlocal aerodynamic #

coefficients
I.  Dynamic characteristics of structures #
L. Along-wind actions and accelerationg #
M. Crosswind and torsional actions and #

accelerations
N. Acceleration and serviceability #
O. Vortex sheddingf slender structures #
P. Other aeroelastic phenomena #
Q. Wind tunnel tests #

1.4 REFERENCESTO OTHER CODES

The Documents consistent with théechnical/scientificstat-of-the-art in this field(clause 2.9)It
also implements the main guide provided by international technical standards and recommendations
regarding wind actions and effects structures

This clause lists the maioodes and standardm wind actionstha were consideed terms of
reference when drafting th Guide The documents aifésted in chronadgical order of enactment
Documentsvhich now beame obsoletare also includedThe latest version of the standards and
recommendations of other countriesldbodiesare alscspecified.

National Research Counc€iuides

1 Ipotesi di carico sulle costruziofbesign loads ostructurey, CNR-UNI 10012, 1964.

1 Ipotesi di carico sulle costruziofbesign loads ostructurey CNR-UNI 10012, 1967.

q Azioni sulle costrzioni(Actions onstructurey, CNR TechnicalStandard10012/81, 1981.

1 Istruzioni per la valutazione delle azioni sulle costruzi@nstructions for assessing actions
onstructurey CNR 10012/85, 1985.

Italian Standards

1 Ipotesi di carico sulle costruzior(Design loads orstructure¥ Ministry of Public Works
Circular No. 4773ssted 8" June 1968.

1 Criteri generali per la verifica della sicurezza delle costruzioni e dei carichi e sovraccarichi
(General criteria fothe safety check ofstructures loads ad imposed loads)Ministerial
Decreeissued3™ October 1978.

1 Ipotesi relative ai carichi e ai sovraccarichi ed ai criteri generali per la verifica di sicurezza
delle costruzioni(Loads and imposed loads and general criteriatHersafety check of
structues, Ministry of Public Works Circular No. 18591 datefidovember 1978.

1 Aggiornamento delle norme tecniche relati\
sicurezza delleas t r uzi oni e dei c(Rewvision lofi techaicalss@andardsc c a |
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il

il

regar di ng 0 Ge n dhe safety check ostructuras floorads and ,i mpo:
Ministerial Decredssuedl2" February 1982.

Ipotesi relative ai carichi e ai sovraccarichi ed ai criteri generali per la verifica di sicurezza
delle costruzioni(Loads and imposed loads and general criteriathar safety check of
structure, Ministry of Public Works Circular No. 22634¢sued24™ May 1982.

Nor me tecniche relative ai ACriter. gener al
carichiesw accaffTechnbc al standar ds r ¢hgsafetyadhetly 0 Ge
of structures | oads an d) MiniserasDeaedssuedad] davuary 1996.

l struzioni per | dapplicazione del | everiiddor me
di sicurezza dell e costruzioni e dei cari clt
gennaiol996( | nstructi ons f orTechrical standaps$ regardimgtgenéeral o n
criteria forthe safety check o$tructures|oads and impp 0 s e d ab meaMirssigrial Decree

issued 16" January 1996 Ministry of Public Works Circular No. 15&eneral Affairg

Central Technical Service datdtl July 1996.

Norme tecniche per le costruziofiiechnical standards fastructurey Ministerial Decree

issuel 239 September 2005.

Norme tecniche per le costruziofifechnical standards fatructurey, Ministerial Decree

issuel 14" January 2008.

l struzioni per | 6applicazione dell e ANuove
14 gennab 2008 (Instructions for the implementation tfe fiTechnical standards regarding
structure as per Mi ni st4ddnaaly20089 eMinisteyeof Irifrassucteres 1

and TransportationGircular No.617 dated2" February2009

Eurocodes

Eurocodel: Basis of design and actions on structurBart 24: Wind actions CEN, ENV
1991-2-4, 1994.

Eurocode 1Actions on structuresGeneral actionsPart 14: Wind actions CEN, EN 1991
1-4, 2005.

Other Standards and Recommendations

|l

]

Recommendations for callating the effects of wind on constructipisiropean Convention
for Constructional Steelwork, ECCS, N. 52, 1987.

Steel stacksASME STS1-1992, The American Society of Mechanical Engineers, 1992.
National Building Code of Canagd&dlRG-CNRC, 1995.

Loadingfor buildings Part 2:Code of practice for wind load8ritish Standards Institution,
BS 6399, Part 2, 1997.

Model code for steel chimnegyGICIND, 1999.

Structural design actiong?art 2:Wind actions Australian / New Zealand Standard, AS/NZS
1170.2, 202.

Wind actions on structuresiSO TC 98/SC 3 N254, ISO/CD 435Draft document
20.4.2005).

AlJ Recommendations for loads on buildingschitectural Institute of Japan, 2005.

Minimum design loads for buildings and other structurASCE/SEI Standard N7-05,
American Society of Civil Engineers, Structural Engineering Institute, 2005.

Wind tunnel studies of buildings and structurBSCE manuals and reports on engineering
practice No. 67, Isyumov, N. (Ed.), Aerodynamics Committee, American Society df Civi
Engineers, 1999.

Environmental meteorology. Physical modelling of flow and dispersion processes in the
atmospheric boundary layer. Application of wind tunn&srein Deutscher Ingenieure, VDI
3783, 2000.
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1.5 Nomenclature

A list follows of thenomenclaturaisedin this Guide (with specific reference t8ections3 and 4).
A definition is given for each symbol along with the physical dimension, either L, T, F or M,
identifying, respectively, length, time, force and mass (M 45T

a reference altitudér the calculaton of ¢, L
ac factor of galloping instability
a, ao acceleration limit value and its reference value L/T?
a normalised limiting amplitude (vortex shedding)
app, &, 3m | peakalongwind, crosswind and tasional acceleration L/T?
a,TD , a,Z’L peakalongwind andcrosswind acceleration at point P L/T?
as altitude above sea levef the construction site L
ABC coefficients used for orographic location factor
b, d, h reference dimensns for buildings L
B guaststeadyresponse factor
C1, & parameterselated tovortex shedding
Ca altitude factor
Cq dynamic factor
CdD; CdL, Cam along-wind, crosswind and torsional dynamic facter
Cp, CL aerodynamic drag andtlicoefficients
Ce exposure factor
Gt friction coefficient
Cix, Cry force coefficiens per unit engthin X andY direction
o C force coefficients per unit length iX and Y direction for|
Xor Yo elementf infinite length
Cr force coefficient for canopy calculation
Cex; Cry, Crz | resultant force coefficients i, Y andZ direction
Clat lateral force coefficient (vortex shedding)
c, angularderivativeof theaerodynamidift coefficient
Cm mean wind velocity profileoefficient
Cmz momentcoefficient @bout theZ axis)
moment coefficientper unit length(about theZ axis) for
Cmzo elementsf infinite length
C., angularderivative of the aerodynamic momewoketficient
Cwmx, Cmy, Cvz | moment coefficients about thé Y andZ axis
Coer Cpi external and internal pressure coefficgent
external pressure coefficienfior surface of less than or equa
Cpels Gpel0 | 101 R and greater than or equalt n?
Coeo external pressure coefficient fam infinite cylinder
c upwind face and downwind faaxternal pressure coefficien
pe.p.Cpen for calcuatingtorsionaleffects
Coms Gob parameters for calculatingeo
Con netpressure coéitient
Cr returnfactor
Ct topographical factor
C nontdimensional parameter for determining the stan¢
¢ deviation of lateral deflection (vortex shedding)
C turbulence factor (vortex shedding)

9



CNR-DT 207/2008

exponential decagoefficient d the tubulent @mponent = 1,

Cr 2, 3in directionr =x,y, z
aerodynamicrosswind force and torsional momenbefficient
CL, CM f . . -
or tall buildings
Co%égsm’ cohererce oflongitudinal, lateralindverticalturbulence
nontdimensional parameter related to the possible occurren
Crrii critical values of the mean wind velocity for long return perif  ---
Tr (vortex shedding)

di, th, dh, D, D¢ | bridge deck referencazes L
d;,d; coordinates of point P with respect to theentre of torsion L
D,L,M action/effect inelong-wind, crosswind and torsioal direction

o geometric parameterof defining the external pressureon L
buildings
E modulus of elasticity F/L*
f equivalent sta¢ crosswind force per unit length F/L
£ equivalent statiaccrosswind force per unit lengtifor the i-th =
L vibration modgvortex shedding)
fLm ratio of torsional tocrosswind frequency
fx, fy forceper unit length irK andY direction F/L
Fx, Fy, Fz resultant forces iX, Y andZ direction F
g acceleration of gravity L/T?
JaD peakalong-wind acceleratioriactor
O, L, Om peakalong-wind, crosswind and torsional factor
Ov peakwind velocity factor
G shear modulus F/L?
Gp, G, Gu alongwind, crosswind and torsional gust facter
Gy wind gust factor
h1, ho, hest referencesizesfor chimneys L
hp height ofparapetflat roof9) L
hiot total overall height of bridge decks L
H height of a topographic feature L
l1, 12, I3 longitudinal, lateral and vertical turbulence inteiesit
bendingmoment of inertia and polar moment of inertia of m
Is, Ip : ML
per unit length
generaliseadmoment of inertia (bending or pojasf massfor the 2
l; : . ) ML
i-th vibration mode.
| generalised polar moment of inertia of mass torsional M L2
vibration (first mode
ly turbulence intensity (longitudinal)
Jr, Jp, bending, polar and torsional moment of inertia L*
k surface roughness L
k. ko nortdimensional parameters fordetermiing the resonah|
b response ithe crosswind direction
Ka reference parameter for the calculatiortof
K terrain factor
K K mode shape and effective correlation length factor (va
y N\w R T
shedding)
Ka, Kamax aerodynamic dampinggpameter ands maximum value
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factor for determining the standard deviation adng-wind

Ko acceleration
Km1, Ku2 nontdimensional paramete(srsionalresonahresponse)
[, L referencesizesfor determining aerodynamic coefficients L
Ly, Lo, L3 longitudinal, lateral and vertical turbuleglength scales L
Lg, Le, Ly reference lengths abpographic features L
L; correlation length L
Ly integrallength scalef turbulencglongitudinal) L
m mass per unit length M/L
Mo, My generalisedmass (first mode) imalongwind and crosswind M
’ directiors
Me,i equivalent mass per unit length toei-th vibration mode M/L
m generalised madsr thei-th vibration mode M
My equivalent statitorqueper unit length FL/L
Ms equivalent mass M
Mx, My, Mz | momentsabout theX, Y andZ axis FL
my moment per unit length (about tAeaxis) FL/L
Np, N, Nu frequency of firsalongwind, crosswind and torsional mode 1T
n; frequency of vibratiomf thei-th mode 1T
ni, Nmi, No; | frequency othei-th crosswind, torsional and ovalling mode 1T
1Y) frequency of firstrosswind or torsional mode 1T
Ns frequency of vortex shedding 1T
frequencyparameters for determinirifpe resonah response ir
Ne1, Ne : L 1T
the crosswind direction
N, N numker of load cycles caused byosswind oscillation
Pe, Pis Pn external, internal andetpressure F/L?
nondimensional parameters for determining thersional
P1, P2, P3 : -
frequencyof bridge deck
P, reduction factor of turbulence intensity
Op peak velocity pressure F/L?
r radius of curvature L
I'm nondimensional parameter (bridge deck stability)
Re, R, parameters _for _determininghe resonah response factor if
' along-wind direction
resonanresponse factor ialongwind, crosswind and torsiona
Ro, R R | irection
Re Reynolds number
S orographic location factor
S tension (cables) F
S,$ S longitudinal, lateral and vertical turbulensgectra LT
S¢ Scruton number for thieth vibration mode
non-dimensional parameters (resohaesponse iralong-wind
= 3 andcrosswind direction)
Su, Sui, Sz | nondimensional parameters (torsional resamasponse)
St Strouhal number
t thicknessof cylindrical shells L
T averaging time fothe mean wd velocity T
Tr, TR0, To design, reference ambnventionaleturn period T
Vo, referencewind velocity for thei-th vibration mode (load cycle LT

caused by vortex shedding)
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Vb, Vb0 fundamental basic wind velocity and its value at sea level L/T
Ver,i critical wind velocityof vortex sheddindpor i-th mode L/T
Vb divergencecritical wind velocity L/T
VE flutter critical wind velocity L/T
VG,i gallopingcritical wind velocity forthei-th mode L/T
Vi mean wind velocity L/T
Vin reduced mean wd velocity

mean wind velocity withreturn periodof 1 and 10 times the
Vim0 Vin,| : L/T
referenceaeturn period
Vn nominaldesignlife of the structure T
Vo.i critical wind velocity for ovallingn thei-th mode L/T
Vp peak wind velocity L/T
Vy design referencavind velocity L/T
Wi friction action F/L?

W weight of structural parts and total weight (fundame
s, Wr : F

frequency of a chimney)

XY, Z coordinates L

peakcrosswind displacemenin thei-th vibration mode (vortey
Yo shedding) L
z,7,z reference heightfor aerodynamic coefficients L
2y roughness length L
Ze reference height for calculatiaf the alongwind response L
distance from the ground (calculatioh actions on signboard L
% and isolatedodies
Zmin minimum height L
0 inclination (of slopes, parabola axis, wind direction with res|
to a reference axis, etc.)
a v angles for calculating the external pressurestractureswith |

P circularplan
b, 0o | coefficients for determining the topographical factor

b b parameters for determinirtge resonanresponse irthe lateral
b2 direction
br aerodynamic efficiency parametérifige decks

Bm1, bv2 nontdimensional parameters (sownal resonarresponse)
M correlation factor betweerrosswind and torsional effects
G bandwidth facto(load cycle calculation
o parameter for determining the fundamental flexural frequeng
4 chimneys
G exponent othefirst bendingmodeshape
parameters for determininghe resonah response factor i
A b along-wind direction
d angleof torsion
Q wind directionin the horizontal plane
9 coefficientfor turbulent length scalealculation
& effective slederness
&, 1, & o |length, time and velocity scalirfgctors (wind tunnel tests)
| o dimensionless factor fdridge deckconfiguration
€ non-dimensional parameter (bridge deck stability)
u kinematic viscosity of air LT
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Up expectedup-crossing frequenchor thealong-wind response T
Uy expectedup-crossing frequencyf turbulence 1T
critical damping ratiototal, aerodynamicdue to passiveontrol|
Foa ST systemsand structuravalues
critical damping rao for the first along-wind, crosswind,
3D, LM T . . . ——
lateraland torsioal vibration mode
critical damping ratio fothe i-th along-wind, crosswind, and
3i» Li3Mi3 | 44 gjonal vibration mode
30, critical damping ratio fothei-th ovalling mode
3. structural damping ratifor thei-th bendindglexural moa
J air density M/L°
Is densityof material M/L>
o o o standard deviations of longitudinal, lateral and vertical
Uq, Up, U3 L/T
turbulence
o . o | Standard deviations @fong-wind, crosswind and torsional 2
Uap, aL,UamU . L/T
acceleration
L standard deviation afrosswind deflection (vortex shedding) L
U averaging time for thpeakwind velocity T
i density (walls, parapets and trusses) and degree of blockag
(canopy roofs)
a meanup-wind slopeof topography
Up, L,0m0 |firstaongwind, crosswind and torsbnal mode shape
Ui i-th vibration modeshape
UL i-th crosswind vibration mode shape
Y reduction factor for pressure on buildings
reduction factor of force coefiient for sections with rounded
¥r edgeqelongated slender structures and structural members]
Ys sheltemg factor
Yo correction factofor inclinedwind flow (lattice structures)
reduction factor of force coefficient for structural elements
Yo end-effects
Yo U endeffect factor for circular cylinders
¥ nontdimensional parameter (cables)
q non-dimensional parameter (ovalling)
Qi nondimensional parametendtural frequenes of cableg
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2 FUNDAMENTALS

2.1 MOTIVATIONS

The meteorological phenomena that occur in th
Solar radiation gives rise to temperature and pressure fields that are responsible for the
displa@ment of air masseshich are generally classified in acdance with their spatial and
temporal scalesgction2.2). The analysis of the actions and effects of wincdcamstructionss

based on the evaluation of wind at the constructiorsite (section2.3), wherein the wind is
considered as one component of adaer and more complex atmospheric and meteorological
system.

Assuming initially that the structure is fixed and not deformable, Wirekerts on the structure,
globally and on its components, a system of aerodynamic ackigribat depend on shape,
orienttion, and size of the construction (section 2.4).

Assumingalsothat the structure is subject to deflection due to the action of the wind, butithat s
deflection is sufficiently smalothat thedeformed geometris essentiallycoincidentwith respect

to its initial configuration, the esponseR can be establishethrough the classic methods of
structural analysissectiors 2.5 and 2.6)the responsdurns out to bestatic for stiff and damped
structures, and dynamior flexible and/oow damped strucres.

Figure 2.1 shows thibow diagramthat transforrawind velocityV into structural respondg

e ey

Figure 2.17 Structural response

In practice, especially in the case of lightweight, flexible anbbar danped structures &ving an
aerodynamic shape that is susceptible to wind actions, the deflection and the velocity of the
structurecan beof sucha sufficiently large magnitude to give rise to wastducture interactions
phenomengknown as eroelastic or fedbackphenomendsectiors 2.6 and 2.7), whiclmodify the
oncoming windV, the aensdynamic action$s, and the structural responReThesephenomena are
generallyschematizedy assumingthat wind induces global actiors = F, +_ on thestructure,

where F are the aerodynamic actions exerted by the wind onfitkexd structure and-, is the

aeroedstic or selfexcited actions due to the movement of the structure. Figure 2.2 shosanibe
diagramasFigure 2.1modified totake the seHexdted actionsnto account.

oL

m'l'l
B

—Vle Aerodynamics S S F Dynamics

Aeroelasticity

e e e e |

Figure 2.27 Structural responde presence of aeroelastic phenomena.
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Comparison between Figures 2.1 and 2.2 highlights the essential aspects of vimeeremg and
the basic conceptgeportedin this Guide Wind is the case that produces thesponse of the
construction anaf its componentsThe link between cause amdffect depends on aerodynamics,
dynamics, and aeroelasticityterference between adjentstructures or elementsgction2.8) is of

a transverse natureitv respect to these sectofsbasic bibliography is given igection2.9.

2.2 ATMOSPHERIC CIRCULATION

The atmospheric phenomena that occur in the gaseous envelope that surrounds the Earth are cause
by solar radiation. Warmed bythe Sun the ground andhe atmosphere return the energy they
receive and, in turn, emit thermal radiatidrhe lowestatmospheridayerimmediately next to the
principal heat source, i.e. land masses, rsthigher amounts of heat, giving rise to a vertical
profile of the meanemperature valu&, shown in Figure 2.3 with the acronym IS for International
Standard, whiclapproximatelydecrease linebr with respect tdeightz

ke 1 1 L P— b 1 =
-100 -80 -60 -40 -20 0 20 40 60

TECh
Figure 2.37 Mean verical profiles of atmospheric temperature.

The difference between energy reaehvand energy emitted by the eaatinosphere system varies
mainly in accordance with the different angle of the sun rays with respect to the horizon, which
results in the highest radiation levels in tropieglatorial regions anthe minimum radiation

levels at the poles (Figure 2.3). In the former regions, the average stun@€if ropical Maximum

or TM) is greater than the average terrestrial temperatureré§)Iting in the establishment of a
low-pressurezone in the latter case (Arctic Minimum orM) the temperature is lower than IS,
resuting in the creation of a higpressurezone If the temperature were unaffected by other
factors, air would circulate in each hemisphere in ataace with a single cell running from the
pole to the equator {§ure 2.4).
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warm
air

Equator

Figure 2.471 Ideal monocellular circation.

In practice, thainevendistribution of oceans, continents and clouds, causes thetfomof a sub
tropical highpressuréeltandof a subpolar lowpressuréelt This leads to a tricallar ciraulation
systemin each hemisphere (Figure 2.5).

polar high pressure

N sub-polar low pressure
easterlies /

sub-tropical high pressure

westerlies

trade winds

doldrums

equator equatorial low pressure

Figure 2.57 Effective tricellular circudtion.

The surface windsf such a tricellular systerare called Westads, Easteries or Trade Winds
depending on the latitude at which they occur. Ekeof these winds constitutethe primary
circulation andncludes winds that develop over monthly or seasonal periods, on areas arglanet
scale. These winds are responsible for establi ng t he Ear t hHowevew ¢hayt h er
havemoderate velocityrnormally less than-% m/s) and thshave little influence on structures

Secondary circulation is defined as the combination of winds that form malesvhighpressure

areas due to local heating or cooling of the lower atmosplerass (Figure 2.6).These winds
develop over periods of between a few days up to one week, on areas sized from segezd| hu
square kilometres up to a thousand square kilometres. These winds include cyclones, anticyclones
and monsoons. Unlike théfect of primary circulabn, secondary circulation defines local weather
patterns.
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Figure 2.6- (a) Isobar map; (b) cyclone an

o

d aayiclone.

Cyclones are winds that blow ite direction ofconcentric isobarsaround lowpressure areas
(Figure 2.6). The direction of rculation is counteclockwise in the northern hesphere and
clockwise in the southern hemisphere. Cyclones are divided into-texyieal and tropical
cyclones, depending on the area in which they form.

Extratropical cyclones are formed from the meetingthe sukpolar kelt, of cold polar air caied

by the easterlies and hot tiopl air carried by the westerlies (Figure 2.5). The meeting of the two
air fronts of different tempeture can be figuratively construed as a clash between two warring
armies This meeting, in the case in question, will cause a storm.

Tropical cyclones (Figure 2.7) originate in the Doldrums (Figure 2.6), and they draw their power
from the latent heat released by condensation of water vapour. With respect to extratropical
cyclones, tropical cyclones are normally smaller in size although wind velocities tend to be much
higher andtheir destructive force is far greater. In the USQptical cyclones are classified as
hurricanes when the wind velocity exceeds 120 km/h; the sam®mpbna in the Far East are
called Atyphoonso, or simply feanycl oneso in Au

Lh‘ — YR 4 \iﬁ ’
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Figure 2.77 Tropical cyclone.

Anticyclones are winds that blomm the direction ofconcentric isobars inside high pressure areas
(Figure 2.6). Thedirection of circulation is clockwise in the northern hemisphere and ceunter
clockwise in the southern hemisphere.

Compared to cyclones, anticyclones are gahelarger in size and more passive in nature. They
produce relatively calm weather and lighihas. Several special considerations must be applied to
atmospheric movements of a seasonal natwrsechby the temperature difference between oceans
and coninental land masses. Across Asia and the adjoining Indian Ocean, these movements are of a
magnituek andsize of sufficient signifcance to give rise to winds, known as monsoons, which are
considered to allféects and purposes as an integral part of the secondary circulation system.

Local winds constitute movements of air massesadhiae insidehe secondary circulation system
without altering the relative properties. These winds cover limited areas of just a few kilometres and
tend to be of short duratiagnusually no more than a couple of houralthough the relative velocity

can reach very highalues. Local winds are generally divided into two main categories associated,
respectively, with specific geographic conditions and special atmospheric conditions.

Winds associated with spéici geographic conditions include breezes, the Fohn and thedfiatab
winds. Breezes occur on a daily basis and are generally of moderate velocityndahdgst
themselvesn coastal areas, on lake shores, in hill caaatsr on mountain slopes. The F6hn wind
occurs when an air mass climbs over an elevation, thuggpahd then descends over the opposite

side, heating up in a substantially adiabatic manner (Figure 2.8). Catabatic tves#sjncluding

the Bora wind, originate when a cold air mass has crossed a mountain chain or plateau and then the
ground level drps away to a low lying area with hot stagnant air: at this point the air drops under
the effect of gravity and can reach velocities of up to-2@0 km/h.

Figure 2.8-. F6hn wind.

Winds associated with special weather conditions include thunderstodrtsraados. The former
group includes frontal winds that occur at the interface between warm and cool air masses which,
on meeting, give rise to extratropical cyclones, and convective down currents or downbursts, which
create surface gusts in a radialteat (Figure 2.9) with wind velocities of even up to 100 km/h. The
latter, which are calledt r o mb eo va{dlvaind)i inaltaly (Figure 2.10), are the most destructive
single natural event; in some parts of the world these can cause wind velocitieseaten than

300 km/h, peaking at an estimateadue of700 km/h; it is thus fortunate that the extension of these
phenomena is limited, as is the likelihood of their occurrence.

18



CNR-DT 207/2008

thunderstorm cloud

Y 300 m
-—downburst

horizontal

radial jet

Figure 2.97 Convective down current or downburst.

Figure 2.10-Tornadoor At r omba dodéariao (whirl wi
A concise classification of the variowsnd phenomena described abaseayiven inTable 2.1 a.

Table 2.17 Aeolic phenomena: classification.

Primary circulation Trade winds
Westerlies
Easterlies
Secondary circulatio | Cyclones Extratropical
Tropical
Anti-cyclones
Monsoons
Local winds Winds associated with Breezes
specific geographic Fohnwinds
conditions Catabatic windgbora, ...)
Winds associated with Frontal winds
specific atmospheric Downburss
conditions Tor nadtmmbaor
doéaor i(awhi r | w
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In the current state of the art there are no mathematical models capable of encompassing, in a
general manner, all the aeolic phenomena mentioned alpos@ntrast, there exist various different
partial models that are capable of representing, with varying degrees of confidence, the single wind
types, which are thus presumed to be reciprocally indepentiemtvind representation adopted in

this Guideconcerns extratropical cyclones; these are atiynthe most severeind events in terms

of intensity and likelihood of occurrence, potentially affecting structures in countribswell
behaving climatenotably Italy.

2.3 WIND REPRESENTATION

To represent the wind configuration in an extratropicallarye two atmospheric layers having
different properties are considered. The gradient height is definte &gightzy above which the

wind is no longer affected by the ground friction force; this height is between 1000 m and 3000 m
depending on the wingelocity andon the roughness length of the terrain, which is expressed by a
roughness parametes. The atmosphere between tbkarth surface and thegradientheight is
denotedasatmospheric boundary laye&kbove thegradient heighis free atmosphere.

The wind velocity in free atmosphere is constant, defined as geostrophic, and identified by the
symbolV,. The winddirectionis parallel to the isobars and the intensity is the greater the more
closely are spaced the isobars. In the atmospheric boundamr Ithe airflow is affected by the
friction force exertedby the terrain, which is opposed to the wind velo®itySuchforce iszeroat

the gradientheight and increaselescending towardse ground, resulting ilower wind velociies

The resulting tpering velocity profile is overlaid, again due to the effect of friction, by a three
dimensional fluctuationwith zero mean, designated atmospheric turbulence (Figure 2.11).
Atmospheric turbulencées maximum immediately above the groumchile it tendsto zero with
increasing height

- FREE
ATMOSPHERE
GRADIENT HEIGHT
ATMOSPHERIC
7 BOUNDARY LAYER
g

Figure 2.111 Mean wind velocity and atmospheric turbulence profile.

To define the properties of the wind more precigely further conceptsshall be considered’he
first concerns atmospheric equilibrium, while the selcooncerns the meaning of average velocity
and fluctuation.

Let us onsider a mass of air in hydrostatic vertical equilibrium under the actithe ofeight force
and the vertical pressure gradient. This column of air is in a staidéableor neutralequilibrium
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condition, depending on whether the vertical gradient of temperatisrgreater, smaller, or equal
to the vertical gradient of temperaturgin adiabatic conditions.

There are two limit situations that cha usedo clarify the problem. Thérst is constituted by the
horizontal movement of warm air over cold terrain (Figure 2.12a); this causes a reduction of
temperature next to the ground or even the inversion of the temperature gradient, and a tendency
towards conditions of stable equilibnh capable of suppressing the turbulence. The second limit
situation occurs in the dual condition wherein cold air flows over the warm ground (Figure 2.12b);

in this case heating from below results in an increase in the temperature gradient, which enakes th
atmosphere unstable and increases turbulence.

warm air l cold air T
._—__’ ™ L]
77777777777777774 777777777 7777774
cold ground warm ground
(a) (b)

Figure 2.121 Stable atmosphere (a) and unstable atmosphere (b).

The above situation is modifigd relation to the wind velocity. As velocity increases, the friction
forces exertedby the ground tend to increase and the turbulent fluctuatlmersome larger and
larger. Turbulent fluctuations result in a remixing of the atmosphie due to the speed at which
it occurs,is of anadiabaticnature In other words, as the wind velocity inases, the temperature
gradient moves towards the adiabatic value and the atmosphere tends towards theoneliticad
When this occurs, wind velocity isdependent fotemperature.

Wind engineeringn generaland ths Guide in particulaare mainly conerned with the effects of
high winds. The hypothesis of neutrality is therefazeptedsimplifying themathematicsThis
approach, which is generally reliablmay prove inaccurate when appliéd vortex shedding
responseand to aeroelastic phenomenas both are in general amplified bythe absence of
turbulence It can also prove inaccurate fiatigue calculationsas fatigue mainly cumulates due to
frequent winds of moderate velocity.

The second key concept concerns theaning of the mean velocity a&h of the turbulent
fluctuatiors. When along time span is taken into consideration and the power spesi{ajrof the

wind velocity is evaluated, whereis the frequency (Figure 2.13) appears that the curve hag

separate harmonic contents. Thetfiwhich isassociatedo periods of between approximately one

hour and several months, is knows the macroneteorological peak and it corresponds to the
frequency of aeolic events. The second, which is associated with periods of between a few seconds
and approximately ten minutes, is called the migreteorological peak and it corresponds to
turbulent fluctuations. The two peaks are separated frgquency rangehat is almost free of
harmonic contents, designatasithe spectral gap, with periods aftiveen around ten minutes and

one hour.
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Figure 2.131 Wind velocity power spectrum.

From this spectral representation derives the possibility of separating the wind velocity (Vector)

into two contributiondhe first contribution describes the meaglocity V,, over an interval of 10

minutes and it is characterised by letegm variations. The second contribution describes
atmospheric turbulencé6 and it i s characterised by high f
ax, Yy, z reference system witorigin O at the ground, verticat axis directed upward andaxis

parallel to the mean velocin, (Figure 2.14):

V(M;t)=V (z) Vi(M;t) (2.1)
V. (M)=i 9,(2) (2.2)
Vi(Mit) =i @(M:t) v, et ko w( MY (2.3)

whereM is a generic point in spa at heigh above the ground,is time,i, j, k are the versors of
X, y andz axes vy is the mean wind velocity (along; v, vj, vj are thelongitudinal (alongx),
lateral (dongy) and vertical (along) components of turbulence.

Figure 2.141 Representation of wind velocity.
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Wind engineering usually describes theean velocity as a random function of time arad
deterministic function of space; in contrast, it descrilbesulence as a random function of space
and time.

Consideringhe mean velocity as a random function of timas ik definedthrougha conventional
reference valug; that characteres thewindiness of the areandis a function of the probability of
exceedence ione year.The chosen reference velocity is the average velocity over a time interval
of 10 minutes at a height of 10 m tat, homogeneouterrain, with roughness length = 0.05 m.

The probability of exceedence of this value is assigned &égnm of a desigreturn period Tg,
which is a function of the properties of the structure and ghsicular limit state under
considerationValues of such parameters are given iis tABuide at sectiors 3.2.1 and 3.2.23s
derivedfollowing the pocedure®f Annexes A and B.

The vertical profile of the mean wind velocity in the siteirterestis expressed by means of a
deterministic function of the terrain roughness asitbcal topography.

First of all let us consider the case of flat ground of unifoooghness lengthirhe atmospheric
boundary layer is divided into two regions called theemayer and theuterlayer. The imerlayer
lies between the ground surface and an altilg@dé approximately 200 m; the average velocity has
a logarithmic prafe that is a function of the roughness lengthn the outerlayer, whichis located
between altitudez andz,, the meanvelocity tends towardhe geostrophic velocityy following a
spiral shapegrofile.

Wind engineering practice applies these cpteas follows. If the reference velocity and the
relative roughness lengthre known, from these two values the geostrophic velogytyis
calculated It is assumedhat this value, regardless of the ground roughness length, rethains
sameoverrathe large areas. Starting frow it is therefore possible tget down backo the imer
layer andevaluatethe meanvelocity profile associated with the local terrain roughness length
(Figure 2.15). Tts Guideprovides theinformation requiredo performsuch calculations at sectien
3.2.3 and 3.2.4. Tharocedure is valid for heights up200 m in whichthe wind direction remains
constant and the mean velocity profilefsalogarithmicshape

Figure 2.157 Mean wind velocity profile in sites with fierent ground roughness.

Real situationis complicated by two factors. Firshdefinite areas of uniform roughnes® not

exist in nature but rather the ground roughness varies in a complex manner from site to site.
Moreover, the territory features tography that is frequently fawayfrom the ideacase of a flat
terrain This Guideaddresesthe abovassuesatsection3.2.5 and AnexesC and D.
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Coming to velocity fluctuations, wind engineering practice usually describes the three turbulence
componats vj, vj, vj as random stationary Gaussian processes (at times ergbldg)Guide

provides basic guidance for the modelling of such processes at section 3.2.6 and in Annex E.
The longitudinalcomponent (parallel tox) of the wind velocity (Egs. 2.1 to 2.3) is given as:

v(M;t)=v, (2) +v( M; 1) (2.4)

where, for the sake of simplicitwi=v,. Velocity v is characterised by a Gaussian probability
densityfunctionf(v). The maximum valugnax Of v in the time intervall = 10 minutes is a random
variable whose density functid(vmay is usuallynarrowand sharped

The wind velocity peak valug, is defined as the mean value \gf,x associated with the desig
return periodThis parameter is defined:as

vi(2)=v, (29 +a(?3 QB3 wtr A% (2.5)
G,(2)=1+g,(2 &2 (2.6)
[ (2) = S 2.7)

wherel, is the(longitudinal)turbulence intensityg, is the pealactor of v, G, is the velocity gust
factor (Rgure 2.16).

e f (Vmax)
f(v)

vm gVS Vv

Figure 2.161 Probability density of wind velocity and its maximum value.

Consequentlyasturbulence intensity igsuallysignificantly smallerthan 1, the wind peak velocity
pressure value can be expressed by the formula:

@— (2 —@ P3G 2 9 ¥ (O (2.8)

wherer is the air densityAt section3.2.of this Guide eq(2.8)is appliedsettingg, = 3.5. Annex F
explains the role of the approximatiorvatvedin eq. (2.6) and the relationship between the wind
peak velocity and thegak velocity pressure.

2.4 AERODYNAMICS OF STRUCTURES
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Consider a fixed and stiff body immersed in a wind flow. We can identify two associated effects: on
the one hand, the body will alter the air flow, changing the local velocity pattern, while on the othe
hand a pressure that is different from the static pressuPg of the free flow will arise on the
surface of the body. The surface of the body is therefore subject to an aerodynamic action
associated with the pressure differeqmeeP-Py. The representatn of the physical phenomenon
changes depending on whether the body has typically-thmeensional properties (Figure 2.17), or
whether it can be associated, at least away from the edges withdintesional regime (Bure

2.18) (in the crossectionablane).
‘\\\\/X

Figure 2.171 Threedimensional body in a wind field.

Figure 2.181 Two-dimensional body in a wind field.

In both cases a laminar or turbulent boundary layer is formed on the surface of the body exposed to
the oncoming flow (Figure 2.19), imccordance with the Reynolds numifa defined at section
3.3.7, and with the body surface roughness.

(b)
Figure 2.191 Laminar (a) and turbulent (lppundarylayer.
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When the boundary layer is exposed to a negative pressure grddrenttee flow direction, i.e.

when the flow tends to accelerate due to Berr
tends to diminish and the vorticity that is produced within it is transported towards the surface; in
other words, the boundardayer tends to be still further compressed against the surface. The
opposite phenomenon occurs when the boundary layer has a positive pressure gradient (adverse
pressure gradient); in this case the thickness of the boundary layer increases and theisortic
transferred from the surface of the body and away from it, giving rise to the phenomenon of
boundary layer separation. Downstream the separation point, the flow external to the boundary
layer moves away from the surface; it follows that the voytisitno longer confined to a thin layer
adhering to the surface, but it instead occupies a broad area of the flow. This flow area is the
turbulent wake and it has a key role in the behaviour of structures exposed to wind.

The occurrence of an adverse grge gradient has different features depending on whether the
surface of the body is rounded or shatged.

For rounded bodies, flow separation depends not only on the body shape but also on the Reynolds
number and on the surface roughness. Figure h@@ssthe classic case of a smooth cylinder of
infinite length and circular section, immersed in a smooth wind field (zero turbul&wrde< 1

the boundary layer is laminar and stays attached to the cylinder along the entire perimeter (Figure
2.20a). Fo 1 <Re< 30, the laminar boundary layer separates from the cylinder, giving rise to two
symmetric stationary laminar vortices (kig 2.20b). For 30 Re< 10000, the boundary layer is

still laminar but the vortices, though still laminar, are shed atemly from the cylinder creating a

Von Karman wake, i.e. two streets of vortices (Figure 2.20c) dragged by the mean flow. For 10000
< Re < 200000 the boundary layer is again laminar, but the vortices are mainly turbulent, with
vortex layers hard to ideift (Figure 2.20d). FoRe> 200000 the boundary layer is turbulent and

the separation points move downstream, while the wake, which remains turbulent, becomes
narrower (Figure 2.20e). An increase in surface roughness brings transition regimes occuring at
lower Reynolds numbers.

(@) Re ~ 1 (b) Re ~ 20
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(d)10000 < Re < 200000 (e) Re >200000

Figure 2.201 Circular cylinder of infinite length immersed in a wind field.
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The flow pattern is dramatically different in the case of stealped bodies. For such bodies
separation of the boundary layer occurs because, ifdinewere to follow the corner, the velocity

of the boundary layer would be very high and the pressure very low. Immediately after the corner
the pressure gradient would be of a magnitude such as to be unsustainable without separation.
Figure 2.21(a) showthe flow around a square section, in which wake separation occurs at the
leading edge. The flow configuration is thus independent of the Reynolds number and of the surface
roughness. It should also be noted that elongated shapes may give rise to thmrfoohat
separation bubbles after separation from the leading edge (Figure 2.21b); downstream the
separation bubble the flow may reattach to the lateral faces of the body, to separate again at the
trailing edge.

The broader the turbulent wake, the largerdhag force.

SEPARATION BUBBLE
SEPARATION
\ SEPARATION /> REATTACHMENT
v .

(O~

WAKE - SEPARATION V WAKE
SEPARATION

x \&

Figure 2.211 Flow separation from shagdgedbodies.

As a consequence, the aerodynamic actions on stationary, stiff bodies depend on both the oncoming
flow and the turbulent wake. The oncoming flow is characterised by the meaityelod its
fluctuation. The turbulent wake generates actions associated with-tialesbsignature turbulence.

Wind engineering practice usually quantifies these actions through dimensionless parameters
termed fAaerodynami c c oessuré coefliciermst retopressurehceesfieients, n ¢ |
force andmoment coefficients, coefficients of force and moment per unit length, and friction
coefficients

The following parameter is defined as the pressure coefficient:

p
c = 2.9
P 1ovd 2.9)
where V is the mean or peakind velocity hence independeat time, which characteries thefree
flow. Vis evaluated at a conventional reference height.

Whenp >0 (P > Py), ¢, is positive and the point is subjected to inward pressure; this is the case for
points of surfaces directly exposed to the oncoming wind and, more generally, of points at which
the boundary layer is attached to the body surface. On the othe handp whei < Po), ¢, is
negative and the point is subjected to outward pressurecborsuthis occurs, e.g., on lateral and
downwind surfaces and, more generally, at points were the flow is separated.

Pressurg. that acts on the outer faces of the body is defined as external; in this case coefficient
is designated external pressuoefficient and denoted with symbgl..
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Pressurep; that acts on the internal faces of the body is designated internal pressure; in this case
coefficientc, is called the internal pressure coefficient and denoted with symbdtigure 2.22
shows the tyjeal distribution of the external pressure coefficient of a building.

YVento

Figure 2.221 External pressure coefficient of a building.
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Net pressurg, exerted by the wind on a surface is the sum of presgurasd p, applied by the
wind, respectively, onaices 1 and 2 of the surface. Assunfiorgp, the same sign qdy, p, = p1 - P2
The net pressure coefficient is then given as:

pn p1 - p2
c = — 2.10
pn ; 5 1V E 1 ; ‘ ( )

2

Pressure coefficients and net pressure coefficients are generally used to represent theudisfribut
pressurep on the surfaces of large thrdamensional bodies. In the case of compact three
dimensional bodies it is often sufficient to find the three components of resultanFfgiiee and

Fz, and of the resultant momehtx, My and Mz, with respet to anX, Y, Z The following six
parameters are defined as force coefficiepiscry andcez, and moment coefficientsx, cmy and
Cwmz-

F M
=—a - ¢ = ~a a X,Y,Z 2.11
%.. rV E |_2 M a % rV E |_3 . ( ) ( )

CFa

whereL is a characteristic length of the compact hody

The formulation is greatly simplified in the case of slenderdimeensional bodies, for which it is
often sufficient to find the resultant aerodynamic actions per unit length, referred to the body axis.
From Figure 2.18, where the axis of the body ddies with theZ axis, the following three
aerodynamic coefficients are defined:

Fy ) _ F, ) m,
1owvdl ] 1owvdI1 ] 1owvdI1?

C o Cy = Chy = (2.12)
wherel is a characteristic length of the body cross section. Figure 2.23 shows a gernpfehese
aerodynamic coefficients for a bridge desk a function of the angle of attabkthat defines the

flow direction.
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Figure 2.231 Drag, lift and torque coefficients for a bridge deck.

When axisX coincides with the oncoming wind directiocoefficientsck and ¢y are termed drag
and lift coefficient, respectively.

The friction coefficient is defined as:
w

c, = ! 2.13
' 160 ( )

wherew is the friction action per unit area in the direction of the flow.

The aerodynamic actions care lralculated using egs. (2.9) through (2.13), once the wind
parameters andV, the characteristic body lengthsandl|, and the aerodynamic coefficients are
known.
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In particular, wherV is the mean wind velocity\ = vy), egs. (2.9) through (2.13) provitlee mean
values of the aerodynamic actions. For example, starting from eq. (2.12), the mean wind force per
unit length in theX direction is:

P :% Ov A ¢ f (2.14)
Likewise, wherV is the peak velocity = v), egs. (2.9) through (2.13) giveetipeak values of the
aerodynamic actions. For example, using again eq. (2.12), the peak win& feecainit length in
the X direction is:

i =§ O v 0 ¢ (2.15)

Xp

Similar equations are obtained when the remaining eqs. (2.9) through (2.13) are used

Sections 3.3.1 through 3.3.5 implement eqgs. (2.9) through (2.13), to give the peak aerodynamic
actions as the product of three parameters: the peak velocity pressure at a given reference height,
the appropriate aerodynamic coefficient, and, when appdicabcharacteristic length of the body.
Annexes G and H contain the global and local aerodynamic coefficients for a broad variety of
constructions. Annex Q provides basic information concerning wind tunnels testing.

2.5 DYNAMIC RESPONSE

Let us consider atructure or a structural element that can be modelled, at a first approximation, by
the twadimensional scheme iRigure 2.18 Assuming that the displacements caused by wind are
rather small, they can be treated by applying on the bodgettaynamic aains caused by wind
assuming that the body is fixed and not deforméetion2.4). The aerodynamic actioper unit
lengthis describedy means of an alongwind foré€g (D = drag in thex direction), an acroswind

force F_ (L = lift in the y direction)and atorque (M, about axisz) (Figure 2.24)As a resultthe
structure or structural element experiences a tlieensional response, witalongwind D),
acrosswind (L) and torsional NI) components The alongwind response and the acnwssl
responseccur, respectively, ithex-z andy-z planes respectivelytorsional rotation occurs about
thez axis.For the sake of simplicity, the three respoosmponentsredealt with as ucoupled.

Figure 2.241 Alongwind, acrossvind and torsional response

For anelasticstructure featuring viscous dampjrige equation oimotionin the alongwinddegree
of freedomx(t) is:
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K()+2 Ax(20n,p 1) @ n¥ x(pt)('j% i 9 (2.16)

wherem, np and xp arethe mass, th@aturalfrequency and the damping ratio in the alongwind
direction, respectively(Annex I). Like thewind velocity €q.2.4), also the aerodynamic actitn
and the dynamic responsare expressed as follows:

fo (1) = fon +d (1) (2.17)

x(t) = x, +xi(t) (2.18)

m

where f, and fj arethe mean value and the fluctuating componenfppfespectively andx

andxj arethe mean value and fluctuating componenk,ofespectively. The mean value and the
fluctuating component ok (eq. 2.18) are respectively due to the mean value and fluctuating
component offp (eq. 2.17) which are,in turn, associated witithe mean value and fluctuating
component ofv, respectively(eq. 2.4). In particular, (assumingthat atmospheric turbulences
small), like velocity, also the aerodynamic action and respaase be described as stationary,
Gaussian, randomprocesses. Therefore, the peak valueisfgiven as

Xp = Xm +gD Q S Xm: gD+\j ZBXO 2§>< *mSGE (219)
G, =1+, & 1=24¢, OB & (2.20)
X

m

wheresy andgp are thestandard deviation and the peak factox,akespectivelysgx andsgyarethe
backgroundand resonant parof the standard deviation of the response, resdygt Gp is the gust
factor of the alongwind dynamic responBeandRp are two coefficiats definedas thebackground
response factor and the resonant response factor.

The backgrundesponse factoB is a coefficient that takes account of the partial correlation of
pressures exerted by the wind on éixposedsurface ofareaA. For small vales ofA, B tends tol;

asA increases, due to the non full correlation of pressure p8atesids to zero foA tending to
infinite (Figure 2.25a).

The resonant response facRy is a coefficiendepending on the exposed surfaceu@aA, on the
naturalfrequencynp andon the damping ratiop of the structureLike B, alsoRp decreases a&
increases due to the non full correlation of pressure peaks. Moréov@ractical values of the
natural frequency, this factor is smaller the stiffer the struatire (Figure 2.25b)Finally, Rp
decreases as damping increases.

B

1 - 3h1 < 32

A )
(a) (b)

Figure 2.251 QuaststaticB (a) and resonary (b) response factors.
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It can thus be stated that gust fac®y depends on size, stiffness, and damping of the structure.
This factoris large if the structure is small and slender, flexible and/or only moderately damped,
andis small if the structure is large, stiff, and highly dampBable 2.1l provides a summary of the
valuesof Gp; in all case$p 2 1.

Table 2.11 i Alongwind gust factoGp.

Frequencynp and Exposed surfacA
dampingxp pointlike(B- 1) medum (0 <B< 1) large(B- 0)
small(Ro L' B) G, =1 g, I,R, G, =1 g, I,R, -
medium(Rp >0) G, =1 +2g, I, [1 R |G, =1 +2g, 1, [g2 R G, =1 g, I,R,
large(Rp - 0) G, =1 +2g, |, G, =1 +2g,1 B 1

Observing that the mean dynamic actigm gives rise to the mean structural resporgethe
equivalent static lahfpse is defined as an aerodynamic action that, when applied statically to the
structure, gives rise to the peak value of respgndaue to linearity, thestatic load is calculateas:

f e} (2.21)

Dse = fDm D
whereGp is the gust factor.
As an alternative teq.(2.21), the equivalent static action can be expressed by the formula:

=, ® (2.22)

Dse Dp dD

f

where f, = f, (1 +2g,1,) is the peak aerodynamic action ang & the dynamic coefficient

given as:
1+2 . 1.6/BO R’
cp=—op  2T20 LOVEY R (2.23)
1+2 ¢, 10 1 29,10 O

Unlike the gust factoGp, the dynamic coefficierdyp can be greater than, lesser tharequalto 1.

The conditioncgp > 1 corresponds tGp > 1+2y,l, and leads to equivalent static loads greater than
peak aerodynamic actions; this the case forsmall, flexible, andow damped structures. The
conditioncgp < 1 corresponds tG&p < 1+2g,l, and leads to equivalent static loansallerthan peak
aerodynamic actions; this is typicallafge stiff, andhighly damped structures. TabldIR.givesa
summary of theossiblevaluesof cqp, having seggp = g, = 3.5 This isan average representative
value of the alongwind response peak coefficignt: 3.5 is the conventional valuesed inthis
Guide forthe velocity peak coefficient. Figui226 provides a graphic interpretation of the data
given in Table 2.III.
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Table 2.1l - Alongwind dynamic coefficientyp.

Frequencynp and Exposed surfacA
dampingxp pointlike(B- 1) medium(0 <B< 1) large(B- 0)
1+ 71 R, 1+ 71 R,
Sma”(RD t B) Cip = ﬁ Cip = ? -
medium(Rp >0) G, =1 +2g,1,4J1 R |G, =1 +2g,1,/B* R’ Cap = %
1+ 71 B 1
large(Ro - 0) Cap =1 S0 = Tr 7l G = 7
Frequency n, and Windswept surface A
damping &p —0 small large — o
=0 ;///A/// / / -
S
small //// // \
77 /
large / \
A\ -
— o ] N\\\\\\\\\ \\\

Figure 2.261 Alongwind dynamic coefficientqp.

This Guideintroduces eq. €.22) insection3.4.1, extending it to all wind actions. On the contrary,
eq.(2.23) is introduced in Annex L, settigg = 3.5. In this manner the equivalenttstavind force

is the product of three parametetsaracterigmg the windatthe site §ection3.2),theaerodynamics
of the construction(section 3.3) and the structural dynamicse¢tion 3.4): the peak velocity
pressure at a reference heighd.@2.8), he aerodynamic coefficienéq.2.9-2.13) and the dynamic

coefficient €q.2.23).

The distinctive element of this approach is that the alongwind response of the structure is produced
by two primary action mechanisms, both of which are associated witmtioenang flow: the mean

wind velocity and the alongwind turbulence. The situation is more compléixeircase othe
acrosswind and torsional response, where theeklitional causes of excitation come into play:
lateral turbulence (fohigh-rise structurey, vertical turbulence (fohorizontal structures), and,

above all, the turbulent wake. Treeresults a set of phenomemdnose evaluation and interpretation

is far more complex than that requirtd the alongwind response. Moreover, it should be noted

that, at leasfor standardstructures, the acrosgnd and torsional responseafienless significant

than the alongwind response. In genefabwevey this is not the caséor structural types
characterised, for example, by significant height (rigeb ui | di ngs, tower s, st
(bridges, footbridges, el ements of | arge i1 ndu
cases itoften happenshat therequirements on thacrosswind and torsional responses become
more stringent thathose on the alongwind respongennex M of ths Guide contains several

criteria to evaluate these phenomena in the specific case efisegbuildingswith regular shapes

The human body does not generally experience major difficulties in supportindicaiof
displacements; it is however extremely sensitive to accelesafpwaducing reactions that range
from perception to intolerability. The assessment of the acceleration induced by the wop on
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floors of high-rise buildings is therefore an essihtrequirementfor serviceability. Together with
criteria for evaluaing equivalent alongwind, acrosgnd and torsional static actiondnnexesL
and M provide criteridor determining the associatedccelerations. Annex N introduces relevant
criteriafor evaluatinghe acceptability of the accelerat&in relation to thébuilding serviceability.

2.6 VORTEX SHEDDING

The phenomenon of vortex shedding from slender constructions and elements (such as chimneys,
lighting poles,elementof lattice structuresind power linesjs one of the most specific aspects of
wind engineering.

To illustrate this phenomenolet usconsider a slender body, which is therefore essentially two
dimensionalin respect to its crossection and consider the turbulent wake thatnie in the flow
separatiommegion(Figure 2.24). The wake is characterised by an alternate shedding of vortices from
the structure resulting in an acressd load, which can beescribed, at a first approximatioy
means of sine function:

. ()=A, €n(2 p,a) (2.24)

whereAs is theforceamplitude andhs is the dominant vortex shedding frequengiyenby Strouhal
law:

_ StOy,

5 (2.25)

n

S

whereStis a dimensionless parameter, called the Strouhal number, which is primarilytiarfuoic
the shape of the cross section afithe Reynolds numbey, is the mean wind velocity, ariglis a

characteristi¢engthof thecrosssection.

The most critical conditions occur when the vortex shedding frequenoyides with the
frequency of a structural acreasénd vibration moden, ,, specifically at the firshaturalfrequency

n, , associated with a vibratianodeperpendicular to the wind direction.

The mean wind velocigs v, = v, for which n, = n_, are defined as critical and the structure is
subjected to a resondonad

v o= (2.26)

Eq. (2.26) deserves some comments.

The firstissue isthat the harmonic motlef the acrossvind force caused by vortex sheddireg(
2.24) isreasonablenly in the case of a smooth flpwn increasing théurbulence the harmonic
content of the forcepreadsover a broadr rangeof frequendes, indicativelycentred on frequency
ns. Therefore, whilethe alongwind response tends to increagéh the level of turbulence, the
increase in turbulenaaitigatesthe acrossvind responséueto vortex shedding.

The secondssueconcerns theariation of themean wind velocity with heighfall structuresnay
havecritical values of mean wind velocity whiaghove along the struct@ras themean velocity
varies (Figure 2.27). Thidrings the necessityof identifying theposition of thecritical velocity
causng the maximum acrosaind respones. Practical &perience and theory together show that this
occurswhen the critical velocity occurs at a height whéne resonant vibration modeas a
maximum The first vibration modéhas, thereforethe maximumexcitation when the critical
shedding of artices occurs at thept of the structure (Figure 2.2738)ibration in he higher modes
on the other handnust be analysefibr severalpositions of thecritical sheddingvelocity (Figure
2.27b).
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Figure 2.271 Critical positions at whickhe resonant shedding of vortices occurs.

The third and main observation is that, in accordanceegt{2.25), the vortex shedding frequency
n, is a linear function of thenean wind velocity, (Figure 228a). In practice, this law is violated,

starting fromwind velocities close to, ;, within a velocity intervalbv_ ; (Figure 2.28b), called
lock-in (or synchronization) rangeshich is broader the smaller tBeruton number:

_4p @ 9
o

wheremis the mass per unit length of the structgnehich is assumed to be uniform for the sake of
simplicity), andx, , is the dampingatio in thei-th acrosswind vibration node.

cr,i

Sc (2.27)

ns nS Cplcrli\

/

(@) Vor, U Ver, Vin

Figure 2.281 Strouhal law for large (a) and small (b) Scruton numbers.

The above situation haskay physicalmeaning When the Scruton number is large (Figure 2.28a),
the alternate shedding of vortices causes an awnossload of the type described above, which in
turn gives rise to a resonant vibration; this therefore falls into the category of the typical dynamic
structural response phenomena illustragédection2.5. In contrast, when the Scruton number is
small, thevortex wake produces vibrations of an amplitude such that they themdatygsr the
shedding ofvortices. Under these circumstances vortex shedtakgs place at the vibration
frequency, alsavhenthe mean wind velocityarieswithin the rangeshown in Figue 2.28b, this
phenomenon iglriven by fluid-structure interaction and as such it falls into the class of problems
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addressedt section2.7. For these reasons, the vibrations caused by vortex shedayngepresent
a transitiorbetween dynamic response a®&toelastic response.

Figure 2.29may help understanding the different types of behaviour that can occur when the
Strouhal lawis violated. The figure shows the results edfperimers carried out ora model
chimneyin a wind tunnel. Thex andy axes showrespectively, the reduced mean velocity,
v,,/n_,b, and the normalised standard deviation of tipeacrosswind displacement  /b; the

different curvescorrespond to different values of the Scruton nuntberWhenScis large, the
acrosswind response increasesly moderatelywithin a smallrangearound the critical velocity.
For lower values 08¢ the acrossvind response increasabruptlyand the resonance extends to a
rather broad range of values of the wiwelocity, mainly to the right of theritical value; this
means that Strouhal law is violated (Figure 2.28b).
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Figure 2.291 Acrosswind response to vortex shedding.

Figure 2.30presents similar results to those [igure 2.29,showing the maximum vale of
normalised standard deviation of the acressd response at the top of the structasea function of
the Scruton number. Three separate regimes can be identifiethr§g@6c values vibrations are
forced by vortex shedding and they have@andomnature (Figure 2.31a). For smalbc values
vibrations are seléxcited by the structurgibration and they have deterministic characteristics
(Figure 2.31b). For intermediafx valuesa transition occurs between the twpes of behaviour
aboveand vibratonsare of arhybrid nature(Figure 2.31c).
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Figure 2.311 Forced (a), seléxcited (b) and transition (c) response regimes.

The transition fronforced toaeroelastiacesponseoccurs for Scruton numbemdicativelyin the
orderof 5to 20. In this regime an abrupt increasetie vibration amplitudes takes place, artdg
usuallya design requirement that the structure should not #meaeroelasticegime and should
instead remain in the field of forced vibrat®it is worth notingthe favourable role of turbulence;
the increase in turbulence tends to shift the transition towards smaller Scruton nuh@vefsre
postponingheaeroelastic behaviour

Given thecomplexity ofthe phenomengrand despite research work that has been carried out over
a time spamow approaching a century, comprehensive, reliable,tatally agreed formulations
able of predicting these phenomena in a quantitatively reasonable mamsgh &cking. The two
methods that are currently the mastmmonly used irwind engineering are associated with a
numberof complementary pros and comasd theyoftenbring quitedifferentconclusions

The equation of motion of dinear elastic structre featuring viscous dampingpibjected to vortex
shedding in resonance with acregsd vibration modae is:

()2 Qx (2009 9 () 62 nd W — oy (2.28)

wherey; denotes the deflection associated with acwassl vibration mode andf. is the total
acrosswind load:

fo(t) =t (t) +f.(t) (2.29)
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fs. being the aerodynamic loadxertedby vortex sheddinggq. 2.24) on the stationary structure
(therefore not including motierelated forces)andf,, is the aeroelastic force that depends on the
structure motia. The latter force can be expressed as

L (1)=A, @, Z]o yizy(zt) 0, (1 (2.30)

M

where the model parameteks, K, yi, are calibratedrom data available from existingjructures,
and chosen such to stay on the safe. side

The second methodermed harmonic m#&od, does not consider the explicit presenceanf
aeroelastic force ieg.(2.29). However, it does take accounttloé aeroelastic force implicitly by
expressing the length of tip@rtion of structue overwhich vortex shedding locked as a function
of the vibration amplitude. Such length is ternemdrelation lengthAlso in this case,hie model
parameters are calibrated tests performed oexistingstructures.

It should be noted thahe former methodnay lead to excessively prudent calculation$iiles the
latter proves to not necessarily be on the safe.di@ddition, the harmonic meth@gpliesto a
broaderrange of structurethan the spectral method. Figure 28®wsa qualitative comparison
between the typical results of the two methodghlighting howthe largest discrepanciescur
within the Scruton numbetransitionrange These concepts are described in detail in Annex O,
which also provides operational criteria for the application of both methods.

o
o)

/spectral method
harmonic method

Sc

Figure 2.32i Comparison between typical results of the spectral and harmonic methods.

2.7 OTHER AEROELASTIC PHENOMENA

The term "aeroelastic" describes wisiucture interaction phenomena caused by structural
deflections and/or velocities of sufficient magaiguto modify the oncoming flow and aerodynamic
actions that the wind would otherwise exert if the body were stationary. Lightweight, flexible and
low damped structures are highly susceptible to such phenomena, e.g. masts, chimneys, lighting
poles and towes;, cablesupported bridges and footbridges, large roofs and cable structures, power
transmission lines and individual components of lattice and industrial structures.

Disregarding vibration caused by vortex shedding, already illustrated at section 2v@ithatite

aim of illustrating the remaining aeroelastic phenomena in a simple, intuitive, and compact way, let
us consider initially a structural system with a single degree of freedom in the directigny or

g, whereq is the torsional rotation aboakis z (Figure 2.24). If the structure is linear elastic and
viscously damped, the equation of motion is:

Q)2 od2 ng oy (2 ny P

a (9 (2.31)

m,
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wherem,, n, andx, are the mass (oropar mass moment of inertia), the natural frequency, and
the damping ratio in direction of movement f_ is the global action, given as:

fo(t) = foa(t) +fa 1) (2.32)

where f_, is the aerodynamic aot that the wind would exeiftthe body were stationayyand f_,
is the aeroelastic or setikcited action caused by the baaption in general, this is a nelimear
function of velocitya (t) and dsplacemeha (t).

For small values ahese parameters, i.e. analysing incipientiomconditions f4, iS given by
fo(t)=2 Op(20n p A1) Oa(2 aY ) (2.33)

whereb, and g, are coefficients that gend on the structural properties aom themean wind
velocity. Replacing eq. (23 into eqs(2.31) and(2.32), it results

()2 (6, x )@ ©) o (16a) (200 ) g(Y0—p & ()  (234)
ma
from which itappearghat theproportionalitybetweenf,, anda corresponds to a variation of the
amount ofdamping, while theproportionalitybetween f,, and a corresponds to a variation of
stiffness therefore of the naturfédequency.

Analysisof eq.(2.34) shows that, ib, <o, thetotal damping, obtained by summing the structural
and aeroelastic components, increases. On the contrary,>if, the total dampingreduces and
eventuallybecomes zero fob, = x This situation gives rise to aeroelastic phenomena of a

dynamic nature, called galloping far=y and torsional flutter foa = q. The mean wind velocity at
which b, = xis called the critical gallopingelocity (fora =y) or critical torsional flutter velocity

(for a = ). The probability of occurrence of this velocity mustvieey low.

In the casein which g, <1, the total stiffness, obtained by addinibe structural part andhe
aeroelastic part, increases. On the contraryg.it-1, the total stiffnessreduces and eventually
becomes zero fog, 4. This situation gives rise to an aeroelastic phenomenon of a static nature
calleddivergene. The mean wind velocity at whialy 4 is called the critical divergence velocity.
The probability of occurrence of this velocity mustveey low.

Whenthe alongwind, acrossind, and torsionalesponses are analysed separate$/fiiund thain

the alongwinddirectiona = x, b, ¢ o and g, ¢1. Therefore neithergallopingnor divergencecan

take placeandaeroelasticity i®ither ininfluential or it reduces the structural response

In the acrosswind directiona =y, usually g, ¢ 1, therefore divergence cannot occur. In conttgst,

cantake positive, negative or zero valugbe former case leading tmlloping. This phenomem
arises mainly wh noncircular structural elementsn particulariced cables or cablesith water
rivulets

In the torsional directiora = g, sinceb, cantake positive, negative or zero valuesd since also
g, can belarger, smaller oequalto 1, both galloping and divergencean manifest themselves
Gallopingis quite rare while divergencanainly concerns bridge decks and thin @ate

A form of aeroelastic instability that involves two or more coupledrees of #edommay be

defined as flutter, in the broadest possible meaning of the term. Flutter gives rise to a phenomenon
that results in the simultaneous modification of structural damping and stiffness. This is typical of
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suspension and cak#tayed bridge deckand wing sections. The properties of flutter are highly
complex and call for specialised analysis.

Annex P provides a general description of this topic and, where possible, simple operational
analysis criteria.

2.8 INTERFERENCE

The term interference issad to describe those phenomena that modify the aerodynamic actions to
which a structure or a structural component would be subject if it were isolated. According to
various circumstances, interference may give rise to an increase or a reduction ofl@gdrtg, e
aerodynamic actions, of the dynamic response, and of the aeroelastic behaviour.

In relation to the wind velocity, interference occurs primarily when a structure is of a height that is
comparable to thesurrounding constructions or to the surrdung roughnesselements This
situation is associated with specific problems, especially when aidewstructure is located in a
wooded area or in @ty centre. The surface layer is thertion of theatmosphes in contact with

the ground, of thickness_ ° 1,5z, wherez, is the average height of roughness elements (Figure

2.33). The use of the logarithmic profiler the mean wind velocity iacceptablebove this layer.
Inside the surface layer the veloditgld depends on the orieatton and properties of the roughness
elements and can therefore be evaluatety by means of experimental tests or numerical
simulations.In this regard, his Guide suggest that the wind field can be consideredniform
beneath a conventional referenbeight, termedminimum height, z,n (section 3.2.3). This
however, does nabke into accountthe local reductions or increases in velocity around specific
distributions of obstacles and specific directions of the oncoming wind.

— N /-\ ~ T_

S \'

N R e~
Tl

Figure 2.331 Surface Iger.

The phenomenon of aerodynamic interference occurs when two or more fixed and stiff bodies
located close together give rise to significant variations of the local flow field and the aerodynamic
actions associated with respect to those that would p&ee on isolated buildings. This
phenomenon is of particular importance in the case of buildings of the same shape or type, e.g. tall
buildings rising above city skylines, opposing cantilever roof structures on sport arenas, tanks,
adjacent cooling towersand bridges, groups of chimneys, clossbaced parallel power
transmission lines, contiguous structural members, and tube buRdlese 2.34 shows the case of

two adjacent cylinders, highlighting the different flow regimes that occur in accordancéhwith
reciprocal position of the bodies. Each configuration is associated with quite different aerodynamic
actions.
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(a) (b)

Figure 2.341 Aerodynamic interference between pairs of cylinders.

Dynamic interference arises as a consequence of aerodymat@iference, when the dynamic
response of a structure is modified by the variation of aerodynamic actions to which the structure is
subjected due to the presence of an adjacent struétomeng the many phenomena of technical
interest the mostwell known concerns the casm which a structure or astructural element
produces avortex sheddinghitting another structuréocated dowstream(Figure 2.35). If the
frequency of vortex shedding from thestq@amstructure isequalto a naturalfrequency of the
dowrstream structure, the downstream structure is subject to a resonant action caused by
interferenceThis phenomenon frequently involves pairs of tall buildings emerging above the city
skyline, with highly critical consequences in relation floor acceerations and theelevant
serviceability assessments. iiphenomeaon may occur also following theconstructionof new
bridgesadjacent taexisting bridges.

2,

lv

b

Figure 2.351 Dynamic interference between adjacent buildings.

Aeroelastic interference is oé the most complex and potentially catastrophic phenoniemay
occur when closely spacetlightweight low-damping structuregxchange actionsarising from
their relative motiorthrough the tbw in which they are immersed. This family of actions s
phenomena of lockn, galloping and flutter, which jointly affect closely spacstuctures In
particular, the phenomena of structuvnd-structure interactions occurring in groups of chimneys
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(Figure 2.36), closelgpaced slender elements, paratiables, and adjacent calstayed bridge
decks, are well known and highilangerous

@ @ ¢
¢ V/@@f/g

V
(@) (b) (c)

Figure 2.361 Aeroelastic interference associated with galloping induced by a turbulent wake.

This Guide provide a number of qualitative and at times quantitativanegles concerning the
phenomena illustrated, and suggest the use of wind tunnel testing and the expert guidance in the
most critical cases.
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3 PRINCIPLES AND RULE S

3.1 GENERAL

()P Wind is the movement of air masses characterised by a velocity that fluctuates
randomly in time and spacé. exerts aerodynamic actions on whole structuresnomdividual
structural componestdue to thencoming flowandto theturbulent wake generated by the bodies
These actionfluctuate randomly in time @ahspaceand generatdynamic effectsWhen structures

or their componentssaillate, theyalso modif the oncoming flow anthe associatederodynamic

actions, resulting inan aeroelasticbehaviour,caused by the mutual interaction of wind and
structure.Finally, the presence of adjacent structures causes interference phenomena, such as to
reduce or increase the actions and effects that the wind would caubke structureif it were

isolated these phenomena can also affect individual structural com{sonen

(2)P  Furthermore, limited to the case of structures and components of regular shape and standard
size having sufficient stiffness and damping to limit dynamic effects @eslent anyaeroelastic
behaviourand interference effects such as to increageamhic response, wind effects can be
assessed by means of equivalstattic actions givng rise to the maximum effects produced by
dynamic application of actual actions.

(3)P Assessment of wind actions and effects on structures and their componenteriagueih
the following manner:

(&) based on theharacteristic®f the construction site, wind design velocity and peak velocity
pressure are calculated (clause 3.2);

(b) based on thehape, size and orientatiohthe structurethe peak aerodynamactions exerd
by the wind on the structure and its components are assessed (clause 3.3);

(c) based on thenechanical properties of the structure afdits components, the following
elementsare assessed in accordance with the particular situatiowlaenlrequired (clase
3.4):

1 equivalent static actions (clause 3.4.1);
T dynamic response to wind actions (clause 3.4.2);

1 dynamic and aeroelastic actions and effects caused by vortex shedding from slender
structures and components (clause 3.4.3);

1  possibleoccurrence of other agelastic phenomena, such as galloping, divergence and
flutter, or aeroelastic interference situations (clause 3.4.4)

(4)P The Designer shall ensure the safety and efficiency of the structuref #isdcomponents
againstwind. Consideration should alselgiven to the problem of building serviceability aod

the trust of occupant®wardswind-induced accelerationd. is also necessary &nsure the safety
of usersboth inside and outsideuildings e.g. by preventing nestructuralelements of building

facade and roo$ from falling.

(5)P The use of specific analytical, numerical and/or experimental procedures is especially
recommended for structures of an unusual shape e fgp tall or long structurespirf slender
lightweight flexible, poorly danped structures, and for structures with largerfacs. It is also
recommended for structures of great importance or whose safety is strategic to that of individuals or
the community as a whole.
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3.2 WIND VELOCITY AND PRESSURE

()P The instantaneous wineklocity fluctuates randomly in time and spadtieis the sum of a
meanpart, varying slowly in time and space, and a zesan turbulent component with rapid
fluctuations in time and spac®eak velocity pressure is defined as the expected valikeof
maxmum velocity pressureThe design valuesf the mean wind velocity anaf the turbulent
fluctuation depend on thgeographic locatiomf the construction siteon thealtitude above sea
level, on thelocal characteristicsf terrain, in particudr roughnas and topographyn theheight
above groundpn theannual probability of exceedeeor on thereturn periodThedesign valuesf
the peak wind velocity pressure depend on the same quaratiieese and oair density.

(2)P The following steps arenade vinenassessinghe designvalues ofwind velocity and peak
velocity pressure:

(@) based ongeographicallocation and altitude above sea levet the construction sitethe
fundamental basic wind velocity, is calculated (clause 3.2.1);

(b) based orthe design return periot@ir, the design reference velocity is calculated (clause
3.2.2);

(c) based on thdocal terrain roughness at the construction site, the exposure category is
determined (clause 3.2.3);

(d) based orlocal topography at the congttion site, theopography coefficient; is calculated
(clause 3.2.4);

(e) if necessary (for determining aerodynamic actions on bodies with rounded surfémether
analysis of dynamic and aeroelastic phenomena), the mean wind vel@dgtycalculated
(clause 3.2.5);

(H if necessary (fothe analysis of dynamic and aeroelastic phenomena), the turbulence intensity
I, andtheturbulent length scale, are calculated (clause 3.2.6);

(g) the peak wind velocity pressuggis calculated (clause 3.2.7).

3.2.1 Basicreferencewind velocity

(1) The basiaeferencewind velocity v, characterises the wind climate of the construction site.

It is defined as the 10 minute mean wind velocity at a height of 10 m above flat open country with
roughness legthz, = 0,05 m (exposure category Il, clause 3.2.3)afdesign return periodigr = 50
years.

(2) In the absence of suitable specific statisteahlysegAnnex B) that take account of site
roughness, terrain topography and wind direction (Annex C)sites whose altitude is less than
1500 m above sea levéhe basicreferencenind velocity should be not less than the value given by
theequation

Yy = Vo 6 (3.1)
where:
Vb o is thevalue of the basiceferencewind velocity at sea level, assigned by Table 3.1
according to the construction sitkaracteristicgFigure 3.1);
C, is the altitude factor provided by tleguations
c, =1 for a, ¢ a, (3.2a)
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where:
k

4,

a

Aa,
Ca=1+k, Q= 1 for a, > a,

(3.2b)

¢
are parametergiven in Table 3.1 according to the construction stlearacteristics
(Figure 3.1);
is the altitude above sea level of the construction site.
Table 3.17 Parametew, o, 8o andk; for Italy.
Area Zone Vo (M/S) | ap (M) Ka
1 Vall e d6Aost a, P
Trentino Alto Adige, Veneto, Friul
Venezia Giuliglexceptfor Trieste 25 1000 0,40
Province)
2 Emilia Romagna 25 750 0,45
3 Toscana, Marche, Umbria, Lazio,
Abruzzo, Molise, Puglia, Campani
Basilicata, Calabrigexcept for 21 500 0.37
ReggioCalabriaProvince)
4 Sicilia and Reggio Calabria Provinc 28 500 0,36
5 Sadegna(area tahe east of the line
joining Cam Teulada to the islang 28 750 0,40
of La Maddalena)
6 Sardegna(area to the west of the ling
joining Cam Teulada to the islang 28 500 0,36
of La Maddalena)
7 Liguria 28 1000 0,54
8 Trieste Province 30 1500 0,50
9 Islands except forSiciliaand 31 500 0.32
Sardegng and open sea
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Figure 3.17 Zonescharacterised byniform basiaeferencevind velocity values.

(3)  For sites whose altitude exceeds 1500 m above sea level, thediaseacewnind velocity
can be obtaiedfrom well documentedata orwell establishedtatisticalanalysegAnnex B).This
approach igecommended in the proximity of summits and riddesg,the valus used should be
neverless than the onebtained using the procedure abdwean altitudeof 1500 m.

(4)P  Annex B provides guidetor calculating the basiceferencewind velocity v, using well
establishedanethods andeliabledata.

3.2.2 Design return period anddesignreference velocity

(1)  The design reference velocityis the maximunvalue of thelO minute mean wind velocity
at a height of 10 m above flat openrainwith roughness lengtly = 0,05 m (exposure category |l,
clause 3.2.3), for design return peribd

(2) In the absence akliablespecific statisticahnalysegAnnex B), his velocity isgivenby the
equation

Vr = Vb Q (33)
where:
Vi is the basiceferencewnind velocity associated with a return peribg= 50 years (clause
3.2.1);
Cr is the return factor given by tleguation(Figure 3.2):
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c,=0,75 forTgr=1year (3.4a)
c, =0,75+0,0652I(T,) for1lyeart Tr<5 years (3.4b)
. & &a 1 o
c, = 0,75\/ 1-0, 0lIng -Inael-_l_— o for 5 yearst Tr< 50 years (3.4¢)
é ¢ R T
i} 5 A .
c, = O,65$1—0,138'Z')Iré -Irgl-l— gﬁ for Tr2 50 years (3.4d)
f & ¢ Tr =i

whereTg s the desig return period in years.

1,3

1,2

1,1

1 2 5 10 20 50 100 200 500 1000
TR(years)

Figure 3.27 Graph of return factor, versus return periotr.

(3)P Annex A provides guidefor choosing the design return perigdhnex B provides guides
for calculating the design reference veloaigpased onvell establiredmethods andeliabledata.

3.2.3 Exposure category

(1) Inthe absence of specific analyses that take account of wind directiaf emdjhness and
topographyof the terrainsurrounding the construction (Annex C), mean wind velocity, turbulence
intensty and peak velocity pressure, defined, respectively, in clauses 32.6,and 3.2.7, depend
on three parameterterrain factork;, roughness lengtly and minimum heightqin, given in Table

3.1l as a function of the exposure categofythe construdon site. This is assignedtby using the
graphs in Figure 3.3, as a function of the site geograplucation and of the terrain roughness
class specified in Table 3.111.
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Table 3.1l 7 Parametek,, z, andzmin

Exposure category K Zo (M) Znmin (M)
I 0,17 0,01 2
Il 0,19 0,05 4
[ 0,20 0,10 5
\Y 0,22 0,30 8
V 0,23 0,70 12

ZONES 1,2,3,4,5 ZONE 9
750m /
coast 500m L t
sea L sea

2km | 10km | 30 km

Al — IV | IV \" Vv \" Al — [
B| = I | I | v | IV | IV B| — [
Gl = * Ir ( I [ v | Iv C| — [
Dl I I II II IIT | ** D| I [
#« Category Il in zone 1,2,3,4

Category lll in zone 5
#** Category lll in zone 2,3,4,5

Category IV in zone 1

ZONES 7,8

ZONE 6

coast
500m sea
coast

sea NS 1.5km | 0.5 km

2km | 10km | 30 km

Al - | - | v
Al —lm|iwv]|v]yv Bl - | - |1V
Bl — | nm|m|Iwv ]| Cl - | - |
cl = o lm ol D) I | II | *
D I I II II III * Category |l in zone 6

Category Il in zone 7

Figure 3.371 Criteriafor theassignmenof the exposure category for the variomsnesof Italy.
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Table 3.1l - Terrain roughness classes.

Roughness clasg Description

A Urban aiea wtereat least 15 % of the terrain surface is covered
buildings and their average height exceeds 15 m

B Urban, suburban, industrial or forest area (not class A)

C Area with closelyspaced obstacles (such as trees, houses,
fences, etc.)areas whose roughness cannot be included in Cl
A, B, D.

D a) Sea and its coastline (no more than 2 km from the shore)

b) Lake (with width of at least 1 km) and its shoreline (no more
1 km from the shore)

c) Area with no obstacles or onbccasiomal isolated obstaclg®pen
countryside, airports, farmland, pastures, marshlands or
areas, snowor ice-covered areas, etc.)

(2) In the absence of more detailed assessments (Annex C), the terrain roughness class can be
assigned by applying the foling criteria
(&) unless otherwise specified, any site belongs to roughness class C;

(b) it shall be assumed that the site belongs to roughness class D when the structure is built in the
areas denoted in Table 3.1l by the letters a) or b) or when within asradlil km from the
structure there ia sector wide at least 30° in which at least 90% of the terrain is of the type
denoted in Table 3.1II by the letter c);

(c) it may be assumed that the site belongs to roughness class A or B, provided that the structure
is locatedin the correspondingarea indicated in Table 3.1II, within a radiusaifleastl km
and never lesghan 20 times the height of the structure, for all wind direction sectors of at
least 30°.

(3) Where doubts exist regarding the assignment of ghmoess class, the most unfavourable
class shall be taken (bearing in mind that, generally speaking, wind action is lowest in class A and
highest in class D).

3.2.4 Topography coefficient

(1)P The topography coefficient,, generaly a function of height above groursl takes into
account the construction site topographic features.

(2) In most cases, in the absence of more detailed assessments (Annex tGpodraphy
coefficientis set to 1 for both flat areas and undeathhilly and mountainouareas

(3)  For construction sites at the top of isolated hills and crestspguography coefficient,
should becalculated from reliable and well documentata Annex D provides some calculation
criteria.

(4)  For structureslocated within valleys where wind funnellings likely to occur it is
recommended thapecificassessments be performed.
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3.2.5 Mean velocity

(1) The mean wind velocitym,, over a timel = 10 minutes, depends on the height above ground
z, on localwind climate (clause 3.2.1pn design return period (3.2.2) and local features of the
construction siteOther than in a few special cases, its direction is generally taken to be horizontal.

(2) Inthe absence of specific analyses that consuied direction and effective roughness and
topography of the terrain surrounding the construction site (Annex C), for heights above ground not
exceeding = 200 m, mean wind velocity is provided by #rgation

Va(D) =V, Q(2 (3.5)
where:
Vr is the design reference velocity (clause 3.2.2);
Cm is the mean wind velocity profile coefficient provided by #ugiation
.dz 0
c,(2) =k mae? 660z7,,) forz¢ zmp (3.6a)
¢ % =
.8z 6
¢ (2)=k taaezi 5c02  for z> zmin (3.6b)
G +
where:

ki, 20, Znin are, respectively, the terrain factahe roughness length anthe minimum height,
specified in clause 3.2.3 as a function of the site exposure category;

Ct is the topography coefficientgiven in clause 3.2.4 as a function of siteogmaphic
features.

Figure 3.4showscy(2) diagrams for various exposure categories wh€ze= 1.
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Figure 3.47 cy(2) diagrams for various exposure categories wicgrg = 1
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3.2.6 Atmospheric turbulence

(1)  Atmospheric turbulence is theeremeanfluctuation of the instataneous windvelocity
(around the mean valug). It is mainly characterised by two parameténg turbulence intensitly
andtheturbulent length scale,.

(2)  The turbulence intensity is the standard deviation of the longitudinal turbulent component
divided by the mean wind velocitin the absence of specific analyses that consider wind direction
effective roughness and topography of the terrain surrounding the construction site (Annex C), for
heights above ground not exceedayy200 m, it is prowded by theequation

1

l,(2) = : for z ¢ zmin (3.7a)
% Fi @t(zmln
¢ ?
1,(2) = ; for z> znin (3.7b)
Inae @bt(z)
¢h +

where:

20, Zmin are, respectively, the roughness length #re@lminimum height, specified in clause
3.2.3 as a function of thEonstruction site exposure category;

Ct is thetopography coefficientgiven in clause 3.2.4 as a function of the construction site
topographic features.

Figure 3.5showsl,(2) diagrams for various exposure categories wh¢rg= 1.
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Figure 3.57 1,(2) diagrams for various exposure categoviderec(z) = 1

(3)  The turbulent length scale represents the average size eddiesforming the atmospheric
turbulenceln the absence of specific analyses, dii&en by the equations
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L(z)=L @Z"‘T 2 for z¢ Zmin (3.8a)
(o V4 =
L(=L B2 S forz> zmn (3.8)
QZ -
where:
z = 200 mis a reference height;
L =300 mis a reference length;

Znin IS the minimum height, specified in claud&.3 as a function of the exposure categury
theconstruction site;

k is a coefficient given in Table 3.1V adunction of the exposure categarf/theconstruction
site(clause 3.2.3).

Table 3.1V 1 Values of coefficienk for the various exposure tegyories.

Site exposure category K
I 0,44
Il 0,52
1l 0,55
\Y 0,61
V 0,65

Figure 3.6showsL,(2) diagrams for various exposure categories
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Figure 3.671 L\(2) diagrams for various exposure categories.

(4)P  Annex E provides guides on the definiti@md use of detailed atmospheric turbulence
models.
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3.2.7 Peak velocity pressure

(1) The peak wind velocity pressutg is the expected value of the maximum wind velocity
pressure over a timeé = 10 minuteslt depends on the height above groandn thewind climate
(clause3.2.1),0n thedesign return period (clause 3.2.8h thelocal features of the construction
site andon air density.

(2) In the absence of specific analyses that consider wind dirediffactive roughness and
topography of the tesin surrounding the construction site (Annex C), for heights above ground not
exceeding z = 200 nthe peak velocity pressure ggvenby theequation

1 o o
9,(9 =0 VO ¢ (9 (3.9)
where:
r is the mean air densits a rule, in the absence ofore accurateestimatesor the
specificconstruction siter = 1,25 kg/nf;
\ is the design reference velocity (clause 3.2.2);
Ce is the exposure factgiven by the equation
Laz 0 e A o . !
C () = K maez;“—'” 6GO%n) élnoz% ¢6 7l 7 forz¢ zy (3.10a)
¢ %0 = é - [
o ~ é o ~ j
c.(2) = K @Zezi 502 dnOa cf 107 | forz> zmin (3.10b)
C% - é - \
where:

ki, 20, Znin are, respectively, the terrain factor, roughness length and minimum height, specified in
clause 3.2.3 as a function of the site exposure category;

Ct is thetopography coefficientgiven in clause 3.2.4 as a ftion of site topographic
features.

By expressing in kg/n andv; in m/s,q is given in N/
Figure 3.7showsce(2) diagrams for various exposure categories wh€zp= 1.
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Figure 3.771 cg(z) diagramdor various exposure categories whefe) = 1

(3)P Annex F provides guiddg®r assessing peak wind velocity and explains the relationship that
exists between this quantity and peak velocity pressure.

3.3 AERODYNAMIC ACTIONS

()P The wind exerts aerodynamic actions both globally over the wholewsteuahd locally on

its component&ndon nonstructuralelementsThese depend on the shape, size and orientation of
the structure and its components with respect to the wind dire¢tiey.also depend on wind mean
velocity and turbulencelFurthermore, gecially in the case of structures and components with
rounded surfaces, such actiomlso depend on thReynolds number (clause 3.3.7) and surface
roughness.

(2)P As a rule, aerodynamic actions on the entire structure are assesassulingthe wind
directions to be those corresponding to each main axis of the structure considered separately (Figure
3.8).In special cases, like for example square plan towers, the possibility wind blowing in the
direction of thadiagonal also needs to be considgifedure 3.9)For structures witlonly one or no

axes of symmetry, the wind directiorgiving rise tothe most severe aerodynamic actions and
structural effects should be assessed.

(3)P Local aerodynamic actionen individual structural and nestructural components are
assessed by considering from amongst all possible wind directions those which cause the most
severe actionsSuch actions are often much greater than those applied to individual components in
order to assess the globaind action on the suicture, particularly near to its edges and corners
(Figure 3.10).Under no circumstances should local and overall aerodynamic actions be added
together.
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Figure 3.87 Design wind directions for structures with two axes of symmetry
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Figure 3.97 Design wind directions for square plan structures
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Figure 3.101 Local wind actions othe structuratomponents

(4)P Peak aerodynamic actions on the whole structure or its individual components are defined as
the expected values of the maximum 10 minutedwactions calculatedindependently othe
reduction effects due tgartial correlation between maximum local pressure afdthe
amplification effects associated wittstructural vibrations (clause 3.4)hese aregoroportional to

peak wind velocity presse g, (clause 3.2.7) in accordance with specific laws for the following
scenarios:

(&) aerodynamic actions are representedughthe windpressuren each face of the surfaces of
a structure or its components (clause 3.3.1), e.g. in the case of buildohganks and
generally in the casef structures enclasg an internal volume;
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(b) aerodynamic actions are representiecbughthe net pressure that the wind exerts on the
surfaces of the structure and its componeitss the sum of the pressures acting be t
oppositefaces of thesurfaces (clause 3.3.2) and is used, for example, in the case of walls and
parapets andenerally in the casaf structures not enclogy an internal volume;

(c) aerodynamic actions are represerttadughthe resultant forces and monts that the wind
exerts on compact structures or components (clause 3.3.3), e.g. camopsggnboards

(d) aerodynamic actions are represerttadughthe forces and moments per unit length that the
wind exerts along the axis of slender structures or coemts (clause 3.3.4), e.g. in the case
of chimneys, towers and bridges.

(5)P It is possible that the same structwan be schematisedaccording to different models
depending on the patlar calculations performedtor examplefor a chimneyone can fi within
case a)when calculatingradial actions (Figure 3.11a) ama case d)when calculatingoverall
actions (Figure 3.11hb).

v
(@) (b)

Figure 3.111 Wind actions on chimneys$a) local pressure applied radially to the sh@l);overall
forcesper unit length applied at the centre line.

(6)P In the case of structures or components with large swréagdargeindustrialbuildingsand
very long walls or parapets, consideration should also be given to the effects of the wind tangential
actionon the srrfaces parallel to the direction of flow (clause 3.3.5).

(7)P  The presence addjacent structuresiodifies theoncoming flowand aerodynamic actions

that the wind would cause on an isolated structuf@wise, the presence of adjacent components
modifies theoncoming flowand aerodynamic actions that the wind would cause on an isolated
componentThe actions and effects associated with the interaction between adjacent structures or
components causes interference phenonmepending on each pari@r scenario, these can have
reducing or increasing effects on the aerodynamic actionisolated structuresr components
(clause 3.3.6).

(8)P For structures with a large or irregulplan the Designer is responsible for identifying
unsymmetrical loadcenarios antbr taking due account of possible torsional actions (Annex G).
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3.3.1 Pressure on eacliace of asurface

()P The peak aerodynamic actions that the wind exerts on each faserééce take the form of
overpressure and suctigm acting orthogonallyon the external and internal faceBy convention,
overpressure is considered positive (Figure 3.12a) and suction negative (Figure 3.12b).

p

() (b)
Figure 3.121 Overpressure (a) and suction (b) on the face of a surface.
(2)  Pressure actingn the external surfaces of a structure is defined ext@gnathilst that

acting on the internal surfaces of a structure is defined intgrifgigure 3.13).These are given
through the expressions

P.(2)=9,(Z) @, (3.11a)
p(2)=09,(3%) @ (3.11b)
where:
Op is the peak wind velocity pressure (clause 3.2.7);
Coer Cpi are the external and internal pressure coefficients, positive or negative depending on
whethercorresponding toverpressure (Figure 3.13a) or suction (Figure 3.13b);
z,z are the reference heights associated with the definitiog ahdc;.
v 4
—
—_
- —
—
_—

Figure 3.13i External and internal pressure on the two faces of a surface.

(3) Wind action on each individual component is determined by considéhagworst
combination of pressures acting on the two faces of the surface.
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(4)P The external and internal pressure coefficiegs,and c,i, andthe associatedeference
heights, z, and z, can be obtainetfom either well documentedata orfrom wind tunnel tests

(Annex Q).

(5P Annex G containsexternal and internal pressure coefficients and their corresponding
reference heights for regular rectangipian buildings and circulgplan structuresthese are
applicable when assessirgyerall actions on structuregsnnex H contains external pressure
coefficients and their corresponding reference heightaregular buildings;theseare applicable
when assessing local wind actions on structural anestradural membersor for the purpose of
more accuratglobal analyses.

3.3.2 Net pressure on a surface

(1) The peak aerodynamic actions that the wind exerth®faces of the surfaces of a structure
or its components (Figure 3.14a) can be expressed byeth@essureactingorthogonallyon the
surfaces (Figure 3.14b\et pressure is defined as positive or negative according to its direlttion.
is given by the guation

p.(2)=0q,(2 @, (3.12)

where:

Op is the peak wind velocity pressure (dauB.2.7);

Con is the net pressure coefficient, positive or negative according to the direction of the
resulting pressure acting on the surface;

is the reference height associated with the definitiozof

NI

P, P= Py~ Py

Py 1\
v v
(@) (b)
Figure 3.141 (a) Pressure that the wind exerts on each face of a sufffdecet pressure on a
surface.

(2)P  The net pressure coefficierds andthe associateteference height can be obtainettom
either well documentedata orfrom wind tunnel tests (Annex Q).

(3)P Annex Gcontainsnet pressure coefficients and their corresponding reference heiglats for
variety of structures and components with simple geomefiynex H containsnet pressure
coefficients and their correspondirgference heights for canopies with simple geometry.
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3.3.3 Global forces and moments

(1) The peak aerodynamic actions that the wind exerts on compact structures and components
can be expressed bysatof three orthogonal forcdsy, Fy, Fz and three oltogonal moment#y,

My, Mz applied at a reference point of the structure or compgireaccordance with the scheme
illustrated in Figure 3.15They are given by thexpressions

Fe=0,(2) & cQ (3.13a)
F, =q,(2) @ cQ (3.13b)
F,=0,(2) & ¢ (3.13¢)
M, =q,(2) @ ¢ (3.13d)
M, =q,(2) @ cQ (3.13e)
M,=q,(2) @ ¢ (3.13f)
where:
Op is the peak wind velocity pressure (clause 3.2.7);

- C., arethe force codffients in the three orthogonal directioqsy, Z;
., arethe moment coefficientsoandthe three orthogonal directiods Y, Z;

are the reference height and length associated with the coefficignts, ,c., and
c C

FX

(¢

MX ?¥MY !

NI
—

MX ! MY’CMZ'

Figure 3.151 Resulting actions on compact structures and components.

(2)P The force coefficients,, ,c.,.,c., andthe moment coefficients,,, ,c,,.c,, are defnedas
positive or negative according to the direction of the force or moment consideeathcase.
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Their values and respective reference heigland length. values can be obtaineither fromwell
documentedlata orfrom wind tunnel tests (Annex Q).

(3)P As an alternative to the above method of calculation, the moments (Expression$) 3.13d
may be representadrough the relevardgccentricities of the forces (Expressions 3-tBa

(4)P  Annex G containsforce and moment coeffients (or equivalent eccentricities) and their
corresponding reference height and length values for structures and components with simple
geometry.

3.3.4 Forces and moments per unit length

(1) The peak aerodynamic actions that the wind exerts on sletrdetuses and components
can be expressed by a pair of orthogonal fofgesdfy and atorquem; per unit lengthapplied

along the referencg axis of the structure or component in accordance with the scheme illustrated
in Figure 3.16.Such forces and aments are conventionally defined as positive or negative
according to their directio.hey are given by the expressions:

fy(2) = qp( 20 Cfg) (3143-)
fy(2)=9,(2 6cO (3.14b)
m,(2=q(3 8 ¢ (3.14c)
where:
Op is the peakvind velocity pressure (clause 3.2.7);
z is the height above ground,;

¢ .Cy.C,, are the force coefficients (in accordance with the two orthogonal dire¢tiandY) and

moment coefficient (about the axis) conventionally defined as pdse or negative
according to the direction of the force or moment considieredchcase;
I is the referenckengthassociated with the coefficients, ,c,, ,c,,.

Y

Figure 3.161 Actions per unit length on slender structures and compsnent

(2)P  The force and moment coefficients, ,c,, ,c,, can be obtainedither from well documented
dataor fromwind tunnel tests (Annex Q).
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(3)P Annex Gcontainsforce and moment coefficients and their corresponding reference lengths
for dender structures and components with simple geomigtegeapply whenthe wind blove at
right angles to the axis of the structure or component.

(4)P The assessment of aerodynamic actions on slender structures and comipchieatswith
respect to théhe wind direction requiresell documentednaly®s or wind tunnel tests (Annex Q).

3.3.5 Friction action

(1) The pealriction action per unit area parallel to the wind direction (Figure 17) is given by
the gquation

w(2)=0,(2 @ (3.15)
where:
Op is the peak wind velocity pressure (clause 3.2.7);
o is the friction coefficientis a function of surface roughngss
z is the reference height associated with the definitiamn. of

s

(@) (b)

Figure 3.171 Tangential acbns of wind: (a) enclosed structu(b) individual wall.

(2)P Friction actionsw; and friction coefficientsc; are conventionally defined as positive if
matching the wind directiorThey can be obtainegither fromwell documentediataor fromwind
tunnd tests (Annex Q).

(3)P Annex Gcontains values of thieiction coefficientsas a function of the surfaceughness
anda criterion for the choice of threference height.

3.3.6 Interference

()P The term interferences used to describe those phenomdra modify the aerodynamic
actions to which an isolated structure or one of its components would be suibjeere isolated
Depending on circumstances, such phenomena may increase or reduce aerodynamic actions.

(2)P Interference may cause @nsiderale increase in aerodynamic actions when there are
closelyspaced bodies of the same shape or type talduildings emerging fromcity skylines,
tanks, adjacent cooling towers and bridges, geduphimneys, bundled cables, contiguous
structural memberdpbe bundlesin these cases interference should be considdredigh well
documented datar throughassessmentsased orexperimental, numerical or analytical methods.
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(3)P Advantage can be taken of load and respassection effectsarising frominterference
only if these are accurately assesdadhis case, th®esigner is responsible for ensuring teath
reduction is nosusceptible to changeserthe structurenominal ife.

3.3.7 Reynolds number
(1) The Reynolds numbdteat height above grourz is given by the guation

1 (z
Re( ) = (2] (3.16)
u
where:
I is a characteristiengthof the structure or component coresie;
Vim is the mean wind velocity (clause 3.2.5);
u is the kinematic viscosity of the a#ks a rule, in the absenoé more accuratestimates

of thelocal site conditionsy = 1520° m%s.
By expressing in m andvy, in m/s,Reis a dimensionless quantity.

(2)P  For structures and components with rounded surfaces, Annex G specifies, case by case, the
characteristitength| to be used in guation(3.16).

3.4 DYNAMIC AND AEROELASTIC PHENOMENA

()P The aerodynamic actions defined in clause 3.3 represent the peak values that the wind exerts
on the whole structure @nits components.

(2P In practice, the lack of full coelation of peak actions gradually reduces overall
aerodynamic actions as tlsize of the loadedurfacs increasesOn the other hand, dynamic
amplification causedarge displacemerstand stresss when the structure or componentléxible
andlow damped

(3)P Furthermore, turbulent wakes foesh downwind from structures and their components
cau® mainly acrosswind and torsional dynamic actionBhese can become particularly severe for
tall buildings and slender, lightweighgw damped structures androponents subject to alternate

vortex shedding in resonance wékibration mode.

(4)P In some cases, vibration of highfiexible structures or their components modifies the
oncoming flow and aerodynamic actions that the wind would caitseerefixed. The actions and
effects associated with wirgtructure interaction give rise to aeroelastic phenom&uch
phenomena, including vortex resonance and the most critical cases of interfereno®asatne
safety of a structure.

(5P Indeed, most structas and their components have sufficiemdirge stiffness and damping
to limit dynamic effects and prevent aeroelastic phenomientnese cases, wind actions can be
represented by equivalent load distributions that when applied statically to the sticitse
components produce the maximum displacesandl stresssinduced by the actual dynamaind
action.

(6)P Clause 3.4.1 provides guidé® assessing equivalent static actioGtause 3.4.2leals with

the analysis othe dynamic response to wind amts. Clause 3.4.3 describes the dynamic and
aeroelastic actions and effects caused by vortex shedding from slender structures and components
Clause 3.4.4 considers other aeroelastic phenomena.

(7)P  Annex | provides assessment criteria for the dynamiarpaters of structures.
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(8)P Annex Q provides guidefor the analysis of thalynamic behaviour of structures and their
components byneans of wind tunneésting.

3.4.1 Equivalent static actions

(1) Equivalent static actions are defined as those actioriswthan applied statically to the
structure or its components produce displacemant stresss equal to the maximum values
induced by the actualynamicwind action.As a rule, these are given by aquationsuch as:

Equivalent static actions = Peak agynamic actiond cq4 (3.17)

in whichcq is a nordimensional parameter called the dynamic factor.

(2)P  For slenderflexible orlow damped structures or componerks increasein the dynamic
response&lominatever the reduction effects due to thertial correlation of peak actions auglis
generally greater than 1In this case, the equivalent static actions and/or dynamic factor can be
calculated by applying specifivell documentedtheoretical, numerical and/or experimental
analyses.In any case they should also take account of the static and egtasc part of the
response, as well as the contributions associated with all vibration modes likely to cause significant
resonance effects.

(3)P On the other hand, fatiff and/or high dampedtructuresor componentsor in the case in
which thesehawe large surfacg, the reduction effects due to tpartial correlation of peak actions
dominatesover the increased dynamic response @id generally less than In this caseunless
moreaccurateassessients arearried out equivalent static actiormnbe considered equal to peak
aerodynamic actigrby settingcy = 1 in equation(3.17).Indeed, in these situations, more accurate
calculations of the dynamic factor often lead to considerable reduatiaiesigractions.

(4) In the absence of more accurate, adequatetpmented assessments, it is acceptable to
takecy = 1 (generally conservative), in the following cases:

T low- to mediumrise civil buildings (less than 40 metres)yith regular distributiorof stiffness
and mass

1 low-rise industrial buildings (less than 20 m) of regular shayth sufficiently large stiffness
(frequency of first vibration mode greater than 1,5 Hz);

T chimneys with circular crossections whose height is less than 6 timeslthmeter and, in any
case less than 50 metres;

1 stiff (fundamental frequency of alongwind vibratigneater than 2 Hz) and large structures
(width of the exposedreaexceeding 25 m and height less than 75 m);

¢ stiff individual structural members and &k support systemsfyndamental frequency of
alongwind vibratiorgreater than 5 Hz).

(5)P Annex L containsalongwind equivalent static actions, i.e. parallel to wind direction, for
structures and components with specific geometrical and mechanical psopertie

(6)P Annex M containsacrosswind and torsional equivalent static actions on rectangular plan
buildings.It also provides combination rules for alongwiackosswind and torsional actions.

3.4.2 Dynamic response analysis

()P Analysis of the dynamic sponse of structures or their components is an alternatioe an
improvement on the use of equivalent static actions (clause 3tdcan be performed usingell
documentednalytical, numerical and/or experimental methods.
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(2P Dynamic response anais can be performed analytically or numericalbgased on
appropriate models or wind velocity measurements (Annexes C, D, E) that are then transformed
either analytically, numerically and/or experimentally into aerodynamic actidteznatively, it

canbe performed analytically or numericaliysed orappropriate models or measurementshef
aerodynamic actionynamic response measurements can also be performed experimemtally,

full scaleor onawind tunnelreduced scalmodel.Use of analytical, mmerical and/or experimental
proceduresequires deep knowledgsd experiece.

(3)P Besides alongwindacrosswind and torsional equivalent static actions, Annexes L and M
also provide a method for calculating buildifigor accelerationsAnnex N provide guidesfor
using these accelerations for serviceability assessments.

3.4.3 Vortex shedding

()P For slender structures such as chimneys, towers, cables aclbtidsof lattice structures,
accountmust betaken ofthe dynamic effestcaused by alternatertex sheddingThis prodices &
almost periodicaction perpendicular to the direction thie flow and the axis of the structure or
componentwhose frequency depends on the mean wind velocity and the section shape and size.

(2P  When the vortex sheddirfgequency iscloseto a natural frequency ofibration resonance
occurs, causing on lightweight and low damped structures or components largplitude
vibrations Well documentedheoretical, numerical and/or experimental analysestbe carried
out toensure safety.

(3)P Annex O provides guiddsr the evaluatiomf actions and effects caused by vortex shedding
from slender structures and componeSBigecialattention must be paitw fatigue caused by vortex
sheddingAttentionmustalso be paid to ierference phenomenasaciated with adjacent structures
or components subject to vortex resonance, especially those of the same shape and size.

(4)P  Where necessary, use is recommended of aerodynamic measwgescieihe iegularity of
vortex shedding omechanical devices to mitigate vibrations.

3.4.4 Other aeroelastic phenomena

()P The term fHaer oel ast i esthucturesinteractian dohenomenadseys cr i b
whena structure oone of itscomponent$as largalisplacements and/or velocitjesichto modify

the flow andthe aerodynamic actions that the wind wouwldherwisecauseif they were stationary
Lightweight, flexible andlow damped structures arprone to such phenomena, e.g. masts,
chimneys, lighting columns anwers cablesupportedbridges andootbridges large roofs and

tensile structures, cables and cable structures, individual components of lattice and industrial
structures.

(2)P Generally speaking, the wind actiaan be represented by superimposing aerodynamic
actions (indepenént of the motion of the structure or its compongrdaad aeroelastic actions
(associated withhe vibration of the structure or component]hese aeroelastic actions depend on
the mean wind velocity and modify structural behavioumngdifying its apparendamping and/or
stiffness.

(3)P Leaving aside aeroelastic phenomena due to vortex shedding, dealt wlduse3.4.3,
wind velocities that when reached cause the
Aeroelastidnstabilitiesassociated v a reduction othetotal damping (sum of positive structural
damping and any negative aerodynamic damping) are termed galloping in the aasssiind
oscillations and torsional flutter in the case of torsional oscillatibhe formeroccurs fornon-
circular structural members amckd cables orcables with water rivulets, whildhe lattercase is
characteristic of suspension and cadtkeyed bridge deckgTorsiona) divergence isa static
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aeroelastic instabilityassociated with a reduction of th@al (torsional) stiffness (sum of positive
structural stiffness and any negative aerodynamic stiffnéss) typical of bridge decks and flat

plates Flutter isadynamic aeroelastic instabiligssociated with simultaneous modification dhe

total damping and stiffnesst is typical of suspension and cab#ayed bridge decks and wing
sections.The term faeroel ast i c -struotdre interactior preromenad e s ¢
involving closelyspacedbodies;it occurs togrouped chimneys, closebhgpaced slender elements,
bundledcables, decks of adjacent calslgpported bridges he abovementioned phenomemaust

be studied usingell documenteexperimental, numericaindbr analytical methods.

(4)P  Apart from those associated with vortex sheddeiguse 3.4.3), all critical velocities of the
structure and its components associated with aeroelastic instability phenoonsthe sufficiently
largerthan the wind design velocity.

(5)P Annex P provides guidder analysing the main aeroelastic phename
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Annex A DESIGN RETURN PERIOD

For well maintained constructionthenominal lifetimeVy is defined as theme span ovewhich it
shall be possible to use thenstructiorfor its intended purpose.

Every analysis recommended herein depends ondsigrdreference wind velocity as a function

of the design return periotk in accordance with the criteria given in subclause 3Th&.choice of

the design return period therefore plays an essential role in assessing wind actions and effects on
strucures. Such choice depends on the type of analysis performedhe propertiesand the

nominal lifetimeof theconstruction

The reference return period is defined as the grdm®veenthe conventionalreturn periodT,

given in Table A.l and themominal lifetimeof the constructioVy:

Too = max{T, .V} (A.1)

Table A.1' T Conventionaketurn periodr, .

Properties of the structure T, (years)

Temporaryconstructionssstructuresunder construction or being demolish 10
provided this conditiodastsfor less than 1 yeafor temporary structures, t
overall length of all periods in which the structure is reused shall be less

year

Standardconstructions 50
Largeimportant constructions 100
Strategicconstructions 200

Where not specified hereior when neither specific standards exist navell documentedules
apply, it is recommended th#te design return periotk be equal tahe reference return peride o
given byEq. (A.1), thereforelg = Tro.

In two specific cases, thesaidesrecommend the use of design return pefigd/alues different
from the reference return peridg:

¢ for building serviceability assessments, Annex N recommends determinikcapesleration
for a design return periotk = 1 year,

1 for assessing the behaviour of structures and their elerdeatsovortex shedding and other
aeroelastic phenomena, Annexes O and P recommend determining mean wind faiacity
design return periodigr = 10TRrp.

The Consultantand/orthe Client are responsible for identifying those situations to wiacher
design return periods than those specified above should be applied.

Solely in the case of nestructural elements, lower design return periods tthose specified above
may be implementegrovided such choice does not conflict with other specific regulationgll
justified andspecifically declared at the design and/or verification stagdwhenfailure of the
elements would not place sttucal and/or personal safety at risk.

66



CNR-DT 207/2008

ANNEX B REFERENCE WIND VELOCITY

The criterionshownin 3.2.1 and 3.2.2 for determining reference wind velocity providasonably
accurate often conservative values consistentwith the level of accuracyusually &hievedin
standard design anabs Clause B.1 provides guides on performiagdetailed probabittic
analysis.B.2 explains the assumptions and simplifications upon which the simplified method
proposed herein is based.

B.1 Detailed method

In principle, &curate calculation dhereference velocitgoes through thillowing three steps:

(a) acquisition,verificationand correction of wind mean speed and direction measurethants
characteris¢he construction site (clause B.1.1);

(b) transformationof measurediata to values consistent with the definition of reference wind
velocity (clause B.1.2);

(c) probabilsticanalysis of transformed data.

In all casesapplication of the procedur@overequiresspecific knowledgen this field (clause
B.1.3).

B.1.1 Acquisition, verification and correction of wind measurements

Reference velocity analysis requine®teorologicaktations representative of the construction site
to be located and acquisition of the respective wind mean speed and direction measurements.

In order fo the data measured bynzeteorologicaktation to be representative of the construction
site, the station should be suitably located, the acquisition period sufficiently long and the collected
data uniform and free from errors that could affect the \glafisubsequent probatstic analysis.

The location of a station is suitable provided it is not too far from the construction site (no more
than 50100 km), wind regimes at the station are comparable to those of the construction site (e.g.
site and statin are not separated by mountain ranges), instruments are correctly installed (e.g.
positioned at a height above ground of not less than approx. 10 m and away from bodies that disturb
the wind, including those on which the instruments are placed).

The durdéion of the data acquisition period is commensurate boththe return period at which the
reference velocity is to be determined and the prolséibiitnethods applied for the analysis.any
event, data should be used from stations with long setstofical records.

Reliable probabitic analysis requires the use of data that is both uniform (e.g. mean values over
the same time interval) and correct (i.e. free from systematic or randomtbatosuld affect the
validity of the analysis)When stalying extreme windsyerification, correction or deletion of
incorrect dad regarding the most severe winds is esserbata smoothing and correction requires

the use of reliabland well documentegbrocedures.

B.1.2 Transformation of measured data to eference conditions

The design reference velocity is the maximum 10 minute mean wind velocity at a height of 10 m
above flat open country terrain with roughness lermgth 0,05 m (exposure category Il, clause
3.2.3), for design return periodr. In orderto calculate this value it is therefore necessary to
transform measured data to values consistent with reference wind aosditi

For this transformation, with mean velocity value measured by the station being known, it is
necessary to determine for eacimav direction the mean value that would be measured if the
anemometer ereplaced at a height of 10 m above flat open country terrain with roughness length
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Zo = 0,05 m.This transformation operation requires the use of wind modelling procedures as
describé in clause C.1.

B.1.3 Probabilistic analysis of transformed data

Probabilstic analysis of transformed data at each selecteteorologicalstationis aimed at
determining the distribution of the maximum annual mean wind velocity, applywial)
documentegrocedures, and subsequent derivation of the mean vessstciated wittthe design

return periodTg. Analysis should be performed using databases comprising a number of years at
least 1/9argerthan the design return period and in @age longer thah yearsAnalyss based on
shorter measurement periods is only possibheelf documentedtatistical methods are applied.

When calculated using data from several weather stations, the reference wind velocity at the
construction site may be obtained &yplying suitable weight factors (for exampédatedto the
distance of the stations from the construction saethe length of historicalrecordsandto the

guality of the measurements) to the estimates for each individual station.

It is possible to dermine reference velocity as a function of wind direction, applywed
documentegrocedures, provided that the overall risk associated with directional analysis does not
exceed the risk arising fromnondirectionalanalysis.

B.2 Simplified method

The reference velocities given in clause 3.hdve beenobtained by applying the procedure
describedn clause B.1 tasixtynine meteorologicalktationsuniformly distributedover theltalian
country.

The law given in clause 3.2.2 for transforming referenaadwelocity (clause 3.2.1) to design
reference velocityhasalso benbased on analgs carried out at numerous nationadteorological
stationsand it usually results inonservativeralues
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Annex C  WIND VELOCITY

The criterion utilised herein for termining mean wind velocity (clause 3.2.5), turbulence intensity
(3.2.6) and peak velocity pressure (3.2.7) is based on a simplified procadopted by
international standardthat has been adigal tothe Italian orography and windimate; it provides
values consistentith thelevel ofaccuracyof standard design anabgs Clause C.1 provides guides
on detailed wind modelsC.2 explains the assumptions and simplifications upon which the
simplified method proposed herein is based.

C.1 Detailed method

The wind daracteristicsat the construction site may be determined usiedl documented
experimental (clause C.1.1), numerical or analytical (C.1.2) methods.

C.1.1 Experimental assessments

Experimental determination of wind at the construction site cgretiermed by means of fulicale
measuremesior wind tunneltesting.

Experimental fulscale measurements require the use of instrunoénigell documentedjuality.

The acquisition time step should lmhosen based othe properties of the data requested.
Instruments should be placed in positichat well characteris¢he oncoming wind, therefore
neither disturbed byneighbouringbodies,nor by theinstrumentsupports. Thespatial distribution

of the instruments has to be relatedhte geometyr and mechnical properties of the construction.
Measurements should be carried out over time periods of sufficient length to allow suitable
probabilistic interpretations of the data for all wind directions.

Measurementsrowind tunneltopographic modeléAnnex Q) sould be carried out at laboratories
with a specific knowhow. They should be performedy usingappropriate geometriand time
scales.The geometric scale should be small enough to allecorrect reproduction odn area
large enough to properly repragkithe actualvind circulatiory at the same time, it should be large
enough to allow suitable simulation of tleeal wind at the sitef interest

C.1.2 Numerical and analytical assessments

Numerical and analytical assessment of the wind at the siténterestdepends on three main
factors: 1) terrain roughness and topography surroundingsttee 2) thermal conditions of the
atmosphere3) wind climate of the site

Roughness modelling requirdse building of a model reflecting the roughness length eftdrrain
surrounding the constructioithe accuracyf the modelshould increasén the proximity ofthe
constructionThetallerthe construction, the larger the size of the motleé model may be built by
utilising visual inspections, photographic ret® soil cover data (converted to roughness lengths),
cartographic surveysand satellite picturesFigures C.1C.5 show descriptionsof areas with
different roughness lengtles (not necessarilgorresponding with each othfom a geographical
viewpoint), throughphotographic records (a), satellite pictures (b) @rtbgraphic surveyg)

69



CNR-DT 207/2008

¥ g \
LOR} /mlmv‘h\
f

A
| WA
1% N
‘ N
\ Pantano Roveto .\
\. S e \ P R 72
) ~ods Verudicart N ENS Ptz 1 Veridicar: 4

e )57 2\ 3y dsola

09 10

Figure C.11 Coastal areazf® 0,01m).

()

70



CNR-DT 207/2008

Figure C.21 Open country with isolated obstaclesq 0,05 m).
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Figure C.31 Countryside with closehgpaced obstaclegC 0,1 m).
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Figure C.51 Urban areaz,© 0,7 m).

Topography modelling requiragbe building of a model that corders the height of the ground
surrounding the constructiof.he model accuracy shoulae increasd in the proximity ofthe
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construction.The size of the model should ge enough to includihe areathat influences the
local circulation at the site afiterest The model may be built by utilising contour data.

If the area surrounding the construction is flabaly moderately hillywell documented software
or analytical methods may be used that take only terrain roughness into atcdhigt.casethe
effects ofroughness variations (transitions) for each wind direction muast&sunted far

Should the area surrounding the construction flaeempkx orograpythen thedetermination of
thelocal wind circulationmay only be carried out analyticallipr each direction of incidencégr
two-dimensionaljsolatedfeatures Hills, ridges, etg.of simple shape (Annex Dl all other cases

it is usually necessary to usell documentedoftwaregshat take terrain roughness and topography
into accountFor areas withmoderateslopes it is possible to usedes based on massnservation
equationsor linearised NavieiStokes equationsolvers as a rule, both thesapproachesonly
provide the mean wind velocitield. For large terrairslopes the use is lommended of codes
based orcomplete NaviefStokes equations (CFD code#). any event, experadvice should be
soughtwhen using computational tools.

As regards the atmosphere's thermal conditions, analysis of the wind configuration at the
construction ¢e will usually assume a neutral climate, i.e. taking the wind velocity to be
independent from the atmosphere's thermal conditifimis. assumption is reasonably correct when

the mean wind velocity at a height above the ground of 10 m is greater thar. ddpra/s;this
condition is nearly always satisfied for ultimate and serviceability limit state anai®igever,

mean wind velocities of less than approx. 10 m/s may assume great importance due to the
occurrence of vibrations induced by vortex sheddiogn slender structures (Annex Qi this

case, the creation of low levels of turbulence associated with stable atmospenesmay
actually cause worse situations than those associated with neutral rdgkeesse, lower mean

wind velocity values @n greatly affect structural fatigue characteristicghis case, the occurrence

of stable or unstable atmospheric regimes may actually cause worse situations than those associatec
with neutral regimes.

Finally, as regards the properties of the weatheanpmenon under consideration, it is usually
accepted that design wind velocity is established during cyclonic events characteristic of Italian
territory: these develop over very wide areas (of around several hundred km) and long periods (at
least one onvto days).The most popular calculation models are generally based on this assumption.
The analysis of wind configuration associated with other weather phenomena, e.g. whirlwinds,
thundestorm windsand downburstdéhn and bora, requisspecificwell docunentedcalculations.

C.2 Simplified method

The calculation methods introduced herein for determining mean wind velocity (clause 3.2.5),
turbulence intensity (3.2.6) and peak velocity pressure (3.2.7) regeseannplification of the
detailed procedure lilstrated in clause C.1.This simplification is based on the following
assumptions:

1 the wind climate which thedesign wind velocityis associated withs that of extratropical
cycloresthat develop over very wide areas (of around several hundred kmpaggeériods (at
least one or two days);

1 the wind velocity is high, therefotee atmospheris neutraly stratifiedandit is independenof
temperature;

1 the siteof interestis flat orincludes onasolated topographifeature of simple shape (Annex
D). Terrain roughness is uniform in all directions.
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Under these circumstangasean wind velocity (clause 3.2.5), turbulence intensity (3.2.6) and peak
velocity pressure (3.2.7) are expressed as a functidhedive exposure categories specified in
3.2.3.

The criterion provided in clause 3.2.3 fthre choice of th@ppropriateexposure categgiis strictly
relatedto the morphology othe Italianterritory and specifically considers terrain roughness,
geographical area, distance from the coast and altitude &lea level; it also takes the direction of
the most severe winds into account.
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Annex D OROGRAPHY COEFFICIENT
This annex applies to isolatémpographideatures of simple shape.

In the lack of specific detailed assessments, tregraply factor ¢;, a function of height above
groundz, can be calculated using the methods described in clause®B.Llause D.1 shows a
detailed calculation method whose parameters paozided throughin clause D.2 analytical
expressiongre given for thesparametersglause D.3describesa simplified method, based on the
detailed method provided in D.1 and D.2, that usually produces more conservative estimates than
the previous onesConservatively all methods proposed assume that the wind direction is
perpendiculard thecrestof the hill, ridge, cliff or escarpment

D.1 Detailed method

The orography coefficientor isolatedcliffs and escarpmeni$igure D.1) andor hills and ridges
(Figure D.2) is given by thequations

c, =1 for F ¢0,05 (D.1a)
c,=1+s0 for 0,05< F <0,3 (D.1b)
c,=1 40,6 s for F 20,3 (D.1c)
where:
S is thetopographidocation factor given by Figure D,.for cliffs and escarpmentsand
Figure D.2for hills and ridgesas a function of thg andz coordinatesalternatively, it
is given by the guationsprovidedin clause D.2;
F = H/L,, is the mean upwind slope of thelief;
H is the height of theelief;;
Ly is the (horizontal) upwind length of thelief;;
Le is the effective (horizontal) upwind length of ttedief;:
Le=LyforF ¢0,3;
Le.=H/0,3 forF >0,3;
Lg is the (horizontal) downwind length of the hill or ridge;
X is the (horizontal) distana# the site from the crest of thelief;;
z is the height above ground.

77



CNR-DT 207/2008
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Figure D.1- Topographidocation factors for isolated cliffs and escarpments.
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Figure D.2- Topographidocation factors for isolated hillsand ridges
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D.2 Topographiclocation factor equations

As an alternative to the diagrams provided by Figures D.1 and D.@pbgraphidocation factors

can be calculated by applying the equations set out he

rédfiez. specifically, clause D.2.1 gives

equations for upwind slopex hills, ridges, cliffs or escarpmentsclauses D.2.2 and D.2.3 give
equations for downwind slopes loitls andridges, respectivelyThe use of these equations must be
restricted to the rangegherethey are definedextrapolation is not possible

D.2.1 Upwind slope ofof hills, ridges, cliffs and escarpments
For-1,5 ¢x/L, @©ando¢ z/L, ¢2,0,thetopographidocation factorsis given by the guation

. a_ X,
s= A &xpgeB —© (D.2)
¢ L
where:
o 4~ o 3 ~ % ~ o ~
az O 2 (o] Z a 0 z a 0
A=0,1552L— 5 0,8575 - $1,8133— @ 159L15— Q1,0% (D.3a)
L, - lg = L L L -
G e e G e €
o 2~ o ~
az O -} 0o
B=0,3542Q— 10577 & {&,645 (D.3b)
L, = L
Ghe = ¢ -

For x/L, < 4,5 0r z/ L, >2,s=0has to be assumed

D.2.2 Downwind slope ofcliffs and escarpments

For 0,1¢ x/L, ¢3,5 and 0,1¢ z/L, ¢2,0, the topographiclocation factors is given by the

equation
2
€ 4ax 0o e
s=A@oge— su B log
e cle =g é
where:
R o 3 R . 2
€ az 09 c 2
A=1,3420 Ploge— sy 9,8222 Bg—
e cle =g é
. o 3 R o 2
e az 09 e a
B= -1.0196 éabg%— ou 0;8910 @g—%
e c¢le = e Le
. o 3 R 2
€ az 09 g 2
C =0.8030 Ploges— sy ©.4236 Bg—
& cle = e Le

a 0o
= & (D.4)
s =

09 z a 0
o0 0,4609 logo- x 0x07 (D.5a)
= Le o -
o z 4 &
60 0,5343 log©O 5 Opll (D.5b)
= Le ¢ =
o)} z & )
60 0.56738 IOgLG- e 0Opl6 (D.5C)
= e C -

For o¢ x/L, ¢0,1, the topographiclocation facbr s may be obtained by linear interpolation

between the valuesbtainedfor x/L, =0 andx/ L, =0,1.
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For z/ L, <0,1, thetopographidocation factoistakes the valuebtainedfor z/ L, =0,1.
For x/L, >3,50r z/ L, >2,0,s= 0has to be assumed

D.2.3 Downwind slope of hillsand ridges

Foro¢ z/L, ¢2,0ando¢ z/L, ¢2,0,thetopographidocation factorsis given by the guation

K i}
s= A ExpeB —O (D.6)
¢ Lo
where:
o 4~ o 3 ~ % ~ o ~
az O 2 Z Q [0] z a 0
A=0,1552L— 5 0,8575 - 51,8133 — @ L9115— Q1,0% (D.7a)
L, - lg = L -+ -
G e e G e ¢
o 2~ o ~
a.. [0} a. [0}
B= -0,3056 &92— g 1#0212 40 43,763 (D.7b)
L L
Ghe = ¢ -

For x/L, >2,00r z/ L, >2,0,S= 0has to be assumed
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D.3 Simplified method

For sites on top of idatedcliffs or escarpmenté~igure D.1), theorography coefficienis given by
the euation

- O Ot

G =1+b éﬁgoaHi 1 (D.8)
%

For sites on upwind slopes of isolateliffs or escarpmementqFigure D.1) anaf isolatedhills or
ridges (Figure D.2), theroograpty coefficientis given by the guation

6 =1+b éng £ (D.9)
Q u -

The parameters used iguations(D.8) and (D.9) have the following meanings:
H is the height of the feature;

Ly is the (horizontal) upwind length of the feature;
b is a oefficientdefined as a functioaof height z above ground (Figure D.3):
b =0,5 for Hi ¢ 0,75 (D.10a)
b =0,8 o,4ﬁzc for 0,75<Hi ¢2 (D.10b)
b =0 for Hi >2 (D.10c)
g is a coefficient defined as a function of the rdtie H/L, (Figure D.3):
g o for F ¢0,10 (D.11a)
g 5( F010 for0,10< F ®,30 (D.11b)
g 4 for F >0,30 (D.11c)
X is the (horizontal) distance of the site from tinestof the feature;
z is the height above ground.
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Annex E  ATMOSPHERIC TURBULENCE

The instantaneous wind speed fluctuates randomly in time and space, causing dynamic actions and
effects on structuresClauses E.1 and E.2 provide sormdormation regarding the spectral
properties of turbulence in neutrah®wspheric conditions, respeatly, at one and two points in

space (Annex G)which apply toheights abovehe ground not exceeding = 200 m.Clause E.3
provides guides on Monte Carlo turbulence simulation and the use of this technique in time history
dynamic analysis of structuredduse 3.4.2).

E.1 Singlepoint spectral modelling of turbulence

Atmospheric turbulence at a poilt is describedas a vector whose three components are called,
respectively, longitudinaly;, horizontal, in thex-direction of the rean wind velocity), lateralv{,
horizontal, in they-direction perpendicular to the mean wind velocity) and vertieg) {n the

vertical z-direction) (Figure E.1). Each turbulent componentissially desgbed by a zeromean
stationary Gaussian random procegsen through itgower spectrumAs a first approximation, it
canbe assumed that thiereeturbulent components are not correlated (in practice, this assumption
is not truefor thealongwind andthe crosswind turbulent component).

Vi

Vi

X

Figure E.1- Instantaneous wind speed.
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In thelack of specific analysesalongwind, crosswindnd vertical turbulence power spect$a,S,
S; (normalised so that the variance is the integral of the power spedriregaencyn varies from
zero to infinity), are given by thequations

nGB(zn_ n& zn _  6,8680 Q(@)/v, (2)
1 =— = — (E.1a)
s;(2) (2 ©,(2 [1+10,3026 LOZ) /N, (z]
nC"B;( zn_ 2n @("z no_ 9,43400 19 (z)/v, (2) _ (E.1b)
s;(2 (2 §(2 [1+14,1516 LHOE) v, (2]
nGs,(z 1 __n 8 zn _ 6,108 rOL(Ge/ v( (E.10)
s2(2) 15(2) (2 1+63,181[h LOE) N, 2]
where:
Vi is the mean wind velocity, specified in clause 3.2.5 or calculbieaneans of

specific analyses.g. those describéa Annex C;

S1,S2 S3 are the standard deviations of longitudinal, lateral and vertical turbulence;

l1, 12,13 are the longitudinal, lateral and vertical turbulence intensities, defined as the standard
deviations of turbulences, s», S; divided by the mean wind velocitay;

Ly, Lo, L3 are theintegral length scales in the direction of the mean wind velooitythe
longitudinal, lateral and vertical turbules

In the lack of specific analyseshe standard deviations of thdongitudinal, lateraland vertical
turbulent componestre given by thequations

s,(z) =v. © (E.2a)
s,(z) =0,75 vOk (E.2b)
s,(z) =0,50 vOk (E.2¢c)
where:
\ is the design reference veloc(glause 3.2.2);
K is the terrain factor (clause 3.2.3).

In accordance with & (E.2), in thelack of specific analyseghe intensities of the longitudinal,
lateral and vertical turbulent compongate given by thequations

1,(z)=1,(2) (E.3a)
1,(z)=0,75 Q(2) (E.3b)
1,(z) =0,50 Q(2) (E.30)

wherel, is the turbulence intensity specified by clause 3.2.6.

Turbulerce integrallength scales represent the average gust size in the wind direction for each of
the three turblent componentdn thelack of specific analyses, they are given by égiations
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L(2)=L(2) (E.4a)
L,(z) =0.25 @,( 2) (E.4b)
L,(z)=0.10 §,(2) (E.4c)

whereL, is the turbulent length scale specified by clause 3.2.6.
Figure E.2 shows longitudinal, lateral and vertical turbulence spectra obtanmeghEqgs. (E.1)
through(E.4). Spectral values amormalised using variance® for the three turbulent components.

0,2
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nL /v
v m
Figure E.27 Turbulence spedcir

E.2 Two-point spectral modelling of turbulence

Crossspectral properties of themaospheric turbulence angsually described througlthe power
spectra otheindividual turbulent components (clause E.1) amtherence function.

In the lack of specific analyses, the coherence functions of longita lateral and vertical
turbulence (defined as the ratio of the crpswer spectrum and the squao®t of the product of

thelocal power spectra), are given by teguation

g 2Gn x O xi c’ y & |z+d ,l-b -
COh (M M i, n) - eXp: \#JX || ly + )¢I 1z # |u ] 4_,2,3 (E5)
T v, (2)+ v, (2) T
I y
where:
MeM©b are twopoints of coordinateg, y,z and 6y6z6 ) ( Fi gure E. 3) ;

are the exponential decay coefficients of the turbulent compgnent, 2, 3in
directionr = x, y, z. In thelack of specific analyses, thaluesgiven by TableE.l can

be used
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LN

|- i
Figure E.3 - Instantaneous wind speed at two polvitandMo .

Table E.I'T Turbulence exponential decay coefficients.

Clx C1y c:12 C2x C2y CZz C3x C3y C3z
3 10 10 3 6,5 6,5 0,5 6,5 3

The coherence functions defined by.EE.5) are easonable approximatisiior the longitudinal

and lateral turbulent componen@n the other hand, unlike the résuproduced by & (E.5), at
frequencyn = 0 the coherence function of the vertical turbulent component usually shows values
lower than 1; more accurate assessment of the coherence function of the vertical turbulent
component requissspecificwell documentednalytical, numerical and/or experimental methods.

E.3 Monte Carlo turbulence simulation

Computationalsimulation of wind field is gererally carried out by applying the Monte Carlo
method.Various techniques have been developed for representing the wind field as a stationary
Gaussian random procesEhese can beeparatednto two main classesThe former comprises
methods based on spettrapresentation of the processésy, using such methods, the sample
functions as a whole are simulated for all requested time petiwsare normally expressed as the
sum of harmonic waves with random phase angle and occasionally with random amplieide.
latter comprises methods based on the construction of recursive mib@sks; simulate sample
functions in successive periods wittarrowbandpass filterson white noises by using, for
example, autoregressive (AR) and moving average (MA) methodsaacombination of both
(ARMA) 1 or by conditioned simulations of random vectors.

Computationakimulation of wind fields requires discretisation of the time and space derhm
use of methods based on spectral representation of processes also dhgcietisation of the
frequency domainln this case, by applying an FFFgst Fourier Transformalgorithm, the two
discretisations are not independent, but uniquely linked to the choice of parahdetard Dt
representing, respectively, the number ofdiintervals in which the process is simulated and the
sampling time;T, = NiDt is the duration of the sampled sign&he valuen; = 1/(2Dt) is the upper
frequency limit of the harmonics reproduced in the simulation (cutoff frequeoy;;1/T, is the
minimum distance between separate harmonic frequertdige values of thgparameter®t and
T, as necessary in the applications, lead to the respective cancelling out-afrfudbwfrequency
spectral contentigure E.2 shows how the choice of the tmgtable parameters for simulating
one turbulene component may be ineffective simulateanothercomponentDiscretisation of the
space domain in which the wind field is simulated requires the use of fairlysgraee stepBs, in
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order to represennisufficient detail the partial twpoint turbulence correlation.

Application of the principles abouvs theessential requirement fan appropriateepreserdtion of
turbulence.The generateavind fields aresuitable for analysing the static and qestatic wind
actions When aimed a&nalysing the dynamic response of structures (clause ,3s#ft)latedwvind
field should meet additional requirements

Forlinearstructures, théme stepDt should be small enough notneglectspectral content capable

of exciting vibration modeshat significantly contributeto he st ruct ur edtusdynan
for example, 1Dt should be at least twice the frequency ofldrgest significaniode.ln addition,

the signal duratiorT, should be much longer thahe period of the first vibration mode and

should beincreasd as damping decreasdsnally, the space stdps should be sufficiently smaller

than the spatial wavelength of modes havisggaificanteffect onthe dynamic response.

Wind field simulation br the purpose of analysing the dynamic response of structures with non
linear behaviour requires special care arpert advice

In any event, the number of wind scenarios simulated should be large dapagburate statistical
treatment
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Annex F PEAK WIND VELOCITY

Peak wind velocityy, is the expected maximum winglocity over a timeT = 10 minutes, with
averaging timet much less than tim&. It depends on the height above groumadvind climate
(clause 3.2.1), design return period (clause 3.2.2pewglaphy

In thelack of specific analyses that consider wind direction and effective roughnessagrdphy
of the terrain surrounding the site (Annex C), for heights above ground not exceedR{@) m,
peak wind velocity igivenby theequation

V()= v (2 G 2 (F.1)

where
Vim is the mean wind velocity (clause 3.2.5);
Gy is the wind velocity gust factor expressed by the equation:

G,(2)=1+9,(2 B3 ROI (F-2)
where
Ov is the peak wind velocity factor;
lv is the turbulence intengi{clause 3.2.6);
Py is a coefficientaking intoaccount the reduction in turbulence intensity due to the peak

velocity averaging time.
Coefficientsg, andP, are given by thequations

0.5772

9,(2) =2 bgu, (2 TOg - (F.3)
\/ \/ZOn g, (z) Oy
u,(2)=0,0322) § (2 2 (F.4)
L, (2) ot &, (2
P, (2)= — (F.5)

where
Uy is the expected turbulence-gmpssingate
Ly is the turbulent length scale (clause 3.2.6).

In thelack of specific guides, it is recommended to tise3 s.In this caseG, = 1,5 is geprally a
reasonald approximation of Expression (F.2).

By applying Expressions (F.1) and (F.2), the velocity pressgrassociated with peakind
velocity v is:

Q(Z)‘—@ V@2 g @ a(201(3 & G(k W)k HO? (F.6)

wherer is the airdensity.
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Eq. (3.9) is derived fronkq. (F.6) by making thee assumptions:

1. the third (quadratic) terminside the square brackeis ignored;this assumptions only
slightly on the usafe side sinck is a small quantity

2. the conservative value, = 1 is used;

3. the valueg, = 3.5 is usedysuallybeing conservaike.

Following these approximationsgHF.6) becomes:
9,(2=- 0 V@2 g O 3¢ (F.7)

It can be seen thatgge(F.7) coincides with §. (3.9), and itnormally provides a conservative peak
wind velocity pressure estimate.

Assumptions 1 and 2 are typicapproximations adopted by many standafds.the other hand,
assumption 3 has a specific conceptual and practical meaning.

In this Guides peak wind velocity pressure is transformed firstly into peak aerodynamic actions
(clause 3.3) and then into equivatiestatic actions (clause 3.4) by introducing multiplication factors
of, respectively, an aerodynamic and dynamic naflihe expected equivalent static action up
crossing frequency is generally much greater than the expected turbuleawssipg frequery.

Egs. (F.7) and (3.9) take account of this circumstarfoe the assessment @find actions on
structures.

For this reasanegs..(F.7) and (3.9) should not be replaced loy (E.6).
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Annex G GLOBAL AERODYNAMIC COEFFICIENTS

G.1 General

This Annex provigs values for the dimemsiless coefficients needed to transform wind velocity
pressure (clause 3.2) into overall aerodynamic actions on structures (clau3é&esa)coefficients,
defined as a whole agobalaerodynamic coefficient&cludepressure cefficients (used to define
external, internal andet pressurs), force and moment coefficients (used to define resulting forces
and moments per unit length) and friction coefficients (used to defimgentialactions).Global
aerodynamic coefficients cdre used whewind actions can be representedaisimplified form in

order to assess the overall actions on large areas of structuhesresultant forces on the major
structural components; on the other hatitey should not be used to assess locébrE on
structural members and cladding for which reference should be made to the values specified in
Annex H.

Annex H givesvalues for thdocal or detailed aerodynamic coefficisfdr various structural types;

these allow a more realistic representatid the actual pressure field on structisaifacesThey

are generally used to assess local aerodynamic actions for use when sizing and verifying individual
structural members or cladding and their fixinggdtie and roof elements, etdternatively, for
buildings only, they can be used to perfoarmoredetailed assessment of wind action on an entire
structure or its individual components.

Pressure coefficients (clause 3.3.1) mayeliker positive or negative depending on the structure
geometry.In particular,externalpressure coefficientare positive at all pointglirectly exposed to
the oncoming wingthey arenegativeat all pointsexposed to separadow, i.e. on thedownwind
and lateral surfaces?ositive pressure coefficientommonly rang between 0 and. Negative
pressure coefficieattan be greater (in magnitude) and may take values in the rargjéood;even
larger negative values (in magnitude) may occur locally over fairly small areas.

Net pressure coefficients (clause 3.3%8hbe positive or negative depending on geometry of the
surface,on wind direction andn orientation of the axis adopted as reference for pressines
assessing pressure on building surfatls,net pressures obtained aghe difference between
externdand internal pressuse

Resulting force and moment coefficients (clause 3&8)pe eitherpositiveor negative depending
on geometry of thetructure on wind direction ann orientation of the axes adopted as reference
for forces.When thex axis cancides with the oncoming wind direction, force coefficiest is
always positive.

Force and moment coefficients per unit length (clause 3cad)beeither positive or negative
depending on geometry of te&ucture on wind direction andn orientatiorof the axes adopted as
reference for forces axe®Vhen thex axis coincides with the oncoming wind direction, force
coefficientcx is always positive.

The friction coefficient is alwaysagsitive.

The following clauses summarise aerodynamic coefficitortshe most common structural types
giving, depending on each particulease pressure coefficients (clauses &2), net pressure
coefficients (clause G.5), resulting force and moment coefficients (claus€3.9),&oefficientof
force and moment pemit length (clauses G.18.11) and friction coefficients (clause G.1Mlore
specifically, the followingcasesareincluded

1 external pressure coefficients for rectangydian buildings (clause G.2);
1 external pressure coefficients for circufdan stuctures (clause G.3);
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internal pressure coefficients (clause G.4);

net pressure coefficients for walls and parapets (clause G.5);

resulting force and moment coefficients for canopies (clause G.6);

resulting force and moment coefficients for signboardsugs G.7);

resulting force and moment coefficients for compact bodies (clause G.8);

resulting force coefficients for plane trusses and lastinectureqclause G.9);

coefficients of force and moment per unit length for slender structures and elongated
components (clause G.10);

1 coefficientsof force and moment per unit length for bridge decks (clause G.11);

T friction coefficients for plane surfaces (clause G.12).

=A =4 -4 =4 -4 -4 -4

For structural types and geometries nonsidered hereinrgference should be made Annex H
(irregular buildings only), technical publications or wind tunnel testing (Annex Q).

G.2 Rectangular-plan buildings

G.2.1 General

The wind exerts othe twofaces ofthe surfaces of theuilding a distribution of external pressure
pe and internal pressu®. These pressures are quantified by specifying extegpahd internaky;
pressure coeiftients (clause 3.3.1).

External pressure coefficientge depend on the shape of the buildimyp the oncoming wind
direction andon thesize of theloadedarea In the following, there are reporte@lues that, in the

lack of more detailednvestigationscan be used to assess overall actions on large areas of buildings
with aregular plan and the resultant forces on major structural components. These arefraenived
the external pressure coefficients, 10 given in clause H.2 for loaded areas larger than 3Gy
aredifferent to the latter in that they lead to a simplified and generally conservative definition of the
pressure field.

The values given hereirefer to wind blowing at right angles to the main faces of a buildng.
practice, thes@aluesrepresent the most unfavouraloleesobtained in a range of wind direct®n
placedt 45° either side of the relevant orthogonal direction.

Internal pressure cfecients c,; are given in clause G.4.

G.2.2 Side walls

The aerodynamic behaviour of buildings and in particofdheir walls mainly depends on the ratio
of plansizesto height. For lowrise buildings a thredimensional flow is generated. For slender,
tall buildings, with the exception of the base and top section, alitwensional flow in horizontal
planegends to bgenerated.

Therefore, as a rule, the pressure coefficients provided herein depenchahréi®, whereh is the
height of the buildig andd its alongwind dimension (Figure G.1). These are given in Table G.I
and Figure G.2.

For very slender buildings, whod#d ratio is greater than 5, reference should be made to the
provisions of clause G.10 (slender structures and elongated congjoirernhis case, unlike the
requirements specified in this clause, wind actions are expressed as forces per unit length.
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Figure G.17 Characteristic parameters of rectangydkan buildings.

Table G.1 i Rectangulaplan buildingsc,e for windward, leeward and side faces.

Windward face Side faces Leeward face
WdO &e= 0, 7hd+|h/dO 0ceS: 71 0, ®Wd T |WdO1l:ce= T 0, di O
h/d>1:c,.=0,8 hd>0,5:ce= T 0, 9 1<h/dC‘)5cpe: 1T 0, 5h/d1)0
1,00
windward
0801 _—
0,60
0,40
0,20
0,0 1,0 2,0 3,0 4.0 50
0,00 T
h/d
-0,20
040 1>
\ leeward
-0,60
\ side
-0,80 \
-1,00

Figure G.21 Rectangulaplan buildingscye for windward, leeward and side faces.

As a rule, besides the aerodynamic actiabheve buildings are also subject to torsabractions.
These arise not only on buildings with asymmetrical plan, but alson symmetrical and, in
particular, rectangular buildings. More specifically, torsional actions can arise when the wind
incidence is not parallel tonaaxis of symmetryor due tothe presence afieighboringstructures

They alsoarise when the wind does blow along axis of symmetry due to both pressure
fluctuations on the side faces and lack of full correlation of the pressure on the windwattiace.
recommendetb considesuch actions especially in the case of elongated plans.
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Clauses G.2.2.1 and G.2.2.2 give criteria for assessing the respective reference heights for the
windward faces and leeward and side faces of rectanglaarbuildings.Clause G.2.2.3 provides
someadvice on estimating torsional effects.

G.2.2.1 Reference height for windward face

The flow that is established around buildings is highly complex, especially at the base and top of the
windward face.This producesa pressureprofile that is generally difrent to the peak velocity
pressure profile of an undisturbed wind (clause 3.3[W)s clause provides a reference height
assessment criterion for the windward face, i.e. the height at which peak velocity pressure should be
calculated, such as to produsmeproximate, generally conservative, estimates of the resulting force

of such pressure.

For low-rise buildings, i.e.buildingswhose height is less than or equal to the plenosswind size
(h @ thé reference height is constant and equal tdtiiding height (z, =h); wind pressure is

therefore uniform.

For highrisebuildings, i.e buildingswhose height is between therosswind plansizeand 5 times
the inwind plan size(b < h), tvdd zé&nhdsdire specifieth thelower part of the building, up to
heightz = b, the reference height is constant and equal &b; wind pressure is therefore uniform.

In the top part of the building, farbetwe@ b andh, the reference height, may be selected by

applying one of the two following criteria (Figure G.3):
1. The reference height is constant and equal to the top of the buildirb){ wind pressure is

therefoe uniform between heightsb andz=h. This simplifies the calculation of aerodynamic
forces, but the resulting overall foroeay be largely conservative

2. The building isdividedinto sections of arbitrary height, each of which corresponds to a constant
reference height equal to the top of the sectibthe height of each section coincides witie
building interstorey and each individual section is centred on the positiom ftdor, the
reference height may be taken as being equal to the height efsective floorjn both cases
wind pressure is uniform on each sectidhis makes force calculation more difficult, but the
values obtained are more realistic and no greater than those obtained by apéyiog (1)

=
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Figure G.371 Reference heights in lovand highrise buildings.

92



CNR-DT 207/2008

G.2.2.2 Reference height for leeward and side faces

Pressure on the leeward and side faces of buildingssseciated withthe characterigts of
separated flow and can, with a good approximation, be considered constant with helgis. is

taken into account by assuming that the reference height is constant and equal to the height of the
top of the building ¢, =h).

G.2.2.3 Torsional actions

In the case of rectangulgrlan buildings, it is possible taccount forthe presence of torsional
actions by modifying theressuralistribution acting on the windward face only.

To this end, in addition to the load case that considersuthgressuredistribution on both the
windward face (c&racterised bya pressure coefficientye ) and leeward face (characteriseday
pressure coefficient,e ), consideration is also given to the effects induced by an additional load
case characterised, on the windwaadef, by ariangularpressure distribution in plan whose value
ranges fromcpep to zero;on the leeward facghe same unifornpressure distributioms the first

load caseés applied characterised by pressure coefficieqt, (Figure G.4).

A

l

Cpe,p Cpen

Figure G.471 Torsional actions on rectanguglan buildings (plan view).
G.2.3 Roofs

G.2.3.1 Flat roofs
Roofs with a pitch ranging frorb° to +5° are considereasflat.

The reference heighi, for flat roofs is eqal to the maximum height of the roof itself, including

the presence of parapets and other similar elemBressure coefficients are given in Table G.II
based ontheloaded areashown in Figure G.5.

Table G.Il T Rectangular buildingsc. for flat roofs.

Upwind strip of depth equal 2 orh, whichever is smalle Coe,a=10,80
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Other zones Coeg = 0,20

In the downwind zone, pressure may take both negative and positive values, therefore both cases
must be considered.

The presence of parapets whose height exceeds 1/20 of the heighbwidhegy (not including the
parapé) may lead to reductions in the value of coefficienaty as specified in Annex H.

45°

45°

min(b/2:h)
>

Figure G.57 Key for flat roofs.

G.2.3.2 Monopitch roofs

The reference heigh, for inclined monopitch roofs (Figure.§ is equal to the maximum height
of the roof.For slopes of5 AaO + Sré&erence haso be made to eluse G.2.3.1.

Table G.IIl and Figure G.7 give pressure coefficientsafaind direction perpendiculaio theroof
ridge.

For 0 Aa04 5 A, p r easiy wangfronc rsegative to pative values, therefe pressure
coefficients witheithersigns are provideds a rule both load caskave to be taken into account
to be sure to considéne worst case scenario.

Table G.IV and Figure G.8 give the pressure coefficienta¥and directionparallel toroof ridge

a
/ top (ridge) Top (ridge) \ a
bottom ‘ ‘ bottom
a>0° h a<0°
- >
|
7 7 7
Figure G.67 Key for monopitch roofs.
Table G.IlI T Pressure coefficients for monopitch roadsirg °):
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wind perpendicular to theof ridge

Positive values

Negative values
a060° Ce= 1 0,5
-6 0 AGTI5° | Ccre= T  (@+66)/90
-1 5AQB 0| Ce= T 1$16)/75
S0AMA5|Ce= T @] 30 )/

0 AA04 5
45 A0 5

4 Cpe=t+al75
Coe=+06+@71 45) / 1

1 of

12U

Figure G.71 Monopitch roofsvalues of cofficient cpe:
wind perpendicular to theof ridge

Table G.IV T Pressure coefficients for monopitch roddsi °):
wind parallel to theoof ridge

Upwind zone of depth equal tob/2 or h,| 048015 Alcea= T 8/506 1
whichever is smalle 15°<a Cea=T 1, 00
0A015Ace= T 8/306 1
Other zones 154 5AcCe= 1 @i I5) / |
4540 |Cep= T @i 95K/ 1
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30 45 60 75
0,00 ~ 15

-0,20 4

-0,40 {

0,60 4
: Cpe,B /

-0,80 1

-1,00 §

Cpe,A

-1,20 &+

Figure G.81 Pressure coefficients for monopitch roofs:
wind parallel to theoof ridge

G.2.3.3 Duopitch roofs
The reference height, for inclined duopitch roofs (Figure G.9) is equal to the maximum height of
the roof.For slopes 0f5 AaO + Sréference haso be made telause G.2.3.1.

For wind perpendicular to the direction of ttuof ridge pressure coefficients for the upwiadea
are those given for monopitch roofs (Table G.III, Figure G.7).

For 0 Aa04 5 A, p r easiy wangfronc rsegative to positive values, therefore pressure
coefficients witheithersigns are providedss a rule both load caskave to be taken into account
to be sure to considéne worst case scenario..

For the downwindarearefer to the values given in Table G.V and Figure G.10.
Table G.VI and Figure G.11 give pressure coefficients for wind paraltaeroof ridge

/ éridge

a positive values ! a negative values

Figure G.971 Key for duopitch roofs.

Table G.Vi Pressure coefficients for duopitch rooésif °): downwindarea
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T 75A007T 1 cpe= 0a3+8 8180+ (
T 15A001§Ce= 0, 6
15200 45 che= G,- /B9 (
4540 | Cpe= 0, 3
75 60 -45  -30 15 30 45 60 75
U
//
//
//
Figure G.107 Pressure coefficients for duopitch roofs:
downwindareafor awind direction perpndicular to theoof ridge
Table G.VI'T Pressure coefficients for duopitch roodsif °):
wind direction parallel tooof ridge
a0 T30 Cea= T 1,0
Upwind area of depth equal @2 orh,| T 30A0 00 |Gea= T 8/158 +
whichever is smaller 0Aa® 30|Cea= 1 /158 1
30MA O |[Cea= T 1,0
T45A0071 3Ce= 1T 0,9
Other zones: T30A0D0 cep= T @$30)/100 (
10A O Cpe= 1 0,5
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30 45 60 75

Cc

Cpe,B

Cpe,A

Figure G.111 Pressure coefficients for duopitch reof
wind direction parallel tooof ridge

G.2.3.4 Hipped roofs
The reference height, for hipped roofs (Figure G.12) is equal to the maximum height of the roof.

For yowind and downwindireaghe same coefficiendefined forduopitchroofs (Table G.11l and
G.V and Figure G.7 and G.103hall be used

For the sidefaces when the wind direction is parallel to the walls, the pressure coefficients given in
Table G.VII and Figure G.18hall be used

7 Z /// /// Z

Figure G.1271 Key for hipped roofs.

Table G.VII 1 Pressure coefficients for hipped rooési °): side faces.

0OAa@® 30/ce= T 8/756 1

30MA00 49Ce= T 1,0

4500 6(0cCe= T Hh, WBHH (
60AO |Ce= T 0,6
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0,00
!

10,204 i+

0,404 i

20,608

0,804

1,005

_1’20 L

Figure G.131 Pressure coefficients for hipped roddgle faces.

G.2.3.5 Multispanroofs

The reference height, for multipitch roofs, i.e. roofs comprising adjoining groups of mono or
duopitch roofs (Figure G.14), is equal to the maxamheighth of the roof.

As a rule, for mulpitch roofs the samepressure coefficients specified for mono or duopitch roofs
(clauses G.2.3.2 and G.2.3sBjall be used

Only in the case ahe wind perpendicular to the direction of tloef ridge ,andfor the geometries
shown in Figure G.14, the aboewgentioned pressure coefficiem@nbe multipied by the reduction
factors given in Figure G.1&pecifically:

il

for the case shown in Figure G.l1l4a, the pressure coefficients specified in clause G.2.3.2
(monoptch roofs with negave pitch angle) are applied to easpan of the roof. These
coefficients are multiplied by the reduction factor 0,8 in the second spalnyathe reduction

factor 0,6 in subsequent spans;

for the case shown in Figure G.14b, the presstoefficients specified in clause G.2.3.2
(monopitch roofs with positive pitch angle) are applied to each span of theStomild such
coefficients be positivecge > 0), in the second and subsequent spgaps -0,4 is applied.
Should such coefficientse negativedy < 0), they are multiplied by the reduction factor 0,8 in
the second span ahg thereduction factor 0,6 in subsequent spans;

for the case shown in Figure G.1l4c, the pressure coefficients specified in clause G.2.3.2
(monopitch roofs wittpositive pitch angle) are applied to the first span of the roof (first upwind
slopg. In subsequent spans of the roof, the pressure coefficients specified in clause G.2.3.3
(duopitch roofs with negative pitch angle) are applibése coefficients are migltied by the
reduction factor 0,6 starting from the third span of the roof;

for the case shown in Figure G.14d, the pressure coefficients specified in clause G.2.3.3
(duopitch roofs with negative pitch angle) are applied to each span of the Tioese
coefficients are multiplied by the reduction factor 0,8 in the second spahyatie reduction

factor 0,6 in subsequent spans.

99



CNR-DT 207/2008

Cpe 0,8 Cpe 0;6 Cpe

(@)

Cpe -0,4 -0,4

Cpe >0
Cpe 0,8 Cpe 0,6 Cpe
Cpe <0 ‘—T—T—T

(b)
00,
Cper)  Cpe( 0,6 Cpe(2)
-
/\/\/\/\
= :
()
7,
Cpe 0,8 Cpe 0,6 Cpe
T
> :
(d)
0

Figure G.141 Pressure coefficients for mydttch roofs.

G.2.3.6 Vaulted roofs
The reference heiglfior vaulted roofs iz, = h +f/2 (Figure G.15).

For a wind direction perpendicular to the roof generatrices, the roof is divided into four zones of
equalarea:
1 in theupwindzone Apressure coefficientsea are adopted,;

1 in the twointermediate zones B pressure coefficiapts are adopted;
1 in thedownwindzone Cpressure coefficients,ec are adopted.
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Values for pressure coefficientsea, Cpes andcpec are given in Figure G.16s a function ofvd
andf/d ratios(Figure G.5). In particular for coefficientcyea:

7 whenh/dOO, 5, both val ushalbeqused en in the graph
1 for intermediate values9h/d < 0,5, linear interpolation of the given values is allowed.

Forvaluesof/d0O0, 05, the pressure coef fshallbeuseds f or f |

Gt 111907 5 C

>
N
o

A
!

Figure G.151 Key for vaulted roofs.
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1,00 foo
0,80 §i:i:i
0,60 fii o _———
0.40 i1} Cpea (Wd=0) 7
Sod HEE ~ .
; 1 ole
i CpeB

Cpea(h/d ©0,5

Figure G.161 Pressure coefficients per vaulted roofs.

For wind parallel to the roof generatrices, as a first approximation, pressure coetf$idier flat
roofs (clause G.2.3.anbeused

G.3 Constructions with drcular plan

G.3.1 General

The wind exerts on the two faces of the surfacenétructions witltircularplan a dstribution of
external pressurp. and internal pressumg. Thesepressures are quantified by specifying external
Coe and internak,; pressure coefficients (clause 3.3The pressure coefficients specified hereafter
refer to external surfacelmternal pressure coefficients are given in clause G.4.

G.3.2 Vertical surfaces

As in the case of rectanguplan buildings, the aerodynamic behaviour coinstructions with
circular plan, in particular theivertical surface mainly depends on th&tio of plan diameter to
height.For low riseconstructionsa threedimensionaFlow is generatedi-or slenderconstructions

with the exception of the base and foprtions a twedimensional flowin horizontal planess

generated.

Therefore, the pressure coefficients provided herein depend brfbtfagio, whereh is the height of
the constructiorandb its plandiameter.They also depend on the Reynolds nunf®eand surface
roughness.

For very slender structures, whols#b ratio is greater than 5, reference should be made to the
provisions of clause G.10 (slender structures @odgated structural components).this case,
unlike the requirements specified in this clause, wind actions are expressed as forces per unit length.
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G.3.2.1 Reference height

As in the case otonstructions withrectangularplan, the flow arounctircular constructionss
highly complex, especially at the base and Wps produces verticalpressure distribution that is
generally differentfrom the peak velocity pressure profigssociated with thendisturbed wind
(clause 3.3.7)This clause providea criterion for the assessment of tteference height, such to
produce approximatkestimates of the resulting force of the pressoma&nly on the safe side

For low rise buildings, i.e. whose height is less than or equal toptha diameter bk Q) thé
reference height is constant and equal to the heflite constructior{z,=h); wind pressure is
therefore unifornwith height

Fortall constructionsi.e. whose heighiangeshetweerone and five times the platiameter i < h
O 5-b), two zones are specifieth the lowest part of theconstruction up to heightz = b, the
reference height is constant and equak teb; wind pressure is therefore uniforwith height.In
the upperpart of theconstruction for z of betweerb andh, the reference heiglt, may be selected
by applying one of the two following criteria (Figure G.3):

1. The reference height is constant and equal to the top abtisruction( z, =h); wind pressue

is therefore uniform between heighisb and z=h. This simplifies the calculation of
aerodynamic forces, but the resulting overall far@y be largely conservative

2. The constructionis divided into sections of arbitrary height, each of which correspdads
constant reference heightjual to the top of the sectiolmhis makes force calculation more
articulated but the values obtained are more realistic and no greater than those obtained by
applyingcriterion (1)

G.3.2.2 Pressure coefficients
The extenal pressure coefficientge are given by thequation

Coe = Cpo Vi & (G.1)

pe

where:
Coo IS theexternal pressure coefficient for a circular cylindemfinite length
Y1 a is aslendernestactor.

The external pressure coefficient, is given by theequation

ap O a
Coo(a,) L 1 ) sirf)gep_,—p for 00 ¢ a ¢ (G.2a)
¢20 4
2 a _ ‘
Coeo(@,) = fCpy ©,0) coé;B o g # for a,6 ¢ a ¢, (G.2b)
c2 a, - @
Cpeo(@5) =Cpo for a, ¢ a 180 (G.2¢)

wherea, is the angle shown in FigeG.17 in degrees (°)he meaning of paragters Com, Cpb, am
anday is illustrated in Figure G.17able G.VIII gives someeferencevalues fortheseparameters,
correspondingto different values of theReynolds numberdke (clause 3.3.7), calculated by
assigning the value of diametdr as the reference length and assumiig O 0 ,*5dlalise
G.10.6, Table G.XVII).
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+1

Como

Figure G.171 External pressure coefficiegleo

Table G.VIII i Referencealues for parametetsm Con, amanda, fork/oO 0 ,%5 1 1 0

Re Com Cob dm [o] adp [o]
5A0° -2,2 -0,4 85 135
2A0° -1,9 -0,7 80 120
10’ -1,5 -0,8 75 105
Factory,| ais givenby theequation
y,.=1 for 0” ¢ a ¢ (G.3a)
é o _ ~
Vi =y (@ -)ycose wtot g fora, ¢ a ¢ (G.3b)
é2 gab B +
Yia.= VY for a, ¢ 3 180 (G.3c)

whereap is expressed in degrees (¥); is a slenderness factor (clause G.108y. structures dealt
with herein(h/b ¢ 5), the valuey, = 2/3 is acceptable.

G.3.3 Roofs
For spherical dons the reference height is equalZg= h + f/2 (Figure G.18).

A pressure distribution is applied to the roof surface that varigse wind directionwith values of
the pressure coefficient constant aloptanesperpendicular to the wind (dotted Imén Figure
G.18).

Values of the mssure coefficient are given in Figure G.19 areindicatedasCpea, Cpes aNdCpec;
they refer, respectively, to the windvd zone Ao thecentre of the roof (zone B) artd the
downwind zone Cin order to calculate thealue of thepressure coefficient along the roof, linear
interpolation between the three values indicattbe used.

Intermediate values df/d with resgect to those given in Figure G.t@n be considerebly linear
interpolation.
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Figure G.18i Key for spherical domes.
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Figure G.191 Pressure coefficients for spherical desn
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G.4 Internal pressure

The pressure that the wind exerts on the external surfacesnsfructionsvariesfrom point to

point. On the other hand, internal pressure is very uniform, indeed constant on all surfaces of
communicating internatolumes This makes theesulting actiorfrom internal pressure distribution
vanish Neverthelessinternal pressure can determine aerodynamic actions that are essential for the
design and verification of individuglartsand components.

The internal pressure coeffickeq, is used to quantify the internal pressure afoastruction It
depends on various factors, above all the size and distribution opéméngs in the surfaces of the
construction If the constructionhasa distributed porosity, tls has a filtering effect onexternal
pressure fluctuations, and timternal pressure tends to reach a static equilibatavalue equal to
theareaweighted average external pressure of the opentigshe other hand, if treurfaces have
large openings,the internal pessure is influenced by fluctuation$ the external pressure at the
openingstherefore the internal pressure coefficilakesmuch higher(absolute values and these
depend omposition and size of the openings.

Internal pressure shall be considere@tbsimultaneously t@xternal pressurdesign actions on
individual partsor components are therefore represented by the worst combination of external and
internal pressures.

As a rule, no structurghall beassumed to biilly sealed therefore aon-zero internal pressure has
to be consideredExeptions are the following two cases, in which the construction can be
considered as fully sealed

1 constructionsn which the overall area of openings does not exceed 0,0002 (6)2fthe
overall areaf theexternal surfaces

T constructios with controlled openings, i.e. openirthatare usually kept closeat thatcanbe
closed if needed.

In principle, different internal pressure values may be applied in accordandéevghrticulatimit

state consideredror example, if large openings are designed to be sealed during high winds, these
openings need not be considered when verifying ultimate limit stategshe other hand, the
presence of these openings shall be considered under service or accidentanso&imilar
choices shall be carefully assessed and clearly specified at the design or verification stage.

This section providesriteria for the choice ointernal pressure coefficieim the four following
cases:

T buildings whose total area of opensng more than 30% (clause G.4.1);
T buildings with a dominargurface (clause G.4.2) not belonging to the previous case;

T buildings with uniformly distributed openings (clause G.4.3) not belonging to the two previous
cases;

1 open silos, chimneys and tanksa{tde G.4.4).

In all other cases, use is recommended of assessments bagell dycumentediataor analytical,
numerical and/or experimentaiocedures

G.4.1 Buildings with more than 30% of openings

When at least twaurfacesof the buildinghave morethan 30%o0f their surface represented by
openingg(Figure G.20a), the rules given in clause G.6 (canopies) shall beWked. theroof has
morethan 30% of openings (Figure G.20b), the rules given in clause G.5 (walls and parapets) shall
be used.
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(b)

Figure G.20- Keys for large openings on side walls (a) and the roof (b).

G.4.2 Buildings with a dominant surface

For the purposes of assessintgrnal pressus a surfaceof a building is regarded atominant
(compared to the others) when the area of openings attlfate is at least twice the area of
openings in the remainirguifaces.

For buildings not matching one of the cases specified in clause Gdtlhavinga dominant
suiface, the followiig rules shall apply.

The total area of openings insarface is calculated as the sum of #neas of openings (the sum
comprising only openings whose area is greater than 1% of thefaitea respective surface and
greater than 0,2 fjy increased by theontribution of distributed porosity. The openiagea
produced by distributed porosity is calculated as the product oardee of thesurface and the
porosity factor.The porosity factor raresfrom 00005 ()0, 56& 10 ,3%) where he A1 0
smaller valueapplies to well sealeduildings (good quality windows, ventilation systems) and the
largerto buildings withlargeporosity.

Table G.IX specifies the internal pressure coefficggntor buildings with a dominansuiface as a
function of the corresponding external pressure coefficjgnt

Table G.IX T Internal pressure coefficients for buildings with a doamtsurface

Area of openings on the dominaniface at least twice the area of co= 0c.7
openingsin the remainingurfaces P Cre
Area of openings on the dominantface at least three times the area c= 0c.9
openings in the remainirgufaces P Cre

The reference heighg is equal to the reference heigfit of the dominansurface.
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G.4.3 Buildings with uniformly distributed openings

If the building has a uniformly distributedporosity and therefore does not matahyone of the
cases specified in clauses G.4.1 and G.4.2, the internal pressure coefficient isdedeod
porosity, and is given by thequation

2 2 =
¢, = 2o Poeo T Ar Boe (G.4)

pi 2 2
AZ+ Al

where:

A is the total area of openingsa surfaces witla postive external pressure coefficient;

An Is the total area of openings surfaces witla negative external pressure coedint;

Coep IS the mean external pressure coefficient for openings subjecitivgoesternal pressure

Coen IS the mean external pressure coefficient for openings subject to negative external pressure.

The nmean external pressure coefficients are wgilvg the followingequatiors:

a A Epep a A Epep
surfaces with ¢ >0 surfaces with ¢ >0
Cpep = ..pe = = (G5a)
a A Ap
surfaces with ¢ >0
a. An,j Q:pe,n,j a. An,j Q:pe,n,j
surfaces with ¢ <0 surfaces with ¢ <0
Cpe,n = ..PE = = (GSb)
a An,j An

surfaces with ¢,,<0

where:

Ay  is the area of thpth openingwith a positive external pressure coefficient;

A,; is the area of thpth openingwith a negative external pressuroefficient;

Coepj IS the external pressure coefficient of jtile opening subject to positive external pressure;
Coenj IS the external pressure coefficient of jttle opening subject to negative external pressure.

The reference height is equal to the height of the building.

When accurate calculations of the internal pressure coefficient are not possible, e.g. because the
data needed to appBgs.(G.4) and (G.5) is not available, valugs= +0,2 andc, = 1 Ganl#
used to obtaithe worst case scenario for each particular situation.

G.4.4 Open silos, chimneys and tanks

In the case of distributedleakagethe internal pressure coefficient for open silos and chimneys can
be taken ag, = 1 O0Thé i@ternal pressure coefficiefor tanks that are permeable to the wind
with small openings can be takencggs= 1T 0, 4 0.

As an alternativéhe valuec,; = O shall also be used if it produces the worst load condition
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G.5 Walls and parapets

The wind exerts aet pressure distributigo, on walls and parapet$his net pressure is quantified
throughnet pressure coefficientg, (clause 3.3.2)The net pressure coefficients specified hereafter
refer to flat walls and parapets.

Net pressure coefficients for flatalls and parapets are greatly influenced by any porosity of the
element, i.e. the ratio of the total areaopknings to thareaof the wall or parapefThis section
applies tcelements whose porosity does not exceed 20%, i.e. whose dersitpt les than 80%.

For elements whose density is less than 80%, e@eber shall be made clause G.7 dealg with
lattice structures

Net pressure coefficientge functions othe distance from thedgeof the elementthisis therefore
divided into zones as stwvn in Figure G.21, wheré is the height of the wall or parapédet
pressure coefficients are alsdluencedby anyreturn cornerFigure G.22)this has the effect of
reducing the magnitude of the negative pressure on the leeward face and, thedicnegrthe net
pressure acting on areas close todtige

- <2h
<0,3h 0,3h
. — -
V Yy Yy
| AR |
/ h h
<4h
= -
0,3h 1,7h
e —
T
A 5 c |
h
0,3h 1,7h 2h
ot - -
A B C D

. s

Figure G.211 Areasof walls and parapets ohiform net pressure.
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Cpn Cpn
Figure G.221 Walls and parapets without and with return corner.

Table G.X gives net pressure coefficients for each zotteeoflement, both without and with return
corners, for two density values of 1 and 0,8;is the length of the wall or parapéttermediate
density valuegsanbeconsidered througlnear interpolation of net pressure coefficient values.

Table G.XT Net pressure coefficients for walls and parapets.

j Return I A B C D
corner
<3 2,3 1,4 1,2
no 5 2,9 1.8 14
1,0 >10 3,4 2.1 1,7 1,2
yes all 2,1 1,8 1,4
0,8 yes/no all 1,2

Thereference heightig, = h.

When the element coiaered islocateddownstreamanother similar element, this may cause a
sheltering effect giving rise to areduction in net pressure on the downwind elem&uoich
reductiondepends oithe porosity of the sheltering element amdits distance from thehetered
elementThe sheltering effect cape taken into account by multiplying the net pressure coefficients
in Table G.X by the reduction factgrs given inTable G.XI and Figure G.2&s a function of the
ratio of spacing betweenthe elements and heiglitof the shelterecelement andof the densityj

of the sheltering elementhis reductiorcanonly be applied when the sheltering elemeratikeast
ashigh asthe sheltere@lementand is only gplicable in the zones that are more than a distance of
h from theedgesof theshelterecelement (Figure G.24).

Table G.XI 1 Shelter factor for walls andapapets.

Spacingx/h j =1,0 \ j =0,8
0¢xhe¢5 y. =0,3

5¢xh¢10 y. =0,07 (& /h) 0,05 y, =0,03 (@/h) OtlE
10¢ x/h ¢ 15 y . =0,04 (&/h) o025 y, =0,04 (@/h) 0+05
15¢ x/h ¢ 20 y . =0,03 (& /h) 0+40 y, =0,07 (& /h) 0,40
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xlh
Figure G.23iShel ter., factor y
X \ h
\ i
<h
~,
N
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Figure G.241 Sheltering effect.
G.6 Canopies

This section provides criteria for sessing the overall wind actions on roofs not resting on
permanent vertical walls, i.e. whose underlying space is not permaadestygby walls.

Bl ockage (G is defined as t he onanterthe canbpy andthe pr o
overallprojectedareaunder the canopy (Figure G.29)wo limit casesare identified:

T (G=0represents a canopy with no obstructions (empty canopy);

T (G=1represents the fullgbstructed canopy

Casei=1 is quite different ,fasanobstructioa tcould gse be f i e
represented by elements that do eotlosespace under the canopy.

Downwind of thelocationof maximum blockagéhe valueli = ghall be used
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The actions that the wind exerts on canopiegend orblockage asthe presence of an dbsction,
even on just the downwind side, prevents airflow under the canopy.

Empty canopy, (=0 Blocked canopy, @G=1
Figure G251 Di f f erences in airflow for canopi

This clausedescribeghe wind action on canopies through foréeperpendicular to the plane of
each canopy slopdhese forces are quantifiedroughforce coefficientsgcr, and the position of
their point of application (clause 3.3.3).

Annex H giveshe values ohet pressure coefficient theanbe used to assess &@&ctions on the
elements or sections of singkeyer canopies.The calculation of local pressure on tingper and

lower sides of doublelayer canopies requires specific assessments and, where necessary, wind
tunnel testing.

G.6.1 Monopitch canopies

TableG.XIl and Figure G.26 give force coefficiarfor monopitch canopies with wind blowing at
rght angles to the ridge. Force coefficients
and pitch angFoeintlemme dihat tee foredeeffeients cabeolitainedby

linear interpolatiorbetweert he cases 0=0 and G=1.

The reference heighg is equal to the maximum heightof the canopyThe reference ardz, i.e.
the area on which the resultant forsapplied, is equal to the area of the canopy.

Table G.XII T Force coefficients for monopitch canopiesir °).

Positive values Al | v al ce=+0,2 +a/30

a = 0 Ck= 1 0,35307

Negative values . -
a = 1 ce= 11, 4
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1,60
1,20

0,80 —
0,40 —

0,00
-0,40

-0,80 ~——
1,201+ —€r<0;f4—=

-1,60
-2,00

Figure G.261 Net pressure coefficients for monopitch canopies.

When performing the calculation of the canopy, the worst load cases of the four shown in Figure
G.27has to beonsidered, where the resultant foree g, (z) @ c£ (Egs 3.13a,kx) is applied at

d/4 from the windward edge.

U U
:> " /‘\dﬁ\\/ :> h \d§\/
7, 7 7
(cr>0) ; (ce < 0)
- » - -
T s TR
7 7z 7z

Figure G.271 Monopitch canopiedocation of the resultant forder differentwind and force
directiors.

As a first appraimation, monopitch canopies with wind acting parallel to the ridge may be
analyseds flat monopitch canopiea € 0°).

G.6.2 Duopitch canopies

Table G.XIII and Figure G.28 give force coefficients for duopitch canopies (of equal pitch) with
wind blowing at right angles to the ridge. Force coefficients are expressed as a function of the
degree of blockge G and pitch aFomgihtee rUneafi at leteeVosck ap e s
coefficients carbe obtainedby linear interpolatioetweet he cases G=0 and G=1

The reference heighi is equal to the maximum heightof the canopyThe reference ard, i.e.
the area on which the resultant force is applied, is equal to the area of each canopy slope.
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Table G.XIII T Force coefficients for duopitch canopi@sii °).

Positive values Al'l val | ce= + 0,&B0+ 0, 7A
i = o a00 A ce= T 0 ,aBl0 +
Negative alues a00 A ce= T 0 ,aBl0 1
a = 1 all values ofa c,= T 1,4
1,26
0,80 ]
666 -
-20 -10 ) 10 20 U 30
-0,40
cr<0,j =
Y E——i
\
Ce<0.j = 190
) =1,20
=1,60
Figure G.281 Force coefficients for duopitch canopies.
>0 c.>0
>0 C >0 \ (ce>0) !F
_ U . . U
d,_| J d/4 ‘ d/4 . ‘ / d/4
h d | d | h | d
/
<0 ce<0
(CF < O) F ) _AC\ ( F ) F
U S - ¥
da, | / d/a, ‘ 4| f ‘ / d/a,
h d ‘ h d
9 /

Figure G.29ai Duopitch canopiedocation of theresultant forcdor the differentwind and force

directiorsi k ey f or

U>0A.
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(ce>0)

/ / /

Figure G.29bT Duopitch canopiedocation of the resultant forder the differentvind and force
directorsik ey f or U<OA.

When performing the calculation of tkanopy, the worst load cases of those shown in Figure G.29
have to beconsidered, where the resultant foree- q, (z) @ cC (Egs 3.13a,b,c) is considered to

be acting simultaneously on both slopesmone of them.

As a first approximation,aeh slope of duopitch canopies with wind acting parallel to the ddge
be analysed as a flat monopitch canagpy(0°).

G.6.3 Multibay canopies

As a first approximation, each pair of slopes of canopiade ofseveral pairs of adjoining slopes
(of equalpitch) may be analysed as a single duopitch canopy (clause G.6.2).

For wind perpendicular to the direction of the ridges eférring to the geometry dfigure G.30,
the force coefficientscan be multiplied by the reduction factors given in Table G.Xi
accordance with the scheme illustrated in Figure G.30.

N T g U . ]

Z

Figure G.301 Reference scheme foruttibaycanopies.
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Table G.XIV i Force reduction factors for muay canopies.

) Reduction factors for all valuesf 1]
Element No. Location
force>0 force<O
1 End bay 1,0 0,8
2 Second bay 0,9 0,7
Third and
3 subsequerthays 0.7 0.7

G.7 Signboards

Signboards are flat elements separated from the ground by a heoftat least a quarter of their
own heighth, z/h 2 1/4 (Figue G.31).

This sectiongives the aerodynamic action through a for€eperpendicular to the plane of the
element.This force isgiven througha force coefficienice = 1,8 and the location of its point of
application (clause 3.3.3).

The reference height igjeal toz = z, 40,5 K (Figure G.31)The reference ard#, i.e. the area on
which the resultant force is applied, is equabdo, L? = b-h. The forceis to beappliedat aheight
z=1z 40,5 K,with a horizontal eccentricitye = N, 25A

b

—]
I
b .
I« » _'._L.i_ h
: 1/4b 1/ab| |2
o e — _._._._ - h
h;Z_I _1;1/4b i 1/4b1
a T 1§ T !
ZQ ZQ

Figure G.311 Geometryof sgnboard.

For z/h < 1/4 there are two possible scenarigBementswith prevailing horizontaldevelopment
(h<b) canbe treated in accordance with clause &lBmentswith prevailing vertical development
(h>b) can still be treated as signboards provided the reference height is equal4p +h.

G.8 Compact bodies

G.8.1 Spheres

The wind exerts on spherical bodlesated not too far from the grouadpair of resultant forcesy
andFz acting almg theX andZ axes shown in Figure G.32hese forces amgiven througha pair of
force coefficientxex andcgz (clause 3.3.3).
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29

!

Figure G.321 Geometryof spheres.

The force coefficientex depends on the Reynolds numBerandon thesurface roughneds It is
defined by Figure G.33 arlwy the euation G.6

C.y =0,6 10 ¢Re @,5 10
Cy = 1,194 16g,(Re) 7405 2,5 I'® Re¢ 10
C.y 20,2 k/D = 10 (G.6
c., 20,3 k/D = 10
Cex 20,4 k/D= 10
0,80
Crx
0,60 \
\ k/b=10-3
\ k/b=10-4
026 k/b=105
0,00
1,E404 1,E+05 1,E+06 1,E+07 1,E408
Re

Figure G.331 Force coefficientgx for spherical bodies.

The Reynolds numbenust be calculated in accordance with tequationgiven in clause 3.3.7
where the reference length is equal to the diameter of the spt@r@he reference ard, i.e. the
area on which the resultant force is applied, is equAlzpM?4, L*> = A. The reference height is
equal tathe height above ground of tleentre if thesphere,z = z 0,5 © (Figure G.32).

The valuesof theforce coefficient given by Figure G.33 and.EG.6) are limited to cases where
the distancef thecentre of thesphere from the horizontal reference surface is more@héirthis

is not the case, the values given by Figure G.33 anpdd&6) must bebe increased by a factor of
1,6.

The vertical force coefficiertdz is given by the guation
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Crz=0 for z 2 % (G.7a)
D
Cz=0,6 for z, < E (G?b)

In theory the remaining aerodynamic coefficients should be zé&ropractice, evensmall

geometrical imperfectionsan lead to values of these coefficenther than zerd herefore, in all
cases wheresuch imperfections cannot be excludedeir possible effectsnust be considered
throughconservative valuesf the aerodynamic coefficients.

G.8.2 Parabolic antennas

The wind exerts on parabolic antennasetof aerodynamic actions defined in clause 3.3.3 using
Eqg. 3.13.However, when the oncoming wind directi@nin the vertical plane of symmetof the
parabolathe aerodynamic actioneducego a forceFx parallel to theaxis of theparabola,,a force
F2 perpendicular to thaxis of theparabolaandin the vertical plane, and a moment in the plane of
symmetry,My (Figure G.34).These actions are quantified by a pair of force coefficiepisand

Crz, and a moment coefficiertdyy.

Figure G.341 Aerodynamic actions on parabolic antennas.

The coefficientcrx depends on the angée of the parabola axis to the horizontal amdthe ratio
f/ID, wheref is the focal lengthK is the focal point) and the diameter of the parabola (Figure
G.34).1t is defined by Figure G.35 ary the equation G.8

= 0,0521 O a5,03
- 0,7 ¢, ¢,8 f/D =0, (G.8)
-1,1 ¢c., ¢,5 f/D =1,

CFX

wherea is the angle of inclinatioin degrees (°).

For ratiosf/D ranging from 0,2 to 1,0, linear interpolation of the values given in Figure G.35 is
allowed. For values outside the ran@® = 0,21,0, the use ofalueslower than those given in
Figure G.35 isiot allowed.
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2 T— f/ID=0,2

f/D=1,0 \
1 \
05

-0,5 \ f/D=0,2 |

1 \ f/D=1,0 |

-1,5

0 60 120 al] 180

Figure G.351 Force coefficientgx for parabolic antennas.

The coefficientcez depends on the angke and on theratio f/D (Figure G.34).lt is defined by
Figure G.36 anthy the equation G.9

c., =0,05 a ¢57 ~
c., =0,01 0 a057 75 T <90 ¢

. _ f/D= 0,
c., =0,0023 0 a 0,0025 90° < a3®
c., = 0,006 Oal,es8 130° < B8Q

(G.9)

¢, =-0,1 a ¢06
c., =0,0050 a0, 4 60 ~ <& ¢

. _ f/D= 1,
¢, =0,002 0 a0,16 80° < al3p
c., = 0,002 O a0,86 130° < B8G -

Fz

wherea is the angle of inclinatiom degrees (°).

0,4

0,3
f/D=0,2
N //\
/ f/D=1,0 \
0,1 //
0,0 + + + + + +

-0,1

-0,2
0 60 120 a[] 180

Figure G.361 Force coefficientg; for parabolic antennas.

For ratiosf/D ranging from 0,2 to 1,0, linear interpolation of the values given in Figure G.36 is
allowed provided they have the same sigtherwise both values of opposite sigmust be
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consideredFor values outside the ranff® = 0,21,0, the use o¥alueslower thanthose given in
Figure G.36 is not allowed.

The moment coefficiertyy is given by the guation
Cur = €z 2 (G.10)

wherexgz is the eccentricity of the transverse force given in Figure G.37.

0 0,1 0,2 0,3 04 fID o5
O 1 1 1 1 1
Xg,/D
-0,5 _
/—\
-1 / \\
—~——_
-1,5 ]

Figure G.371 Eccentricity of the transverserte F; for parabolic antennas.

The reference aredd, i.e. the area on which the resultant force is applied, is equal to the parabola
projeced arean a plane perpendicular to its adss pAd?/4, L* = A. The reference height is equal
to the heightabowe the grounaf thefocal point F of theparabola (Figure G.34).

G.9 Lattice structures

G.9.1 General

This section gives aerodynamic coefficient ptaine trusses and lattiseructuresin both cases, the
wind exerts on the structure structuralsectiors a forceFx applied in directionX that generally
coincides with thelongwind direction(clause 3.3.3)This force is quatified by a force coefficient
Crx given by the quation

Cex = Cexo OI! (Gll)
where:
Crxo IS the force coefficientdr structures oinfinite length
Vi is the slenderness factor that takes accouetigé effects

Clause G.9.2 gives force coefficierts for plane trusseClause G.9.3 gives force coefficients
Crxo for 3-D lattices Clause G.9.4 gives the slenderngsgor. For the aerodynamic coefficients of
individual structural members forming the truss, refer to clause G.10.
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G.9.2 Plane trusses

The densityj of a plane truss is the ratioetweenthe net projected areA, (on the plane
perpendicular to the windirgction) of the truss elements (members and gusset plaad)he
grossprojectedareaA.. For example, should the wind direction be perpendicular to a rectangular
plane truss (Figure G.40), the densitis given by the guation G.12

b e
=% ab = a Ay (G.12)

[

j

whereb; and ¢ are the width and length of the individual membefy is the area ok-th gusset
plate andd and ¢ are the width and length of theiss

Figure G.381 Key for rectagular plane truss

In the case of flow perpendicular to plane of the truss, the wind exerts on the whole tarss, or
portion of it a force in directiorX perpendicular to the plane of the trusg.(&.11).Ignoringedge
effects(clause G.9.4), thiforce is quantifiedhrougha force coefficientex,, generally a function
of the truss density , of the shape of structural members and, in the casewidedsections of
their Reynolds numbdre

The force coefficientex, for plane trusses with shmedged structural members is given by the
equation G.13Figure G.39):

Cryo = 1,778 Oj2+ 0 ¢ 9,2¢
Cryo =1,6 0,228 j ¢0,9 (G.13)
Cryo =4 O 2- 09 ¢ jl1¢
2.1
CFxo
2 r

1.9 \ ;
1.8 \\ .
1.7 !
\\ ,
1.6 !

15

0 0.2 0.4 0.6 0.8 j 1

Figure G.391 Force coefficientex, for plane trusses with shagaiged members.
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The force coefficientex, for plane trigses with circular structural members and densitginging
from 0,2 to 0,6 is given by theyeation G.14Figure 40):

Cry, =1,1 10 ¢Re ® 10
Cryo = 1,33 18g,(Re) 8#16 2 100 Re¢ 5 1€ (G.14)
CFXO = 0’2 d"Dg;Lo(Re) 9757 5 ft) Rel: 160¢

The reference ard#, i.e. the area on which the resultant force is appieeual to the net are,
L? = A,. The reference height is equal to the maximum height of the trussobiits portion,
considered in each particular case.

1.2
CF><o

. \
0.8 T 012q OO ]

0.6 "

0.4
1E+4 1E+5 Re 1E+6

Figure G.4071 Force coefficientgx, for plane trusses with cirtar members.

When the flow is not perpendicular to the plan® the truss the force inthe X direction
(perpendicular to the plane of the trusslower than in the case of perpendicular flow.(6.11).
This reduction may be taken into account by mijtng the force coefficientex,, defined by Bs.

(G.13) and (G.14) andigures G.39 and G.40, by the facyqr given by the quation G.15Figure
G.41):

y, = 0,00013 ©® a0,80035 : (G.15)

in which a is the angle (°), in the horizontal plane, between the oncoming wind direction and that
normel to the plane of the truss.
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Ya . ] \\

. N

0 30 60 a 90

Figure G.411 Reduction factor foskewedwind.

In the case of several plane trussasltel to each other and witthow perpendiculato them the

force in X direction(perpendicular to the plane of the trugsasing on thedownstreantr

ussess

lower than thagcting on theaupstreantruss(Eq. G.11). This reduction may be taken into account
by multiplying the force coefficientex,, defined by Bs. (G.13) and (G.14) and Figures G.39 and
G.40 for theupstreantruss, by theshelteringfactory s given by Figure G.42 and thguation G.16

y, =0,75 0,35¢cQ for x/d ¢ 3
y. =0,75 0,35¢,Q ; y. >0,1 xpd for x/d> 3
where:
X is the distance between tHewnstream and the upstretimsses
d is thedimensionof the truss shown in Figure G.38;

Crxo IS the force coefficient of the sfreamtruss.

0.8
Y,
\ x/d=6
0.6
TN x/d=5
x/d=4
0.4
0.2 ~
X/dCB
0
0 0.5 1 1.5 2 ¢, 25

Figure G.42- Sheltering factar

(G.164)

(G.16b)

Under no circumstances should reduction facgarandy s be combinedTherefore, in the case of
trusses arranged downwind from another truss with flow not perpendicular to their plane, the force

coefficientcex, may be reduced by just one of the two factorory s whichever is larger.

G.9.3 Lattices
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The density] of all or part of the lattice is calculated by usingde (G.12) where the geometrical
sizesof elements are those projected on a plane perpendicular worttielirection (Figure G.43).
Elements (members and gusset plates) in the wake of elberens are not ncluded in the
calculation.

& 5

-

Figure G.431 Characteristic dimensions of lattice girders.

In the case of latticewith a square or triangular cross section, the wind exerts on all or part of the
lattice girder a force in the directiofiof the oncoming flow (g. G.11).Ignoring edge effects, this
force is quantifiedhrougha force coefficient g, generally a function ahe lattice densityj , of
theshape of structural members and, in the casewfdedsectionspf their Reynolds numbdre

Figures G.44 and G.45 give typical values of coefficeqt for sharpedgedstructural members
andfor circularmembers, respectively

‘ <t
—_— d
Crkxo ! D X

35—

~”~~~~"~ — >—, d
3 : 1 X
- \\4---- T
o ‘

—_— 1.
~ . s 7 B X

1.5 - _ _ <><
0.1 J 1 A %I

Figure G.441 Force coefficientgx, for lattices with sharpedged members.
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Figure G.451 Force cofficient cgx, for lattices with circularmembers

The reference ard4, i.e. the area on which the resultant force is applied, is equal to the nat,area

L? = A,. The reference heigh# is equal to the maximum height of thetilz, orof its portion
considered in each particular case.

G.9.4 Slenderness factor

The aerodynamic coefficients given in clauses G.9.2 and @B/ totrusses and lattiseof

infinite length In practice, these structures have fingagthand theréore edge reduction effects

must be accounted fd8uch reduction can be ignored otherwise, it can be qutifiedthroughthe
slenderness factgr .
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The slenderness factgy is given by the guation G.1q{Figure G.46):

ey, =0,005 Bg,( )! 0085 1 ¢10¢
T .

j =0,1 § y &011lo09( ) 10,98 10 ¢100 ¢
ty, =l 100¢ | €200
gy, =0,025 dg,( ) ! 0,885 1 ¢10¢
T )

i =05 § y 607 lo@,( ) 1084 10t | ¢100 (G.17)
(y, =0,066 1bg,( )! 085 100 ¢ 20G
éy, =0,05 I06g,( )! 0,825 1 ¢10¢
T )

i =0,9 j y 6097 10Q,( ) 10,7478 10 ¢100 ¢
}y, =0,093 Bg,( ) ! 0786 100 ¢ PO@

wherel isthedimensionlesgffective slenderneg3able G.XV).

Regardless of whether the force coefficiept, (clauses G.9.2 and G.9.3) has been calculated for
all or just a part of the truss or lattidedepends on the overalligthl of the truss (Figure G.38) or
lattice (Figure G.43) andn the ratiol/d, whered is the mean reference dimension of the cross

section.For j values different from those specified im.§G.17) and Figure G.46;, can be
evaluatedy linear interpolation.

y ' —
C =02 p
/,////
4 . /
] =O,5 ___/ /
0,9 = %
// /
7
>l
~1j =0,9
0,8
1 10 100 | 1000

Figure G.461 Slenderness factor, .

Table G.XV 1 Effective slenderneds

[¢20m | =21
20me1¢50m | |1 H2,4 0,021)0 M¢
50 m¢ | | =,4 1
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G.10 Slencer structures and elongated structural members

G.10.1General

This section gives force and moment coefficcetd be used in g (3.14) for assessing
aerodynamic actions per unit length on slender structures and elostgraietdralmembers with
polygonalor circular sectionandon metallic profileqclause 3.3.4)These coefficients are defined

for isolated structures or structural membédembers forming part of lattisenustbe calculated

both individually, following the provisions of clauses G.1:G&20.6, andas part of the lattice
structure as a whalefollowing the provisions of clause G.¥ndeed, clause G.9 considers
aerodynamic interference phenomena arising amongst individual elements with consequent
deviations of actions from thos# an isolaéd memberAerodynamic interference may lead to both

a reduction or an increase in the overall acttberefore, in cases for which no provision is made
herein, it cannot be taken into account other than with the support of reliable experimental data.

Force and moment coefficients per unit length are given byghatens G.18

Cix = Cixo O|) (G18a)
Cy = Cro O)) (G.18Db)
Coz = Cnp O (G.18c)

where:

Cixo, Civo, Cmzo are the force and moment coefficients pet length for structures and components
of infinite length, therefore with twdimensional aerodynamic behaviour in the
cross section plane;

Yi is the slenderness factor that takes account of edge reduction effects.

Clauses G.10:-8.10.7 give values of the aerodynamic coefficiamts Crvo and cmz for the most
common geometrichapes examining case by case the dependence of these pasoeténe
Reynolds number, surface roughness and wind direcioparticular, clause G.10.@eals with
structures and components with a square cross section and sharp or roundedClaurse$5.10.3
deals with rectangular structuresdacomponentsClawse G.10.4 deals witlhegular polygonal
structures and componentSlause G.10.3leals with metallic profilesClause G.10.6 deals with
circular structures and componen@ause G.10.7eals withcables.Clause G.10.8 gives the
slenderness factor.

The refeence height of slender structures and elongated members dealt with in clauses G.10.2
G.10.7 is the current heightonsidered case by case.
G.10.2Structures and components with a square cross section

In the case of flow perpendicular to a face, the wardrts on structures and components with a
square cross section a force per unit length in the direction oiflgiwen by Hj. (G.18a).lgnoring
edge effects, this force is quantifigdougha force coefficientixo.

For sharpedged sectionsregardlessof Reynolds number and surface roughness, the force
coefficient iscix, = 2,1.
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Althoughtheoreticallyzero when the wind blows at right angles to one side of the square, the force
coefficient transverse to the wind directi@n,, and torsional momenbefficient, cmz,, may take

values other than zero even in the case of slight deviaticthe® oncoming wind directiorin order

to take account of this situation and any flaws in the geometric configurations, rather than zero, it is
recommended thaty,= ° 0,3 be used.

For sections with rounded corners, aerodynamic parameters depend on the corner oadibe
Reynolds number andn the surface roughnessVhilst consi@ring just the dependence on the
corner radius to be conservatitke coefficientcix, canbe reduced as a function of the ratibof
corner radius and sidd of the sectionusing the multiplication factor, given by Eq. G.19Figure
G.47):

r.
y, =1 -2,5|—o; . y0,8 (G.19)
Yr o] A Y
1 < N
—_— r |
X
05
0 T T T T
0 0,1 0,2 0,3 0,4

r/l

Figure G.471 Aerodynamic force reduction factor for square sections with rounded corners (wind
perpendicular to a face).

In the case of flow along a diagonal, indicating the axes pdipaar to the faces witk andY, the

wind exerts on structures and components with a square cross section a pair of forces per unit
length in directionsX andY, given by HEjs.(G.18a) and (G.18b)gnoring edge effects, these forces

are quantifiedhrougha pair of force coefficientsx, andcyo.

For sharpedged sections, regardless of Reynolds number and surface roughness, the force
coefficients ar&xo = Cryo = 1,55.

For sections with rounded corners, aerodynamic parameters depend on the cduser,rad
Reynolds number and surface roughn&ghilst considering just the dependence on the Reynolds
number to be conservative, the force coefficiamis and cr, canbe reduced as a function of the
ratio r/l of corner radiug and sidd of the sectiorusing the multiplication factoy ; given by Eq.
G.20(Figure G.48):

r .
y, =1 0,750 ;

| . y0,7 (G.20)

In each case the reference dimengisnequal to the side of the section.

12¢



CNR-DT 207/2008
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0.7
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_ @:Y
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0 0,1 0,2 0,3 0,4

r/l

Figure G.481 Aerodynamic force reduction factor for square sections with rounded corners
(diagonal wind diretion).
G.10.3Rectangular structures and components

In the case of flow perpendicular to a face, the wind exerts on rectangular structures and
components a force per unit length in the direction of #ogiven by Ey.(G.18a).lgnoring edge
effects, this érce is quantifiedhrougha force coefficient .

For sharpedged sections, the force coefficient in the wind direction depends @edtienaspect
ratio d/b (Figure G.49) and to a much lesser extent on the Reynolds number and surface roughness.
It is given by the quation G.21(Figure G.49):

Cio = 2,0 0,1 ¢d/b ©,2
Cio = 0,73 tdg,(d /b) 2,51 0,2 d¢ b 0f

Cyo = 1,64 16g,(d /b) 215 0,7 déb 5 (G.21)
Coo = 0,33 18g,(d /b) 123 5deh 10
Ch, =0,9 16d B ¢ 50
2,5 T T T | | T
Cixo E /// \\ d
2 N\ < Y> i
: N | - EE
151 I N X7l
1 :7 —r
05 1 —>
0 - HH —
0,1 1 10 100
d/b

Figure G.491 Force coefficientiy, for rectangular sections.
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Although theoreticallyzero when the wind blows at right angles to one side of the rectangle, the
transverse forceoefficient,cro, and torsional moment coefficiemt,z, may take values other than
zero even in the case of slight deviatiaighe oncoming wind directioriChis mainly occurs to
platelike sections in the wind directiott is recommended that sugwssibility shouldbe taken

into account byisingconservativenonzerovalues for these coefficients.

Thereferencdengthfor rectangular structures and componéstsb (Figure G.49).

G.10.4Structures and components withregular polygonal section

In the case of flow perpendicular to a face or along an axis of symmetry, the wind exerts on
structures and components with regular polygonal section a force per unit length in the direction of
flow X given by Ej. (G.18a).Ignoring edge effects, this force isuantified through a force
coefficient gxo.

For sharpedged polygonal sections, the flow separatian be dictated bthe edges, as in the case
of polygons witha small number of face®r by the flow, as in the case polygomsth a large
number of facesyhose aerodynamic behavicapproacheshat of a circular sectiof.able G.XVI
gives force coefficiemstcix, for the most common sectigressuming amooth surfacehese are to
be considered the highest values obtained upon varying the angle of thdingoimbn, except in
the case of a triangular section for which two wind directions are considered.

Thereferencdengthl is equal to the diameter of circumscribed lgrc

Table G.XVI T Force coefficientix, for regular polygonal sections.

Section Cixo
Trianglei upwind vertex 1,5
Trianglei downwind vertex 1,7
Pentagon 1,8
Hexagon 1,6
Octagon 1,4
Decagon 1,3
Dodecagon 1,2

Although theoreticallyzero when the wind blows along an axis of symmetry of the section, the
transverse force coefficierty,, and torsional moment coefficiemt,z, may take values other than
zero even in the case of slight deviatimishe oncoming wind directionThis mainly occurs to
polygons witha small number of facek is recommended that suplessibility shoull be taken into
accountusingconservativenonzerovalues for these coefficients.

G.10.5Metallic profiles

The wind exerts ometallic profilesa pair of forces per unit length in directioksandY in the
plane of the crossectiongiven by Ks(G.18a) ad (G.18b).Ignoring edge effects, these forces are
guantifiedthrougha pair of force coefficientsxo, and Gyo.

Figure G.50 gives force coefficients, andcq, for the most commometallic sectionsFor sme
coefficientscr, a pair ofvalues is given (positive and negate). This is the case of symmetric
sections for whicheven thoughheoretically zerothe transverse force coefficiemtay take non
zero values due to a small deviation of the flow

The referencéengthis I=b (Figure G.50).
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Y Y
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== X | =7 | \ - | |
0,1b 0,5b b

a [ | Cixo Ctvo al | Cxo | Gvo a [ | Cxo | Civo
0 2,0 0 0 205 0 0 1,6 0
45 1,8 | 0,1 45 195 0,6 45 15| 15
90 0,1 0 90 | +0,5] 0,9 90 0 1,9

Y Y

N
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Y X J Y )b(/ Y X
/

b b
0,43b 0,5b
a [ | Cixo | Civo a [ | Cixo | Cvo a [ | Cixo | Civo
0 2,05/ 0 0 18| 1,8 0 1,9 | 0,95
45 1,85| 0,6 45 2,1 1,8 45 1,8 0,8
90 0 0,6 90 -19 1 -1,0 0 20 | 1,7
135 | -1,6 | 04 135 | -2,0 | 0,3 135 | -1,8 | -0,1
180 | -1,8 180  -14 | -14 180 | -2,0| 0,1
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X
0,45b

a [ | Cxo | Civo a [ | Cxo | Cvo a [ | Cxo | Cmvo
0 2,0 0 0 1,75 0,1 0 1,6 0
45 | 12| 0,0 45 | 0,85 0,85 45 1,5 | -0,1
90 -1,6 | 2,15 90 -0,1 | 1,75 90 |-0,95| 0,7
135 | -1,1 | 25 135 | -0,75]|-0,75 135 | -0,5 | 1,05
180 | -1,7 | £2,1 180 | -1,75] 0,1 180  -0,1 | -1,5

Figure G.5071 Force coefficients fometallic profiles
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G.10.6Circular structures and components

The wind exés on circular structures and components a force per unit length in the didéction
flow given by Hj. (G.18a).Ilgnoring edge effects, this force is quantiftedougha force coefficient
Cixo-

Figure G.51 gives force coefficients, for circular setions as a function of the Reynolds number

Reandof theratio k/b, wherek is the surface roughness amthe section diamete€Curves A and B
shown in Figure G.51 are given by thguations G.22

- 0056 @,2 (curva A) (G.22a)

(Re/106)1'4

0,1970l0g, ( 10 k3b
¢ =1,255 + 9910( k3b)
1+0,4 fvg,(Re/10)

c fXo

0,4 (kb 15) (curva k
(G.22b)

The choicébetweercurve Aandcurve B is mad&ased on the value of the Reynolds number

The Reynolds number salculated based otlause 3.3.7wherethe reference dimensidnis the
diameter. Table G.XVII gives reference values for the rougsk of the most commomaterials
1,40

Cfxo
1,20

1,00 \

0,80

k/b=10-2
— | 1 kib=103
_— | __—1 kib=10"*
/ / k/b=10->
e il

B

\

—
\

\

|

0,60

N\

\

0,40

0,20

0,00
1,404 1,E405 1,E406 1,E407 1,6408

Re

Figure G.5171 Force coefficient, for circular structures and components.
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Table G.XVII 1 Surface roughneds

Surface area k [mm]
Glass 0,0015
Polished metal 0,002
Fine paint 0,006
Spray paint 0,02
Bright steé 0,05
Cast iron
Galvanised steel 0,2
Smooth concrete
Planed wood 0,5
Rough concrete 1,0
Rough wood

2,0
Rustal surfaces
Brickwork 3,0

Althoughtheoreticallyzero, the transverse force coefficienit,, and torsional moment coefficient,
Cmz, May take values other than zero due to even very dgiigpérfectionsin the shape of a
nominally-circular section.They may also be very different from zero, especially in sections of
small diameter, due to the formation of ice or wateulets It is recommended that such
possibilitiesshouldbe taken into accounisingconservativenon-zerovalues for these coefficients.

In the case of circular structures with large diameter butematelwall thickness, it is often
necessary to assess the effects predusy radial pressure distributiomo this end, reference
shouldbe made to clause G.3 by assigning the values specified in clause G.10.8 to the slenderness
factory, in Eqg. (G.3).

G.10.7Cables

The wind exerts on cables a force per unit length in thexiilim of flow X given by Hj. (G.18a).
Ignoring edge effects, this force is quantiftadougha force coefficient g,.

As in the case of circular components, the force coefficient of cables depends on the Reynolds
numberReandon thesurface roughnessn particular, roughnessanbe expressed by the ratio of
thestranddiameterd (of the outer layer should not alirandshave the same diameter) and the cable
external diameteb (Figure G.52)The force coefficients, is given in Table G.XVIII.

The eference length is equal to the external diamétér,

D

d

Figure G.521 Cable geometry.
Table G.XVIII T Force coefficients, for cables.
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d/D Re<400 0" Re-4a0"
0,07 0,85
0,1 1.2 0,95
0,15 1,05
0,2 1,3 1,11
0,3 1,18

G.10.8Slenderness factor

The aerodynamic coefficients given in clauses G.48.20.7 apply to atwo-dimensional flow
condition i.e. theycan be used forstructures or structural membeo$ infinite slendernessin
practice, structures and structural members have Sigtedernessvhich means that edge effects
shouldbe taken into accounthe finite slendernessf structures and structural membkyads to a
reduction ofthe aerodynamic forces that would act ostaucture or membeaf infinite slenderness
Such reductiorrangenerdly be ignoredr, otherwise, it can bguantified by the slenderness factor

Yi.
The slenderness factgy is given by the guation G.23Figure G.53):

y, =0,6 9,1 1dy,( ) for 1¢ I @0 (G.23a)
y, =0,45 #,25 léy,( ) for 10¢ I ¢00 (G.23b)
y, =0,61 9,17 l&g,( ) |: for 100¢ | @o0C (G.23¢)

wherel is thedimensionless effective slenderness (Table G.X\MJepends orhe lengthL of the
structure or componengn theratio L/I, wherel is the mean reference dimson of the cross
section,on theshape oftie cross section arah theflow conditions at the two ends of the structure
or componentTwo possiblities are considered hetiee firstis that wherghe flow is free i the
absence of end constrainte only slightly obstructed (e.g. in the case odioary unconstrained
nodes of trusses) at at least one dhd; second includes situations in which flow is essentially
blocked at both ends (e.qg. in the case of members supported by large plates or walls).

Yi 1

0,8 /

0,7 =

0,6

0,5

1 10 100 | 1000
Figure G.531 Slenderness factor, .

Table G.XIX i1 Effective slenderneds.
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LengthL (m)

Free flow at least one end

Flow blocked at both

Sharpedged section Circular section ends
L¢20m I =2 L4 I =L/I I =L/1 70
20mELES0mM |1 H2,4 0,02LPL AC| 1 1,2 0,01LPL AC| 1 1,2 0,01LYL A
| 270
50m¢ L I =,4 QI I =0,7 LAI | =0,7 LOI 70
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G.11 Bridge decks

The wind flow around a bridge deck arttie associategressure ditribution are very complex
phenomena, highly dependent on the shape of the declkfandn structuralcomponents (e.g.

wind- and noisescreens barriers and Jersey barriers), the presence and spacing of any adjacent
deck and the presence and distributmicrossingvehicles or trainsTechnical and scientific
publications on this subject still lack experimental data and calculation criteria that can be applied
generally and witlieasonable accuraey the design and/oexification stage.

In the lack of more specificand detailed analyses and assessments, the criteria provided herein
should therefore be taken assimple preliminary, generally conservative, guidejder no
circumstances should they be considemeghdatoryprovisions.They appy to bridge @&cks with
uniform crosssectiors, andof the types specified in Figure G.54 only for single or multiple span
bridges of length not exceedi2§0 m.

This section does not cover other bridge types such as arch bridges, suspension stdyeable
bridges, covered or moving bridges, bridges with significantly curved decks and bridges with
several adjacent decks not comparable to the simple scheme illustrated in clauseAB ke
structural types require specific assessments.

A
h TR Y )—l htOt R )-l htOt RII i )-l
- G:\:E\:W minininin
d ‘ — d d
A
Y
i ‘ i 1 el g e plg il
‘°t%ll'ex 1 1 1 1 llll\
d — d I d ‘
A
T\ Y N he| R A he gl i
Riot ﬁ_)‘ﬂ \\
d ‘ — d d
A
Y
i . I, L I h, Ao il
N L |
- d | I d d |
. YA o S S—
ot Niot Niot
S | __x> ] B | ] | - - ]

d

Figure G.541 Types of bridge decks covered in this secttbe:last two cases refer to bqilate
and truss girders.
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In the case of road bridges, it is assumed that the hefgighicles is 3 m along the entire bridge
span

In the case of railway brges, it is assumed that the heightrains is 4 m along the entitgidge
span

When the wind actiomccurssimultaneosly to road or railwayloads it should be reduced using
combinationfactors that take into account the probabilitydesignwind andtraffic loadsoccurring
simultaneously.

Clause G.11.1 deals with the case of an isolated @akse G.11.2 examines the case of a pair of
adjacent decks of similar shape.

G.11.1Isolated deck

Assuming that the wind actsorizontally and perpendicular the deck axis, it exerta st of
aerodynamic actionger unit lengthequal toan alongwind forcefy, an acrosswind (vertical) force
fy, and atorquemy (Figure G.54, Eq. (3.14), clause 3.3.Fhese actions are quantifitidrougha
pair of force coeffients,cx andcy, and a moment coefficiertyz

In the lack of more accurate assessments, force and moment coefficients per unit length are given
by the guations G.24

& 1,85
: -0,10 2¢d/h, &
1 d/h, ’
x 1 (6243)
+ 1,35
i d/h, >5
td/h,
Ee°§Ep7 w018 8o d/h, &
¢y =1 o Ny s o (G.24b)
(F1,2 d/h,, > 5
Cmz = £0,2 (G.24c¢)

where:
d is the deck width (Figure G.54);
hot  is the overaldeckheight(possibly including vehiclegFigure G.54).

Eq. (G.24a) and Figure G.5%ply for valuesd/hy: 2 2; for valuesd/hy: < 2, referenceanbe made
to the coefficients oforce per unit length for rectangular slender structures and elongated members
(clause G.10.3).

The aerodynamic actiorfg, fy and m; are simultaneous andhall becombinedin a way such to
produce the most severe effects.

If wind loads are combined withaffic loads the heighthy; shall include théneight ofvehicles or
trains. If wind loads are not combined withaffic loads the heighth; shall include théneight of
barriers

The referencéengthl is equal to the deck width(Figure G.54).

The referencédneight z is equal tothe distance from the lowest ground level to the centre of the
bridge deck structure inexsed byhio/2.
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Figure G.551 Values of coefficiat Cix.

G.11.2Adjacent decks

In the caseof adjacent decks (Figure G.56), considerable interference effects In the case in
which the two decks are similar to each othethmlack of more detailed analgs, the provisions
specified hereafteran be applied for preliminary calculations

- Y, Y,

I X1 ] I X, ]l

htot | I | IjG:U:tl I ‘ | I | Ic—;:uzmz \
dl dO d2

Figure G.561 Reference dimensions for adjacent decks.

When assessing wind actions on dedhs,followingthreecases should be considered
a) If the gap between the decks meetsrdwiremen{Figure G.56):

_ 4 .1 (G.25)
max{d, d,} 4

the wind a&tions on each deck atbose that would act on the deck if it were isolatelduse
G.11.1).

b) If the gap between the decks do®t meet theequirement oEqg. (G.25) and the two decks are
structurally independent (ignorireny connections at piers afwt abutments), the wind actions on
each deck are assessed by using the following puoeed
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1. wind actions on each deck aralculated as if the decks were isolatelduse G.11.1)these
actions are designated fyy, fys andmy;

2. wind actions arealculaedas if thetwo separate decksere onesingledeckof overall width
D (clause G.11.1)}hese actions are designatedpyfy, andmy,;

3. wind actions on each deck are given byeaheations

I P
f, = max }0,75C)fx2 (G.26a)
&t
f, = ° max { 050, |+ |mzzl|:)_ m,,| (G.2&0)
I G
m, =m,, (G.26¢)

whereDg is thecentreto-centredistance between the two decks (Figure G.56).

c) If the gap between the decks do®t meet theequirement oEq. (G.25) and the two decks are
structurally connected (either continugusir ata number of sectiojsthe alongwind force fx is
equal to either the force calculated if the two decksvere onesingle deck of overall widtid
(Figure G.56) or the force calculatéor the upstreamdeck asif it were isolated, whichever is
greder;theacrosswind forcefy andthe torquar; are calculateds if thetwo deckswvere one single
deck of overall widtD (clause G.11.1).

In order to calculate the overall actions transferred by the two decks to common supporting
structures (e.g. piers abutments common to both decks), the following procecamée used For

cases a) and @bove the actionexertedfrom the decks to common supporting structures are the
resultant of wind actions on the adjacent detiksase b) these actions a@ailatedby applying

the criterion specified undeasec) above.
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G.12 Friction coefficients
The friction coefficients; for use in K. (3.15) (clause 3.3.5) are given in Table G.XX.

Table G.XX 1 Friction coefficients.

Surface Gt
Steel, smooth concrete 0,01
Rough concrete, tarred surfaces 0,02
Corrugated surfaces 0,04

For the surfaces of flat elements having no flow separation (e.g. signboards and canopies), the
reference area coincides with the surface area (Figure Gibi)e case of surfaces ofements

subject to flow separation (e.g. roofs and side walls of buildings), the reference area is limited to
that portion of the surfacesubjected to an attachédw; more specifically, it is assumed that area

A subjected to frictions on the leewardide of the buildingnd has min-wind lengthequal to the
smallest value ofl2or 4h (Figure G.57).

The reference height for the friction force is equal to the highest point above ground of the surface,

z =h (Figure G.57).

T
S

=8

f—=s —i

Figure G.571 Reference area for calculating friction forces.
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Annex H DETAILED AND LOCAL AERODYNAMIC COEFFICIENTS

H.1 Introd uction

This Annex provides values for the dimensionless coefficients needed to transform wind velocity
pressure (clause 3.2) into locald#or detailed aerodynamic actions on buildiflgsth regular and
irregularin shapég and canopies.

These values can be used qaantify local pressure on small structural and -stvactural
components of limited surface area, e.g. for assessing windgsotoindividual members, cladding
or their fixings.

Furthermorepnly for buildings, theycanbe used as aalternative to the values given in Annex G
when, using the equations given in clause B8 pressure fieltlas to be described in major detalil
in particular,the values given in Annex G are obtained from those spedifidshnex Hwith the

aim of providing a simplified and generally conservative definition of the force or pressure field.

The values given heraifter refer to nominal oncoming winddirectionsQ perpendicular to the

main faces othe structurethese directions are denoted on each occasi@nb¥°, Q = 90° andQ

= 270°. In practice, these represent the most unfavourable values obtained in a range of wind
directionDQ = £45° either side of the relevant orthogonal direction.

The following sectionprovideaerodynamic coefficients for:

1 buildingswith rectangulaplanand uniform heighfclause H.2);

1 buildings with a nosrectangular plan anorruniform height(clause H3);

1 canopies withrectangulaplan (clause H.4).

For the internal pressure coefficients, reference should be made to Anné&oGstructural types

and geometries na@onsidered herein, refamce should be made technical publicationandbr to
wind tunnel testing (Annex Q).

H.2 Buildings with rectangular plan and uniform height

H.2.1 General

This section gives external pressure coefficients for the walls and rbafldings withrectangular
planand uniform height

In addition to the shape of the hlihg andto the oncoming wind direction, external pressure
coefficients depend on the size of tbadedarea The following sections give pressure coefficients
for loadedareas of 1 fand 10 rf; the corresponding/alues are given &pe1 andcpe10. External
pressure coefficients for different reference areas may be calculated by usiggahensgiven in
Table H.I.

Table H.l1 i Pressure coefficients as a function of the size of the loadedarea

Area External pressure coefficient

A O 12 m Cpe = Cpe’l
1nf<A<10nt | Coe=Cperl (Coerii Coet0) - l0GIo(A)
AO 1D m Ge=Cheio

Values ofcpey are generally used when calculating aerodynamic actions on small elements and
fixings (cladding elements, roofing elements, et¢gluesof cye10 (denoted in Annex G a5, are
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used in all eses in which a less detailed representation of the pressure field on the structure is
possible, e.g. when assessing overall actions on large areas of buildingsesultantwind forces
on major sructural components.

For protruding eavethe following criterion is applied {(Bure H.1):

1  the pressure coefficient on tlmver faceof the eave is equal to the pressure coefficierthe
vertical wall below the eave;

1  the pressure coefficienn the uppr faceof theeaveis equal to the pressure coefficientthe
neighbouring area of theof.

Fressure on the upper face:

\ the same of the roof

_—

Protuding eave

Pressure on the lower face:
the same of the vertical wall

Figure H.17 Pressure on protruding parts roof eaves.

H.2.2. Walls

The side walls obuildings with rectangularplan (Figure H.2) are divided in zone$ uniform
pressure coefficient as showmFigures H.3 and H.Z&xternal pressure coefficients for each zone
are given inTable H.1l as a function di/d, whereh is the height of the building ardlis its along
wind plansize For intermediate values bfd, linear interpolation may be used.

For very slender buildings, whod#d ratio is greater than 5, reference should be made to the
provisions of clause G.10 (slender structures and elongated structural compdnethis).case,
unlike the requirements speeifi in this clause, wind actions are expressed as forces per unit length.

The value ofgeometric parametex shown in Figure H.4 is equaitherto b or 2A hwhichever is
smaller

5 b
e=min‘:e . (H.1)

I 2

whereb is thebuilding acrossvind size(Figure H.2).

The reference height, shallbe calculatedollowing clauses G.2.2.1 and G.2.2.2.

Where overall forces on the building asdaulated as the sum of the forces acting on the windward
and leeward facg the effect of the lack of full correlation between the aetionscanbe taken into
account by reducing the values of both pressure coefficients using a multiplicatiory fattor

é 0,85 for h/id¢ 1

i i} (H.2)
{0,0375h /d 40,8125 for 1 k/d

Y:
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Torsional actions arisg when the wind does not blow along an axis of symmetry, due to pressure
fluctuations on the side facesdaue to the partiatorrelation of pressus®n the windward facesan
be taken into accoulty applying the criterion specified in clause G.2.2.3.

e
pd

b N

<A d
R

Figure H.2T Sizes of buildings witlmectangulaplan.

45°

Figure H.37 Walls of buildings withrectangulaplan areaof uniform pressure coefficielfplan
view).
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I
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|
7
Figure H.41 Walls of buildingswith rectangulaplan areasf uniform pressure coefficient

(elevation).

Table H.II 7 Pressure coefficients for the vertical wallsofldings withrectangulaplan.

Zone A B C D E

h/d Cpe10 | Cpel Cpe10 | Cpel | Cpe10 | Cper | Cpe1o | Cpe,t | Cpelo | Cpe1
T 1,1 70,1 : 10, 5| +0.8| +1,0 10,7

1 T1,)11,)10,] 11, io0o, 5| +0,8 | +1,0 10,5

O o,fJt21,72,]70,/]701, 10, 5|+0,7]| +1,0 10, 3

H.2.3 Roofs

H.2.3.1 Flat roofs
Roofs with a pitch ranging from 1T5A to +5A ar

The roofis divided in area®f uniform pressure coefficent as shommnFigures H.5 and H.6lhe
external pressure coefficients for each zone are givéabie H.III.

The value of geometric parametshown in Figure H.5 is equaitherto b or 2A hwhichever is
smaller:

‘b
e:minie . (H.3)

i2
The reference height, for flat roofs (Figure H.6) is equal to the maximum heigtdf the roof
above the ground-or roofs with parapets, the reference height is equa| toh + h,, wherehj is

the height of the parapetsind action on the parapetahbe calculatedollowing theprovisions of
clause G.5.
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45°

45°

Y
i _ a

7 7

Figure H.6 7 Reference heigtfor flat roofs with parapets or curved or mansard eaves.

Table H.IlII 7 Pressure coefficients for flat roofs.
Zone
F G H |
Cpe10 Cpe,1 Cpe10 Cpe,1 Cpe10 Cpe,1 Cpe10 | Cpe,1
Sharp edges T1,¢172,4171,171 2, TOo,| T1, °0,2
) h/h=0025|11,¢12, 1711, T 1, 1 0, T 1,
Wit - - - . - -
= q o
parapets hy/h=005 [T1,412,¢70, §y172,¢70,| 11, 0.2
hy/h=010 | T 1, 77 1, 10,411,410, T 1,
r’h = 0,05 T1, (711, T1,71711, 10, 4
Curved ™ 2070 [10, 111, ]710, {711, 10, 3 °0,2
eaves
r’lh=0,2 10,4710, 1T0,14710, 10, 3
U=30 T1,q¢71,1712, (711, 10, 3
Mansard < . 1 - I . 0
caves ?_45_ 11,3711, 11, 11, 10, 4 0,2
U=60 T 1, T 1, T 1, T 1, 10, 5

In zone I, both cased positive and negative pressure coefficient shall be ceresid
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For roofs with parapets, linear interpolaticenbe used for intermediate valueshgfh.

For roofs with curved eaves, linear interpolat@@ambe used for intermediate valuesr@i, wherer
is the radius of curvature; furthermoedongthe curvedoortion of the eave, linear interpolatioan
be used between values on the vertical wall and on the roof.

For roofs withmansard eavedinear interpolatiorcanbe used for intermediate values of angle
For a > 60° linear interpolation between the values &&r 60° and the values fdtat roofs
featuringsharp eavesanbe usedAlong the mansard eay#éhe pressure coefficients values given in
clause H.2.3.3 shall apply (duopitch roofs, values Qo= 0°) for the two zones F and @&
accordance with the pitch angheof the mansard eave

H.2.3.2 Monopitch roofs

Monopitch roofs (Figure H.7)are divided in areaf uniform pressure coefficent as shown in
Figure H.8 The external pressure coefficients &ach zone are given Trables H.IVa and H.IVb.

The value of geometric parametshown in Figure H.8 is equaitherto b or 2A hwhichever is
smaller:

éb
e=minj H.4
o (H.4)

I 2

The reference height for inclined monopitch roofs (Figure H.7) is eéqufle maximum height of
the roofabove the ground, = h.

For sl o®a®+5% efeence dhall be made to clause H.2.3.1

For 5° O a O 45°, pressure can fluctuate from negative to positive values, therefore pressure
coefficients with both signs are providetie value bringing to the largest efféat the structure or
elementshall beconsideredn each case
{  high high

i | T o
®=0° I @ = 180° lovwy
> ) |
]

Figure H.7 7 Key for monopitch roofs.
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&1l i
0= —— g

45

Figure H.8 7 Monopitch roofs of buildings withectangulaplan areasof uniform pressure
coefficient.
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Table H.IVa i Pressure coefficients for monopitch rodfs<£ 0° andQ = 180°).

Wind directionQ = 0° Wind directionQ = 180°
a F G H F G H
Cpe10 | Cpel | Cpe10 | Cpe1l | Cpe10 | Cpe1 | Cpe10 | Cpel | Cpe1o | Cper | Cpe1o | Cpel
T1,012,011,|]12,J10,/1T1,. i i i i i
5° r2,0rr2,)011,01r2,J]10,/11,
0 0 0
To,172,010,1T1, 10, 3| ) i i ) i
15° r2,0128|111,)12,J]10,/[11,
+0,2 +0,2 +0,2
To, 11,070,171, 10, 2
30° T1,)12,070, 711, 10, 8
+0,7 +0,7 +0,4
0 0 0
45° TO0,l1T1, 10,5 1T0, 7
+0,7 +0,7 +0,6
60° +0,7 +0,7 +0,7 TOo, 11, 10,5 10,
75° +0,8 +0,8 +0,8 TO,[ 11, 10, 5 T 0,

Table H.IVb 1 Pressure coefficients for monopitch roofs< 90°).

Wind directionQ = 90°

a Fa Fo G H I
Cpe10 | Cpel Cpe10 | Cpel Cpe10 | Cpel Cpe10 | Cpel Cpe10 | Cpel
5° T2,l12,]12 T2, 7v1,|]12,]10,T11, 10,5
15° T2, 172,11, 12,111,125 To,l 172, 70,11,
30° r2,lT7r2,yrr1,|12,l1712,{7r2,}112,] 12,1170, 11,
45° r1,|T72,yr7r1,|12,l171,{r7r2,}11,] 11,170,711,
60° ri1,|r2,yr1,|172,17r12,{r2,}1r1, 11,170, T1T1,
75° ri1,|T72,yr1,|172,l171,{r7r2,)11,]T11, 10,5

For intermedia¢ values of pitch angle, pressure coefficients can be obtained lyedr
interpolation between values of the same sign.

H.2.3.3 Duopitch roofs

Duopitch roofgFigure H.9)aredivided in area®f uniform pressure coefficent as shown in Figures
H.10a and HLOb. The external pressure coefficients for each zone are giveabiesTH.Va and
H.Vb.

The value of geometric parametshown in Figure H.9 is equaitherto b or 2A hwhichever is
smaller:

5 b
e=min‘:e . (H.5)
i2
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The reference height for inoled duopitch roofs (Figure H.9) is equal to the maximum height of the
roof above the groundz, = h.

For sl o®a®+5udfercd shall be made to clause H.2.3.1

In the zone 50 a 045°, pressure can fluctuate from negativgositive values, therefore pressure
coefficients with both signs are providedhe value bringing to the largest efféot the structure
or elemenshall beconsideredn each case

dowrwind

y/ ' ridge

Y

: dowerravind

positive values of i negative values of & |
Figure H.971 Key for duopitch roofs.

| Upwind |dnwnwind|
e 10 et

45°

Figure H.10ai Duopitch roofs of buildings witlmectangulaplan areasof uniform pressure
coefficient forwind direction perpendicular theridge.
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Table H.Vai Pressure coefficients for duopitch roofs:
wind direction perpendicular theridge.

Wind directionQ = 0°
a F G H I J
Cpe10 | Cpe1 | Cpe1o | Cpel | Cpe10 | Cpel | Cpe10 | Cper | Cpeio | Cpel
145 10, 6 10, 6 1T 0, 8 T0, 71121,/ 711,
13011, 012,010, 11, 1T 0, 8 T0,6]11T0,1T1,
Ti1y 12,012,171, 172,010,711, 10,510,111,
R _ _ _ _ _ 10, 6 10, 6
I 5112, 012,11, 012,010,111,
+0,2 +0,2
11120 11,12,/106]|T 1, ) 10, 6
5 1 0, 6
0 0 0 +0,2
15 TO0,|T2,]1T0,[T1, 10, 3 1T0, 41172,/ 711,
+0,2 +0,2 +0,2 0 0
30 TO0,T1,J]T0,T1T1, 10, 2 10, 4 10,5
+0,7 +0,7 +0,4 0 0
_ 0 0 0 10, 2 1T 0, 3
45
+0,7 +0,7 +0,6 0 0
60 +0,7 +0,7 +0,7 10, ] ,
75 +0,8 +0,8 +0,8 10, T 0,
® = 9(F
!
45°
+—> :
15°
1)
| o

Figure H.10bi Duopitch roofs of buildings withectangulaplan areasof uniform pressure
coefficientfor wind direction parallel toheridge.
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Table H.Vb 1 Pressure coétients for duopitch roofs:
wind direction parallel toheridge

Wind directionQ = 90°
G H I

Q
Tm

<
£
X
&

Cpe 10
1,

Cpe1 | Cpero | Cper
1,

£
o
=
(@]
o
@D
=
o

T 45
T30
T 15
T 54
5e
15°
30°
45°
60°
75°

H

O|O| O
el e el ]

RPIRPIRPIERININININININ
NINININININININININ

|l O I B O B O T O I O T )
—_ | = == = = = =1 =] =

— — | — | — — — | — — — | — |
[l e I R I T O O I 6 -
—_ | = == = = = =1 =] =

o|lo|o|o|o|o|lo|o|r
RlRr|R[PR|R|[RPR|R| R~
o|lo|o|o|o|o
glajlo|la|lo|o

For awind directionQ = 0°, when5° Oa O45° two values are given for tharessure coefficient
The largest valuesor theareas F, G and H are combined with the largest vitugbeareas | and
J, the smallest with the smallegtositive and negative pressure coefficishall not be combined
for the same face

For awind directionQ = 0° and ér intermediatesalues of pitch angla, pressure coefficients can
be obtained byihear intepolation between values of the same sign
H.2.3.4 Hipped roofs

Hipped roofsaredivided in area®f uniform pressure coefficent as shown in Figure H.11 and H.12.
The external pressure coefficients for each zone are givesbla H.VI.

The value of geometr parametere shown in Figures H.11 and H.12 is eqeitherto b or 2A h
whichever is smaller:

5 b
e=min‘:e . (H.6)

I 2

The reference height for hipped roofs (Figures H.11 and H.12) is equal to the maximum height of
the roofabove the ground, = h.

For sl oa®+5% refeence dhall benade to clause H.2.3.1

In the zone 50 a 045°, pressure can fluctuate from negative to positive values, therefore pressure
coefficients with both signs are providede value bringing to the largest efféot the structure or
elementshall beconsideedin each case
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i i |
Figure H.11.7 Hipped roofs of buildings withectangulaplan areasof uniform pressure
coefficient(Q = 90°).

e/10 e/10

Tt

45°

45°

77

Figure H.12.7 Hipped roofs of buildings withectahgulaplart areaof uniform pressure
coefficient(Q = 0°).
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Table H.VI T Pressure coefficients for hipped roofs.

a, for Wind directionQ = 0° andQ = 90°
Q=0°, F G H | J K L M N
ag for

Q=90° Cpe10 | Cpe1 | Cpe1o| Cpet | Cpe1o | Cpei | Cpeto | Cpei | Cpe1o | Cpei | Cpe1o [ Cpei | Cpeto | Cpei | Cpe1o | Cpei | Cpe1o | Cpet

-1,7(-2,51-1,2|-2,0|-0,6|-1,2

+5° 0,3 0,6 06 |-1,2|-2,0|-06/-1,2] -0,4
0 0 0

+15° 'O’9|'2’O '0’8|'1’5 0.3 05 |-1,0|-15]|-1,2|-2,0]-1,4|-2,0]-0,6|-1,2] -0,3
+0,2 +0,2 +0,2

+30° 'O’5|'1’5 '0’5|'1’5 0.2 04 |-07|-12] -05 |-1,4|-2,0|-0,8/-1,2] -0,2
+0,5 +0,7 +0,4

+ 45° 0 0 0 0,3 0,6 0,3 |-1,3|-2,0|-0,8|-1,2] -0,2
+0,7 +0,7 +0,6

+60° +0,7 +0,7 +0,7 0,3 -0,6 0,3 |-1,2|-20| -04 0,2

+75° +0,8 +0,8 +0,8 0,3 0,6 0,3 |-1,2|-20] -0, -0,2

For a wind directionQ = 0° and pitch ang&5° Oa O45° two values are given for theressure
coefficient Two cases should be considerede with all positive pressure coefficient and one with
all negative valuegyositive and negative pressure coefficishall not be combined

For intermediate vales of pitch anglea pressure coefficients can be obtained yedr
interpolation between values of the same sign

The pressure coefficienthall be chosen based dmetpitch angle of the windward facé the
building.

H.3 Buildings with a non-rectangular plan or non-uniform height

The distribution of external pressure on buildings depends significantly on their geometry.
Therefore for buildings other than thoseith a rectangular plan anghiform height(clauses G.2
and H.2) attention must be paid Belecting external pressure coefficients.

For buildings with a complex plan geometry, as for those with uniform heightpressure
coefficierts cannot be quantified in a simple manner; in these cases, their assessmesguinay
wind tunnel teshg.

This clause deals with two particular types of irregular building. Clause H.3.1 refers to buillings
uniform heightbut with a ground plawhich isa combination of rectangular elements. Clause H.3.2
refersto buildings having a rectangular pldout made ofelementsof different height (clause
H.3.2.1) or recessed bodies (clause H.3.F®). these cases knowledge of fleev patternand
available experimental data allow to infer general crittoraselecing pressure coefficientBom

the values given irlauses H.2.2 (walls of buildings with a rectangular ground plan and regular
elevation) and H.2.3.1 (flat roofs).

In generalre-entrant corners and recessed baysaraate local flow modificationgiving rise to
areaswhere pressure is very differénbm that which would occur in the absence of stedtures

With reference tahe building shown in Figure H.2, the geometric parameterintroducedgqual
eitherto b or 2A ,lwhichever is smaller:
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éb
e=minj H.7
o (H.7)

I 2

Re-entrant corners and recessed blags thare/20 can generally be ignored in the assessment of
the pressurdistributionaround the building.

On the other handor re-entrant corners and recess®ys greatethane/20, and in the absence of
moreaccuratedatg referenc&écanbe made to theriteriagiven in the following clauses.

H.3.1 Buildings with non-rectangular plan

For buildings that can be included in one of the cases shown in Figure FedSunacoefficients
for the vertical wallsanbe assessed by adopting the criteria given below.

If the plan of the building comprises a body with a rectangular plan (generally of larger dimensions)
from which other bodies with a rectangular plan protr(generally of smaller dimensions as in
cases a, b and c in Figure H.18)e following rules apply.From the windward corner of the
building from which the flowseparates45° anglelines are drawnvith respect to thelirection of
theoncomingflow. Thesurfaces inside the sector identified bystsknes can be broken down into

two zones. the first,indicatedas X, belong to body A (with parametelog andd,) from which the

lines were plotted; the seconiddicatedas Y, belong to the rest of the buildjn(body B, with
geometric parametels and @).

In the X zones, the pressuceefficientis the same aswould be in the absencd bodyB.

In theY zones, both the following situations are considered:

1) the pressurecoefficientis the same as that i zones of body A (and therefore generally
negative);

2) thepressureoefficientis the same as that which would act on body B in the absence of body A
(therefore generally positive).

In all otherareasof body B, pressureoefficients areghe same atheywould be in the absence of
body A.

The pressure coefficients on all the leeward facdmdf B (downwind with respect to body Aje
equal to the pressure coefficient on the leeward face of a rectangular building ofvaowss
dimensions equal to thoselwddy B.

If the ground plan of the building has recebdmys(as in case d in Figure H.13), geometric
parametee, is equaleitherto b, or 2A ,lwhichever is smaller:
e= minie blz, (H.8)
2
If the recessizes(b; andd;) do not exceed the value @f1Q
- on the faces of the recebay (indicatedas X), the pressureoefficientis equal to that of the
adjacent portion of theoof;
- on theotherfaces of the building, the pressueefficientis the same ag would be in the
absence of the recess.

If the sizesof the recess are more thaflQ reference should be made to specific data or wind
tunnel tests.
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Figure H.13- Reference diagms for buildings with an irregular plan.
H.3.2 Buildings of non-uniform height

H.3.2.1 Buildings with irregular or inset faces

The criteria set down below appto buildings with a rectangular plahaving flush walls with
corner cwouts in elevationasin the caseshownin Figures H.14 and H.15.

If the lower portion of the buildings locateddownwind(cut-out downwind) the lateral faces of the
building are divided into zonesf uniform pressure coefficier{fFigure H.14) in accordance with
geometric prametee givenas
‘b
e:minie B (H.9)
i2
whereb is the building width (acrossind dimension) andl is the maximum height.

The pressureoefficientson the upwind face of the tallportionarethe same atheywould be in
the absence of the lawportion The pressureoefficientson thedownwind faces of the taller body
and the lower bodymust be calculated with reference to the maximum heighdnd to the
longitudinal dimensionl of the building following heading H.2.
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e/5 4/5 e e/5 4/5 e

e d-e e d-e

Figure H.14 - Buildings with a rectangular plan apdrtionsof different heights
(cut-out downwind).

If the lower portion of the buildings locatedupwind (cutout upwind) the lateral faces of the
building are divided int@ones ofuniform pressure coefficientFigure H.15) in accordance with
geometric parametees ande;, givenas:

éb éb
e = minj * : e, = min j 2 (H.10)
1 ) 1 2

whereb; andb, are respectively the width exposed to the wind of the upper and pawigonsof

the building. Thereference heights for each of the two zones are the héiglasd h, of each
portionof the building.

The pressure on the upwind face of thedowortion of the buildings calculated as if th&ller
portionwere not present. The pressure on the upwaimdidownwind faces of thaller portionbody
is calculated as if the losvbody were not present.

a __A5e, ef5 b

45 e, e,/5

4/5e, |e,/5

d-e, e,

Figure H.15 - Buildings with a rectangular plan apdrtionsof different heights
(cutout upwing.
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H.3.2.2 Buildings with inset storeys

For buildings withinset storeysvith respect to thetoreys belowas in the caseshownin Figure
H.16, use can be made of the following criteinaywhichgeometric parametees ande;, are defined
as

& b & b

e = min‘,e ! X e, = mn ‘? 2 (H.11)

i h 1 2
For edge of face inset from edge of lower storey, provided that the upwind edge of the wall is inset
a distance of at lea6t2-a (Figure H.16a), the pressure distributiontbat portion of the building
are the same asrectangular buildig of uniform heightheading H.2) with badecatedat the level
of the roof of thelower portion of the buildingThe reference heighs the total height of the
building.
Where the upwind edge of lower storey is flush, or inset, a distess¢han @-e; (Figure H.16a),
or is aligned along the upwind face (Figure H.16b), the same division into uniform zones is used as
for the previous point, although in this case inserting a zone, indicated by E in Figure H.16b, in
which a pressure coefficie,e = 2JO is used; this zone extends from the roof level of the
underlying body for a height equivalented3.

>0,2e, a b
4-—404*

: E— N
N B C hy l::> B C hy
; h2 62/3 \ h2
b,

x>

Figure H.1671 Division into zones o@iniform pressureoefficientof the lateral walls of buildings
with edge of facenset or flush with edge of lower storey

The pressureoefficientson the roof of théower portion of théouilding are the same as they would
bein the absence of thaset storeysexcept foran areaof width &/2, indicated by the broken line
in FigureH.17, around the perimeter of tireset storeysin thisarea the pressure coefficients are
the same as those acting on dagacent verticalvalls of theupper storeys
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Figure H.1771 Pressure distribution on the roof of a building havimggt storeg (plan view).

H.4 Canopies

This heading gives net pressure coefficsetat be used to assess local actions on elements or
portions of canopies composed of a single layer roof. Evaluation of local pressures on the upper and
lower face of canopiewith a daible roof layerrequiresspecific assessments and, if necessary,
wind tunnel tests.

Net pressurecoefficientsc,, given below ardunctions of theblockagearising from the presence of
constructions or obstaclesderneathhe canopy; the blockagkis theratio between the obstructed
areaunderneathhe canopy and the total ar@aderneatthe canopy, ashownin heading G.6.

Positive net pressure coefficierdse associated witdownward pressuresegative net pressure
coefficientswith upward pressures

In no case should net pressure coeffiddrd used to assess the global action exerted by wind on
the canopy.
H.4.1 Monopitch canopies

Local net pressure coefficients on monopitch canopies are given in Table H.VII, for the areas of
uniform pressure shawin Figure H.18.

Table H.VII gives the values of net pressure coefficients as a functibe bibckageratio (i andof
the slopeU of the canopy(Figure H.19) Linear interpolation is allowed for intermediate values of
U for intermediate values df, linear interpolation iallowed between the valués0 andi=1.

The reference height is equal to the maximum height of the cafme the groundz = h (Figure
H.19).
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Figure H.181 Monopitch canopiesareas of unifornmpressure coeftients

Table H.VII i Netpressureoefficientsfor monopitch canopies.

a Bl ockage Net pressure coefficiemp,
A B C
Maximum, all values of +0,5 +1,8 +1,1
0° Minimum,j =0 T0, ¢ 171,31 11, 4
Minimum,j =1 T1,898 11,4 12, 1
Maximum, all values of +0,8 +2,1 +1,3
5° Minimum,j =0 T1, 71 11,7 11, §
Minimum,j =1 T1,4¢ 72,79 12,14
Maximum, all values of +1,2 +2,4 +1,6
10° Minimum,j =0 T1,% 12,0 12,
Minimum,j =1 T2,1 12,4 12,
Maximum, all values of +1,4 +2,7 +1,8
15° Minimum,j =0 T1,§¢§ 12,49 12,4
Minimum,j =1 T1,6¢ 172,94 13, (
Maximum, all values of +1,7 +2.9 +2,1
20° Minimum,j =0 T2, 12,84 12,4
Minimum,j =1 T1,6¢ 172,94 13, (
Maximum, all values of +2,0 +3,1 +2,3
25° Minimum,j =0 T2,¢ 13,2 13,1
Minimum,j =1 T1,4% 72,9 12, §
Maximum, al values ofj +2,2 +3,2 +2,4
30° Minimum,j =0 T3, 13,§ 13, ¢
Minimum,j =1 T1,9% 12,4 12,
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Figure H.191 Key for monopitch canopies.

H.4.2 Duopitch canopies

Local net pressure coefficients on duopitch canopies are given in Tables H.Vllla and H.\llIb, fo
the areas uf uniform pressure shown in Figure H.20.

Tables H.Vllla and H.VIlIb give the values of net pressure coefficients as a functiothef
blockageratio (i andof the slopeJ of the canopy (Figure H.21Linear interpolation is allowed for
intermedate values ofJ; for intermediate values df, linear interpolation isllowed between the
values(i=0 andi=1.

The reference height is equal to the maximum height of the cafme the groundz = h (Figure
H.19).

Ac’j/io‘ o ~d/0
U AR 1b/1°‘
* 7Lb/10
d | |

16C



CNR-DT 207/2008

n
]

b/10

b/10,

|
%

Figure H.211 Key for duopitch canopies.
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Table H.Vllla - Netpressureoefficientsfor duopitch canopiesalues ford> 0°.

a Blockage Net pressure coefficiemp,
A B C D

Maximum, all values of +0,6 +1,8 +1,3 +0,4
5° Minimum,j =0 T 0, T1,4 11,4 171,
Minimum,j =1 T 1, T2, T 1, T 1,
Maximum, all values of +0,7 +1,8 +1,4 +0,4
10° Minimum,j =0 10, T 1, T1l,4 11,
Minimum,j =1 T1, T2, T1, T 1,
Maximum, allvalues of +0,9 +1,9 +1,4 +0,4
15° Minimum,j =0 T 0, T 1, Tl1l,4 171,
Minimum,j =1 T1, T2, T1, T2,
Maximum, all values of +1,1 +1,9 +1,5 +0,4
20° Minimum,j =0 T1, T 1, T1,4 12,
Minimum,j =1 T1, T2, T1, T2,
Maximum, all values of +1,2 +1,9 +1,6 +0,5
25° Minimum,j =0 T1, T 1, T1,4 12,
Minimum,j =1 T1, T2, T1, T2,
Maximum, all values of +1,3 +1,9 +1,6 +0,7
30° Minimum,j =0 T1, T 1, T1,4 12,
Minimum,j =1 T1, T 1, T1,4 12,

Table H.VIIIb i Netpressureoefficientsfor duopitch canopiesvalues forU< 0°.

Net pressure coefficiem,

a Bl ockage
A B C D
Maximum, all values of +0,8 +1,6 +0,6 +1,7
120 Minimum,j =0 10, T1l, T 1, 10,
Minimum’j:]_ T 1, 1T 2, 4 T2, 4 1T 0,
Maximum, all values of +0,6 +1,5 +0,7 +1,4
T15 Minimum,j =0 10, T1l, T 1, 10,
Minimum,j =1 T 1, T2, T2, 10,
Maximum, all values of +0,6 +1,4 +0,8 +1,1
T10 Minimum,j =0 10, T1l, T 1, 10,
Minimum,j =1 T 1, T2, T2, 10,
Maximum, all values of +0,5 +1,5 +0,8 +0,8
T 5A4 Minimum,j =0 T 0, T 1, T 1, T 0,
Minimum,j =1 T 1, 12,4 12,4 10,
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H.4.3 Multibay canopies

As afirst approximation the net pressureoefficientson eachbay of multibay canopies 4ll with
the samepitch angle)can be consideretthe same as those af solaed duopitch canopy (heading
H.4.2).

Only in the case of wind perpendicular to the direction of the ridges, and only fgedneetries

shown inFigure G.30, the net pressure coefficients defined in heading ehdl2e multiplied by
the reduction factorgiven in Table G.XIV, in accordance with the diagram in Figure G.30.
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Annex |  DYNAMIC PROPERTIES OF STRUCTURES

.1 Introduction

This Annex applies tostructure featuring alinear elastic behaviour and classic vibration modes.
The dynamic properties ofélstructure are therefore:

- the natural frequencies,

- the moe shapes,

- the generalised and equivalent masses,
- the generalised moments of inertia,

- the critical damping ratios.

The following headings provide estimates of these parameters and specifpieability.
[.2  Natural frequencies

1.2.1 Natural frequencies for cantilevered structures with mass concentrated at the free end

An approximateequationfor the first naturalfrequency ofa mass supported by a cantilever of
uniform mass and stiffness (Figuk.1) is given by Eq. I.1

3CE &
n=t g>E "o (1.1)
2p M, O

where:

h is the height of the structure;

E is the modulus of elasticity of the material;

J is the moment of inertia of the cressction of the cantilever;

Ms is the equivalentmass approxmately equal tomM =M +m hd2, where M is the

concentrated mass andis the masger unit lengthof the cantilever.

When thestructuralsizes are expresseith m, the modulus of elasticity in N/frand the mass in kg,
then in Eq. (1.1) thérequerty n is in Hz.
MO

y

Figure I.17 Vibration of a cantileveof uniform crosssection
with mass concentrated at the free end.
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1.2.2 Bending natural frequencies for slender structures
The i-th bendingnatural frequencyf a slender structurébeamlike strudure) of uniform cross
sectionis given by Eq. 1.2
172 |EQ
n = .
2p B m

! (1.2)

where:

I is the length of the structure;

E is the modulus of elasticity of the material;

J is the momenof inertia of the crossection of the structure;
m is the mas per unit length;

i is a coefficient depemag on boundary conditions (Table L.I).

Table I.I. | ; coefficients.
Boundary condition | 1 P | 3 | 4 i (i>4)
Hinge-hinge p 2p 3p ap ip
Fixedfixed 4,730 7,853 | 10,996 | 14,137 | (2i+1)p/2
Fixedhinge 3,927 7,069 | 10,210 | 13,352 | (4i+1)p/4
Fixedfree 1,875 4,694 7,855 | 10,996 | (2i-1)p/2

When thestructuralsizesare expresseith m, the modulus of elasticity in N/and the mass in kg,
then in Eq. (1.2) thérequencyn; is in Hz.
1.2.3 Torsional natural frequenciesfor slender structures

The i-th torsionalnatural frequencyf a slender structurgbeamlike structure) of uniform cross
sectionis given by Eq. 1.3

n,, =t [S (1.3)

where:

G is the shear modulus of the material;

J. is the torsional momendf inertia of the crossection of the structurdpr circular cross
sectionsthis is equal to the polar moment of inedjain general); < Jy;

l, is the polarmassmoment of inertia per unit lengthbout the torsion axis this can be

calculatedas I, =1} +m dO, were 1} is the polar mass moment of inertia per unit length
aboutthe centre of massn is the mass per unit length adds the distance of the centre of

masdgo the centre of torsion;
I is the length of thetsucture;

I vi is a coefficient that depends on boundary conditions; in particular, for cantilever structures,

1y, =(2 01 (m2).

When thestructural sizesare expresseéh m, the shearmodulus in N/ and thepolar mass
moment of inertia per uniehgth inkg@n?m, then in Eq. (1.3) thérequencyny; is in Hz.
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[.2.4 Natural frequencies for multi-storey buildings

This headingppliesonly to buildingshaving uncoupled sway and torsional modesan example,
thisis the case of buildingsavingtwo planes of symmetry.

The first sway natural frequency, decreasesvith increagng heighth of the buildingand canbe
approximateds

1 1

n, = .
0,015¢h 0,0181€

for RC or composite steel/RC buildings (1.4)

1

1 1
0,020 0,024 1€

for steel budings (1.5)

n

wherehis inmandny is in Hz.

Theformer estimates (largérequeng values) apply temall amplitudeof oscillationsand are thus
appropriate for abitabilittassessments (Annex N); thater estimates (smallérequeny values)

apply to rge amplitudes of oscillation and are therefore appropriate for ultimatestates.to be

in any case carried out the elastic range.

Only for steelbuildings, the frequenciesf higher modexanbe assumed proportional to the first
natural frequencyby applyingthe equations 1:6

n,=3,05Q, n 546n0On 7,69n (1.6)

The frequency of the first torsional mode for reinforced concrete, composite and steel buildings
may be estimateby Eq. I.7

n, =1,35 Q (1.7)
Equations 1.4 throughl.7 interpolate anextensive -collection of fulscale experimental
measurements iexisting buildings. Dynamic numerical analyses (efgcM analygs) must be

carried oufproperly accounting fathe contribution ohon-structuralelements.

1.2.5 Fundamentd bending frequency for chimneys
The fundamentadbendingfrequencyof chimneys can bealculated by using Eq. L.8

e 1© .JW
n, = - s}—s (1.8)
heff WT

Ny = h .9)

with:

where:

b is the top diameter of the chimney

het IS the effective hght of the chimneyseeFigure 1.2;

Ws is the weight of structural partsnly, i.e. those alsaontributing to the stiffness of the
chimney;

Wr s the total weight of the chimney, calculated by addind/¢éahe weight of alihon structural
parts;
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e1  =1000 m/s, for steel chimneys;
= 700 m/s, for concrete and masonry chimneys.

When structurasizesare in m, frequencs is obtained in Hz.

—~l k=
N7 AN ANTT

zZ l ‘hE hz

Figure 1.2 - Geometric parameters for chimneys=hi/3).

1.2.6 Ovalling frequency for cylindrical shells
Thefundamental ovalling frequency fon ainstiffeneccylindrical shell is given by Eq. 1.10

t |E
N5, =049 & 6= (1.10)

Ns

where:

t is the shell thickness;

b is the shell diameter;

E is the modulus of elasticity of the material;
rs isthe density bthe material of the structure.

When structuralsizesare in m, the modulus of elasticity in Nfnand the density in kg/fn
frequencyno ; is obtained in Hz.

For steekhelk (assumingE = 0,21¢13% N/m?, r s = 7.850 kg/m), Equation (I.10pecomes
Ny, = 2534 & (1.11)

where, expressingandb in m, frequencyo ; is obtained in Hz.

1.2.7 Fundamental bending frequency for bridge girders

The fundamentabertical bendingrequency for bridgejirdershaving sufficient torsional stiffness
(e.g.box girders), even Wvith nortuniform crosssection,canbe approximatety Eq. .12
where:

' d E o (.12)
n, = .
oop & m
L is length of the main span;

E is the modulus of elasticity of the material;

J  is the momenof inertia of the crossection(evaluatedat midsparfor variable sections)

m is the mass per unit length of ttaal crosssection of the bridge de&t midspanificluding
dead andive loads);
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| , is a dimensionless configuratioactor, depending orsupport conditionThe following cases
can beconsidered

(a) for single span bridges:
| , = p for simply supportedjirders
| , = 3,927for girders clamped at one eadd supported at the other end;
| p = 4,730for girders clampedt boh ends;

(b) for two-span bridged, is obtained from Figure |.3yherelL? Lg;

(c) for threespan bridged, , is obtainedrom Figure 1.3 whereL; is the length of théonger
side spanand L2L,2L,. This value appliesalso to bridges with a cantilevered o
suspended main span. U2 L, the factorl , may be obtained by considering only two
spansneglecting the shortest side span andsideringhe largest side span as the main
span of an equivalent tw&pan bridge

(d) for symmetrical fomspan continuosigirders(i.e. bridges symmetrical about the central
support), factodl , can be obtained from the curves for tgman bridgesconsidering
each half of the bridge as an equivalent-span bridge

(e) for nonsymmetrical fouwspan continuougirdersandcontinuousgirderswith more than
four spansfactor| , canbe obtained from Figure3 using the curveppropriate tahree
span bridgedaking asmain span th&argestinternal span

Three-span bridges

20 1 1 1 1 >
0,00 0,25 0,50 0,75 1,00 L

L

1

Figure 1.3 - Dimensionless configuratiofactorl .

If the value of ,[E &1, / m at thegirdersupports is less than 0.8 times or exceeds twicedlue at
midspan, fuation(l.12) becomes inaccurate, asdould not be used.

If structural dimensionarein m, the modulus of elasticity in M? and the mass per unit length in
kg/m, the frequency is obtained in Hz.
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The equationggiven in this headin@re applicableonly to cases in which thgirder restson stiff
shoulders or piers. For bridggrders restingn flexible piers it is essentito use models that take
jointly into account the deck and the piers.

1.2.8 Fundamental torsional frequency for bridge girders
The fundamental torsional frequency for bridgex girders cate approximatedy Eq. 1.13

Ny ,=n q P(B PR} (1.13)

in which:

P = P _ ‘ _ .14
D (1.14)

where:

n; is the fundamental bending frequency;

b is the total width of the bridge

m is thetotal mass per unit length of tHaidge at midspanificluding dead andive loads) in
kg/m;

I, is the dimensionless contigation factof heading 1.2.7

n is the Poisson ratio of the girder material,

] is an index identifyinghebox girder;

rj is theoffsetof thej-th box centrdine with respect to the bridgeentreline;

I  is themassmoment of inertia per unit tgth ofthej-th box girder at midspan, includirthe
effective width of deck

It is thegirdermassmoment of inertia per unit lengtpivenby Eq. .15

m, b’

12

(g m 9 (1.15)

i

s

where:

my is the mass per unit length of thederat midspan

l5  is the mass moment of inertia of bjoat midspan

m  is the mass per unit length of bpat midsparwith an associated portion of deck;
Jj  is the torsional moment of inertia of bpat midspangivenby Eq. 1.16

4("30\]-2
3, = (1.16)

1~ ds
A

whereA is the area enclosed by thth boxat midspan in the integral thehordthicknesd is
that of the midspan section

Equation(l.13) may boseaccuray if applied to multibox bridges having a spdao-width ratio of
more than 6.

The dimenns of the parameters involved must be uniform so that the coeffi€lgries, P; are
dimensionless.




CNR-DT 207/2008

1.2.9 Oscillation frequencies for taut cables

This heading refers to cables subjected to a dead loadltawgk suspension points are at the same
height(Figure 1.4) In additionthe conditionexpressed by Eq. .17 musgbply:

d 1
—¢= .17
e (1.17)

where:
d is the cable sag;
L is the distance between the ends of the cable.

A

Figure 1.4 7 Cable with sagl.

The cablecanhave inplane and oubf-planeoscillaions The natural frequenady thei-th out-of-
planemode is given by Eq. 1.18

i S
= 0 — 1.18
K 24 \m (118)

where:

S is thecable tension;

m isthecable mass per unit length;

L is the distance between thedsrof the cable.

When thecable tensiors in N, the cable lengthn metresandthe cable mass in kg/nthe frequency
n; is obtained in Hz.

In-planeoscillationscan be further divided intant-symmetric modes and symmetric modes. Anti
symmetric modes areharacterised by vertical and longitudirthéplacementomponents of the
cable sections, which are respectively @&ytnmetric and symmetric with respect to the cable
midspan sectionFor these modes, the length of the caldes not vary, therefore nocreasan
tensionis associated with them

The natural frequenoyf thei-th antrsymmetricin-plane modes given by Eq. 1.19
n=tg2 (1.19)

Symmetric modes are characterised by vertical and longitudisplacement componentshich
are symmetric and arsymmetricin respectto the centrepoint of the cable respectively. When
vibrating in a symmetric mode the cable is subject to a-tianging tension regimeAssuming this
as constant along the cable, the natural frequendyei-th symmetricmodeis given by Eqg. 1.20
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W ]S
=— 00— 1.20
"=oa U (1.20)
w, beinga dimensionless coefficient given by Table, ldépending oparametem?:
. 2 .
G EOA
w M%) (1.22)
s'a,
where
L.eL b 8{d/L)) (1.22)
where:
E is the modulus of elasticity of the cable;
A is the cableross section
g isthegravity acceleration.
For intermediate values of” linear intepolation is allowed.
Table LIl T Non-dimensional coefficientv, as a function ofv®.
W q1 a2 a3 A4 ds ds q7 s
b 2,86 4,92 6,94 8,95 10,96 12,97 14,97 16,98
256 2,86 4,91 6,93 8,93 10,93 12,91 14,81 16,00
196 2,85 4,91 6,92 8,92 10,91 12,81 14,00 15,15
144 2,85 4,90 6,91 8,90 10,81 12,00 13,15 15,05
100 2,85 4,89 6,89 8,80 10,00 11,15 13,04 15,02
64° | 284 4,87 6,79 8,00 9,14 11,04 13,02 15,01
36 1 2,82 4,78 6,00 7,14 9,04 11,02 | 13,01 [ 15,01
16° 2,74 4,00 512 7,03 9,01 11,01 13,00 15,00
100 2,60 3,48 5,05 7,01 9,01 - - -
80 2,48 3,31 5,04 7,01 9,01 - - -
60 2,29 3,18 5,03 7,01 - - - -
4 =7 2,00 3,09 5,02 7,01 - - - -
20 1,61 3,04 5,01 7,00 - - - -
10 1,35 3,02 5,00 - - - - -
8 1,28 3,01 - - - - - -
6 1,22 - - - - - - -
4 1,15 - - - - - - -
2 1,08 - - - - - - -
1 1,04 - - - - - - -
0 1,00 3,00 5,00 7,00 9,00 11,00 13,00 15,00

.3 Mode shapes

I.3.1 Fundamental mode shape of cantilevered structures

The fundamental modshapeF 1(z) of freestanding vertical structures, elguildings, towers and
chimneys can beapproximated by Eq. I.2@igure 1.5):
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o: ™

F(2) =22 .23
(2) e, (1.23)

where:
z is thevertical coordinate
h is the total height of the structure;
z is a parameter that de@s the shape of the mode. The following values are proposed:
z=0,6 for slender framed structures withoutahwalls;
z=1,0 for framedbuildings with central core or wirAkradng;
z=1,5 for slender buildings with cantilever behaviour and buildingh RC core;
z=2,0 for towers and chimneys;
z=2,5 for steellattice towers.

In the lack oimore accuratestimatesthefirst torsional modeshapd- 1(2) for buildings caralsobe
approximated by guation(l.23), with z=1,0.

1

PS4
R L
08 wle /)
’ RN Re
RS $
0,6 S K
’ S 7 ¢
% 4 ~, / "o
3: \l / o'
0.4 RS IABEEEEE z=0,6
:: \l/ 'o' z=1,0
02 .:,I/ ‘o' - = z=15] |
) ~ *
;! R —=7=20
i/ R S PETTLERY z=25
ole-s |
0 0,2 0,4 0,6 0,8 1
F.(2

Figure 1.57 First lateramodeshapefor buildings, towers and chimneys.

1.3.2 First bending mode shape of singkspan beams

Thefirst bending modshapeF 1(s) of single-spanbeamss given in Table I.11for different support
conditions
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Table L.III T First bending modshapefor singlespanbeams.
Support condition Mode shape F 1(9)
S .
A AT H{Ij{f)_u s singp ©
f—— L — - =~ 5 ¢
S A ~
4 b= dit:?)nﬁ_ £2 1 ngl cosgez § @
— t—— T 2é ¢ =

1.3.3 Second mode shape of cantilevered structures

The second modeshapeF ,(2) of cantilevered structures, e.¢pwers and chimney can be
approximated by Eq. I.2@igure 1.6):

(1.24)

where:
YA is thevertical coordinate
h is the total height of the structure.

Equation(l.24) derives fromdata gathered from a large numbeiegistingmetal chimneysvith a
fundamental oscillation mode characterised kydion (1.23), with z in the range ofl.6 to 2.2.

The shape described by Equation (I.24) haaximum displacementat the tp of the structure
(Figure 1.6).

1 —
///
0.8 P
7

06/
e
N

0,4

0,2 \

0
-06 -04 02 0 02 04 06 08 1
F22)
Figure 1.6 7 Second modsehape of towers and chirags.
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.4 Generalised mass and equivalent mass
The generalised mass of the structumgjn thei-th vibration modd-(s), isgiven by Eqg. .25

m =fam(s OF 9d s (1.25)

where:
m(s) is the structural mass per unit lengib,a rule a function ohés coordinate
? is the height of the structure (threlength of the structural element).

The equivalent mass per unit length,;, in thei-th vibration modeF-(s), isgiven by Eq. .26

m o=— M (1.26)

For cantileveed structures wh non-constanimassper unit lengththe value of the equivalent mass
in the fundamentahode,m.;, can be approximatetly the mean value of(s) overonethird of the
structurdength towardshe free endi; in Figure 1.2 for vertical structures).

For structures supported at both ends and having variable peasasit length the value of the
equivalent mass the first modeme ;, canbe approximated from the mean valuarg$) over one
third of the structuréength centredtthe sectiorof maximum nodal displacement

.5 Generalised mass moment of inertia

The generalised mass moment of inertia (flexural or palan thei-th modeF i(s) is given by Eq.
1.27:

I, = ;ﬁl (s) OFs) d« (1.27)

where:
I(s) is the mass moment of inertia (flexural olgr of the structure per unit lengths a rule a
function of coordinats;

? is the height of the structure (@ngth of thestructural element).

.6 Damping ratio
The campingratio x in thefundamentamodeis given by Eq. 1.28

(1.28)

where:

Xs Is the structural damping ratio;

Xa Is the aerodynamic damping ratio;

Xg is the damping ratio associated with the presence of damping devices.

Headings 1.6.4.6.4 provide approximate values of the structural damping xgtifor a variety of
structural typesof interest inwind engineering Heading 1.6.5 provides sonmuidance on the
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calculation of the aerodynamic damping raflthe additionaldamping ratioassociated with the
presence ofdlamping devices must be calcutatthrough specific theoretical, numerical and/or
experimental analys.

Headings 1.6.4.6.4 provide the value of the structural dampiago for the fundamentamnode or
for the firstfew modes. h the lack & more accurateestimates for the higher modem initial
approximationcanbe made byconsidering astructural damping ratiequal tothat of thehighest
mode considered. This simplified criterion cannot be appligtgavaluatiorof the aerodynamic
damping anaf thedamping associated with damgidevices.

1.6.1 Structural damping ratio for multi -storey buildings

For small oscillations, the structural damping ratig, in the first flexural mode of buildingsan be
approximately taken adinearly increagng with the fundamentalfrequency n;. Moreover,
experimental resultsave showrthat the damping ratio tends to increase with the amplitudeeof
oscillations. With the goal of considering values thesafeside valid also for verifications at
serviceability and abitabilitimit stateqwherethe role oftheamplitude of oscillations on damping
is not significant), th@alues reported in Eqgs. .29 and 1.30 can be taken:

1 68
X, =— ©- (01 for reinforced concrete builddis,h 39 m (1.29)
© 100 h
1 56 -
o1 :H) —he 02008 for steel buildingd$ 30 (1.30)

The values given by Equations (1.29) and (1.30) idelalsothe effects of soiktructure interactian

For buildings of heighh less than 30 m, the valuealculated througliEquations(1.29) and (1.30)
for h=30 mshall be takenLargervaluescanbetakenfor ultimate limit stateassessmen{always to
becarried out in the elastrangg, based on the results sppecfic analyses.

For thehigher modes of highise buildings, dampingan be significantly largerthan ttat in the
fundamental modethe damping ratioin the higher modesan be approximateby Ejs. 1.31 and
1.32:

X, 4,4 Qx G 2,3 forreinforced concrete bdihgs,h 50 (1.31)
Xx,; 4.3 Ox ( 2,3 forsteelbuildingh, 58 (1.32)

Equatiors (1.31) and (1.32) do not correspond to proportional damping, which is a typical
assumption in structural anaégs

The damping ratién torsional modess very much dependent dhe fundamental laterdtrequency
n; in thelack of more detailed datan the safe sidet canbetaken asqual to the damping ratio
relativeto thefundamentamode,by using Equatios (1.29) and (1.30).
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1.6.2 Structural damping ratio for chimneys

Table 1.1V provides approximatgenerallyconservativeyaluesof the damping ratixs in the first

mode of reinforced concrete and steel chimneys.

Table 1.1V T Structural damping ratefor chimneys.

Structural type Xs
Reinforced oncrete chimneys and towers 0.005
Unlined welded steel stacks without external thermal insulation 0.002
Unlined welded steel staskvith external thermal insulation 0.003
. . . h/b<18 0.003
Ste;ﬁ!sj;?i(g;(\i\;lth one liner with external therm 206 h /b <24 0.006
h/b> 26 0.,002
Steel stack with two or more liners with externg h/b<18 0.003
thermal insulatiorg*) 20¢h/b <24 0.006
h/b> 26 0.004
Steelstacls with internal brick liner 0.011
Steel stackwith internal gunite 0.005
Unlined coupled stacks 0.002
Unlined quyed steel stacks 0.006

(*) For intermediate values of the h/b ratio, linear interpolatismallowed

In thelack of more accuratelaia, andas a first approximatigrthe values given in Table I.I¢an

also be used fasvalling modes.

1.6.3 Structural damping ratio for bridges

Table 1.V gives approximate generallyconservativeyalues of the damping ratios in the first

bendingmode ofbridgegirdersmade ofdifferent structuraimaterials.

For timber, glass and plastixidges, the values given in Table 1afe indicative the actualvalues

may be substantially different.

Table I.V T Structural damping ratio values for bridge decks.

Structural type Xs
Steel bridges (welded) 0.003
Steel bridges (higktrengthbolts) 0.005
Steel bridges (standard bolts) 0.008
Composite bridges 0.006
Concrete bridges Prestressed or uncracked 0.006
Cracked 0.016
Timber bridges 0.009
Aluminium alloy bridges 0.003
Bridges in glass or fibreeinforced plastic 0.006
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1.6.4 Structural damping ratio for cables

The damping ratio for cables is generally very small and difficult to assess. Table I.VI gives
conservative valuedo be taken as a first aggpimation. These values apptg all oscillation
modes.

Table I.VI T Structural damping ratio for cables.

Structural type Xs
parallel cables 0.001
spiral cables 0.003

1.6.5 Aerodynamic damping ratio

For slender structures (wherttbe length is much greater than crossectioral dimensions), the
aerodynamic damping ratiq in the firstalongwind vibration modes given by Eq. 1.33:

Cx Orbly, &)

X, =——————— (1.33)
40 pnOm, O
where:
Gx IS thealongwind forcecoefficient (Annex G);
r is the air density; the remumended value is 1,25 kgim

b is the width of the structursi¢eperpendicular téhedirection of theoncoming wind);

Vm IS the mean wind velocity (heading 3.2.5) calculated at the equivalent kgidgétined in
heading L.1 (Figure L.2);

n; is theoscillationfrequency;

me1 IS the equivalent mass per unit lengthihe firstalongwind mode,Equation(1.26).

Equation(l.33) canalso be used for buildings; in this cases (CoepT Cpepn), Wherecyep andcpep are
pressure coefficients on the uipa and downwind faces respectively (Annex G).

In no caseEquation (1.33) should be generalised to thgsessment of aerodynamic damping for
lateral and torsional vibrations (Annexes M and O). In theasesassessment of aerodynamic
damping requires spetist advice and/oexperimental assessments.
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Annex L  ALONG-WIND EQUIVALENT STATIC ACTIONS AND ALONG -
WIND ACCELERATIONS

L.1 General principles

Along-wind equivalent static actionsccording to Equation(3.17),can be expressed in the form
given by EqL.1:

Along-wind equivalent static actions = Peak alamgd aerodynamic actioresc,,  (L.1)

whereb y pedkalongwind aerodynamic actiosit is meart the pressure acting on the external
faces of the buildingpi(2), heading 3.3.1%he net pressure on a surfapg(%), heading 3.3.2), the
resultingalongwind force on constructions and compact elements (heading 3t8&e3longwind
force per unit length on constructions and slender elements (heading 3.3.4). Theviatbng
dynamicfactorcgp is a dimensionless parameter that modifies peak aerodynamic atdianspunt
for the partial correlation of wind action afar the amplificationof the resonant loadn generaj
cep > 1 for small slender, flexible and/olow damped structes and elementsyp <1 for stiff
and/or high damped structures and elements with Egesedurface.

The alongwind dynamic factorcyp does not apply tall the peak actionsabove but only to
components in thalongwind direction (Figure L.1); morever, it is not applicable to internal
pressure andhearactions.

3 Pe
A 4 42 2 & Pe” CdD 7'y 2
< > pe3 CdD
Pe [ »| Pe > 3
- . Pe® Cap
[ d _> >
A A A A A Vm R
p63 Cdp
A ANTT TN
Vm

Figure L.1 7 Examples of use of tr@ongwind dynamic factor
(note that this is not applied to the lateral walls tmntheroof).

In the lack of more accur estimatesthis Annex provides two different calculation methods for
thealongwind dynamic factoicyp.

The first method (heading L.2) concerns a detailed calculation procedumeatiz# used for the
structural types indicated in Figure L.2; it is idabnly if the alongwind response is ostly
associated with one vibratianode with constant sign (no nodes in the mode shape, Figure L.3);
this usually occurs for thtundamentamode, checking that higher modes have no influence on the
response (the send alongwind natural frequency shall be at leasttwice the fundamental
frequency).

17¢€
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Vertical structures

Horizontal structures

Pointlike structures

_ D =2
//| Al . —- ___‘{f;.' :_,,:_ I" e
7 | Tvm Vi — d Vim -7 i
7777 z%
) /_ ?779'.1"}?7?7.?’71-"’??7;; - h - h,
b
2e=0.6h Ozpin Z=hi+h/ 2 2,0 Ze=hi+h/ 2 7,0

Figure L.2 7 Structural types subject to the detailed calculation procedure.

YES

TPy

MO

Figure L.37 Vibrationmodes to which thdetailed procedurean be or cannot be applied
(buildings and pointike structurek

Thesecond method (heading L.i8)a simplified conservativealculation procedure, valid only for
rectangular plabuildings withregular distribution of stiffness and mass.

For buildingsand othewertical structures to which the detailed procedure caappéed, heading
L.4 provides a method for calculating wimtluced acceleration at each storey let@lbe used in

abitability assessmen{&nnex N).

For all structural types not considered abonatiable analytical, numerical and/or experimental

methalsshouldbe used.

L.2 Detailed method

Thealongwind dynamic factorcyp is given by Egs. L.2 and L.3

CdD

where:
Gp is thealongwind gust factor;
Z  isthe reference height (Figure L.2);

D (L.2)

:1+7 0 (z,)

Gp=1+® g I,@) w/820 R

(L.3)

l\(z) is the turbulence intensity (heading 3.2.6) calculated at hewght

Oo Is the alongwind peak factor, defined as the ratio between the maximum value of the
fluctuating part of the response and its standard deviation;

B  is the background factotaking into account theartial correlation of the pressure acting on

the structure;

17¢
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Rpo is the resonant response factaking into account the resontaresponse othe first vibration
mode.

The kackground factor B igiven by Eq. L.4(Figure L.4):

(L.4)

Q)

O

>
o o
(o))
w

where:

b is the width of the structure (acresind) (Figure L.2);

h is the height of the structure (Figure L.2);

Z.  is the reference height (Figure L.2);

l\(ze) is the turbulence length scale (heading 3.2.6), calculatediggit lze= z.

Bis in general less than 1, theref@=el is a conservative estimafill pressurecorrelation).

1\

0,
,8
0,7
0,6
% 0,5
0,4

2
3|

0,2
0,1

0
10° 10°

10" 10°

(b+h)/L (z)

1

10

Figure L.4 - Square of background factBr

The resonant response fadRyis given by Egs. L.8..9:

RR=—"_ s ® R L5
b 4("35<SD ®R K (L.5)
6,8680, 10 (z.)/V,, (2.)

S, =
[1+10,302 & LOE, )N, (z

(L.6)

15/3
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éo for h, =0
i
R, =i - L.7
h lli-%(l 2N for  h o L7
ih, 20h
é0 per h, =0
7
R,=i 1 1 2 Gh (L.8)
~—-—01 -e ) per )y €
thy, 20f
h, =4 —M h, =4 —neﬂ (L.9)
v, (z,) v, (z,)

where:

Xp is the damping ratim the firstalongwind vibration mode (Annex I);

Np is thefundamental alongvind frequency(Annex I);

Vm(Z) is the mean wind velocity (clause 3.2.&lIculated at heigl#t=z,

LW(ze) Iis the turbulence length scale (clause 3.Z&l;ulated at heigha=z;

S is a dimensionless parameter, given in Figure L.5, acocaumbr the spectral content of
longitudinalturbulence EquationE.1a);

R, and R, are two dimensionless parameters, given in Figure L.6, adogufdr the partial
coherence (i.e. lack of correlation) of fbagitudinalturbulence EquationE.5).

0,2

07 / \

0,1

o /
0,1 \

0,0

3 -2

10 10

10" 10° 10" 107
nDLV(ze)/vm( zZ, )

Figure L.5 - Graph ofS.
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10° 10"
h.h,

0

10 10" 109

Figure L.6 - Graph ofR, andR,.

The peak factor in the alongind direction isgiven by Egs. L.10 and L.1(Figure L.7):

" .. 0,5772
gD :\’2 m( DUT)O% 3 (L.lO)

20n( B TY

2

Ro 0208 Hz (L.12)

:n
D D
B? + R;

where:

up is the expected frequency of thlengwind response;
T is the mean wind velocitgveraging timgT=600 s.

4
3.5 —
3 —
[a)]
[@))
25
10 100 1000
uDT

Figure L.7 7 Along-wind peak factorgp.
In Table L.I thecalculation procedure fahealongwind dynamic factors shown
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Table L.I - Calculation procedure for trdongwind dynamic factor.

Operation

=]

Choiceof the reference structural model (Figure L.2)

Evaluationof the geometric parametels h, z. (Figure L.2)

Evaluationof the mean wind velocity(z,) (Heading 3.2.5)

Evaluationof theturbulence intensity(z) (Heading 3.2.6)

Evaluationof the turbulence length scdlg(z,) (Heading 3.2.6)

Evaluationof dynamic parameters, andxp (Annex [)

Evaluation of thebackground factoB (Equation L.4, Figure L.4)

Evaluationof the parametefs, (Equation L.6, Figure L.5)

n
O 0N O~ WNIF g

Evaluationof parameterf;, andh, (Equation L.9)

10 Evaluationof parameter&, (Equation L.7) andR, (Equation L.8) (Figure L.§

11 Evaluationof theresonant response facts (Equation L.5)

12 Evaluationof the expectefrequencyup (Equation L.11)

13 Evaluationof the peak factoigp (Equation L.10)

14 Evaluationof the gust factoiGp (Equation L.3)

15 Evaluationof the dynamicfactor cyp (Equation L.2)

L.3 Simplified procedure for buildings

Starting from the detailed procedueported irheading L.2a conservativealue of thealongwind
dynamic factorcan be derivedihich applies to rectangular plamildings wih regular distribution

of stiffness and massgvenin the case in whiclthe exact dynamic characteristics of the structure
are not knownThefigures reportedn this heading werebtainedby using the detailed procedure,
as an envelope for all possibléusitions associated with different values oftlase referenceind
velocity andof the roughness length (assumilagunit value for théopography coefficient). The
values of the vibration frequencies are calculatedughEquatiors (1.4) and (1.5pon the safe side
the values othe damping ratios are taken froBEquatiors (1.29) and (1.30)Figure L.8applies to
multi-storey steel buildings. Figure L&oplies tomulti-storey reinforced concrete or composite
buildings.
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