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Abstract

The wind is the most destructive natural phenomenon. Its actions are thus crucial for the safety and
cost of construction. Their evaluation is a cornerstone of civil engineering and a societal need for
safety and economy. Wind Engineering is best defined as “the rational treatment of interactions
between wind in the atmospheric boundary layer and man and his works on the surface of Earth”.
The International Association for Wind Engineering promotes international co-operation among
scientists, engineers and other professionals for the advancement of knowledge in the broad field of
Wind Engineering. The study of the wind loading of structures is a main topic of Wind Engineering
and even more the subject around which Wind Engineering was born and evolved. This paper
provides a general framework, even if necessarily not exhaustive, of the main phenomena to which
structures are exposed due to wind actions and the most appropriate analytical, experimental and
numerical tools to evaluate and mitigate their consequences in order to make them safe, serviceable,
sustainable and cost-efficient. This discussion is herein developed keeping in mind, as a reference
point, the code provisions. The conclusions provide a synthetic overview of the emerging issues on

which the research on wind loading is in progress worldwide.
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1. INTRODUCTION

Few natural phenomena are as ethereal, indefinable and mysterious as the wind is. Few natural
phenomena produce effects as much visible, tangible and varied as the wind does. Few natural
phenomena have been the object of speculation, observations, experiences and research as abundal
as those carried for the wind. Few natural phenomena have received such an attention that gave rise
to scientific and technological progress in many areas as the wind has done. Few natural phenomena
have still many unexplored issues that require research as the wind needs.

These unique aspects are mostly due to the rare property of dualism owned by the wind: the wind is
evil when it destroys buildings and anthropogenic areas producing more fatalities and damage than
any other natural event, when it whips men, houses and settlements with either too cold or hot air,
when it makes uncomfortable using urban spaces, when it destroys cultures and subjects transports
to risk, when it erodes the soil to the point to make desert whole lands, when it drifts snow burying
buildings and roads, when it is a tool for air pollution and aggression to the monumental heritage.
On the other hand, the wind is good because, as the engine of atmospheric motions, the life on the
Earth would not exist without it. It is good when it powers windmills and wind turbines producing
clean renewable energy, when it favors the circulation of fresh air inside buildings or along the
arteries of urban fabric, when it offers breath to the populations that live in deserts or in lands too
dried by the sun, when it disperses the emissions of pollutant sources away from populated areas
and heat urban islands.

Wind Engineering is the scientific discipline that deals with these topics. In 1975 it was defined by
Cermak|1] as “the rational treatment of the interactions between wind in the atmospheric boundary
layer and man and his works on the surface of Earth”. The International Association for Wind
Engineering (IAWE) promotes international co-operation among scientists, engineers and other
professionals for the advancement of knowledge in the broad field of Wind Engin@gring [

The complex process that transformed a heterogeneous set of distinct topics related to the wind into
a homogeneous and autonomous discipline originated from studies concerning the wind actions and
effects on buildings and structures. Between 1934 and 1935 RHgurblished eight papers on the
Engineering News Records that transferred an excellent synthesis of the knowledge in meteorology
and aerodynamics to civil engineering. In 1948 Karf@ndivulgated the text of a wonderful

lecture at the Société des Ingenieurs Civils de France in which he described the many applications
and perspectives of aerodynamics in the engineering disciplines and industrial topics. In 1961 the
American Society of Civil Engineef$] collected a series of six papers that offer the first state-of-

the-art description of wind forces on structures. In that same year Daviipoublished a paper
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where the basic concepts of meteorology, micrometeorology, climatology, aerodynamics, structural
dynamics and probability were first embedded in a homogeneous framework of the wind-excited
behavior of structures. This scheme, very well-known as the “Davenport chain”, opened new and
unlimited prospects to the comprehension and calculation of the dynamic response of wind-sensitive
structures creating, since then, a growing interest of structural engineering towards this topic.

This interest is mostly due to the awareness that a primary aim of engineering is pursuing the safety
and cost-efficiency of structures under natural and anthropogenic actions, and that the wind is the
most destructive natural phenomenon - over 70% of damage and deaths caused by nature are due tc
the wind[7] - so its actions are crucial for the safety and cost of construction. Their evaluation is
thus a cornerstone of civil engineering and a societal need for safety and ecBn8ny [

The meteorological phenomena that occur in the Earth’s atmosphere are due to the solar radiation. It
gives rise to temperature and pressure fields responsible for the displacement of air masses that are
generally classified according to their space and time scales. The analysis of the actions and effects
of the wind on structures is first based on the evaluation of the wind velbaityhe structure site
(Section 2), considering the wind as a key component of a broader and more complex atmospheric,
meteorological and climatological system. Assuming that the structure is fixed and not deformable,
the wind velocityV exerts over it, globally and on its component elements, a set of aerodynamic
actionsFs that depend on the shape, orientation and size of the construction (Section 3). Admitting
instead that the structure is subjected to deflection due to wind actions, but such deflection is small
enough so that the deformed configuration is essentially coincident with the initial non-deformed
one, the respond® can be determined through the classic methods of structural analysis (Section
4); such response turns out to be static for stiff and high-damped structures, dynamic for flexible
and/or low-damped structures. Figure 1 shows the flow diagram that transforms the wind Velocity

into the structural response R

Figure 1. Structural response.

In reality in the case of lightweight, very flexible and/or low-damped structures whose aerodynamic
shape is susceptible to wind actions, the deflection of the structure may be so large as to cause

wind-structure interaction effects, known as aeroelastic or feedback phenomena, which modify the
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oncoming wind velocityV, the aerodynamic actionSs and the structural responge These
phenomena are usually schematized by assuming that the wind induces global actions on structures,
F = Fs + F,, whereFs are the aerodynamic actions exerted by the wind on the fixed structurg and

are the aeroelastic or self-excited actions due to the motion of the structure itself. These actions may
be so relevant as to generate a broad variety of unstable behaviors that represent a serious dange
for many structural types. Figure 2 provides an evolution of Figure 1 aiming to take self-excited
actions into consideration. In this framework the vortex-induced vibrations are described in Section

5 whereas the other aeroelastic phenomena are dealt with in Section 6. Section 7 shortly describe
the interference effects that arise when the presence of nearby structures changes the actions and th
response that a structure would exhibit if it was isolated.
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Figure 2. Structural response and aeroelastic phenomena.

In its whole this paper provides a general framework, even if necessarily not exhaustive, of the main
phenomena to which structures are exposed due to wind actions and the most appropriate analytical,
experimental and numerical tools to evaluate and mitigate their consequences in order to make
structures more safe, serviceable, sustainable and cost-efficient. Special attention is given to the
comparison of the evaluations allowed by current standards and [ddijekl] and what can be
actually done by making recourse to advanced and integrated methods. Finally, Section 8 provides a
synthetic overview of the emerging issues on which the research on wind loading is in progress

worldwide.

2. WIND VELOCITY AND VELOCITY PRESSURE

Let us consider the power spectral density (PSPas a function of the frequenay of a long-term

wind velocity recordu. It is characterized by two separate harmonic contents (Figlil]3)The

first one involves periods above nearly 1 hour, is known as the macro-meteorological peak and
corresponds to the periodicity of the large-scale wind events that exhibit hourly, daily, monthly and

yearly recurrence. The second one involves periods below nearly 10 minutes, is called the micro-
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meteorological peak and refers to atmospheric turbulent fluctuations. The two peaks are separated
by a frequency range known as the spectral gap; it involves periods between 10 minutes and 1 hour
and is almost lacking of harmonic contents. A longstanding discussion is in progress on the

potential shortcomings of this classical modsl][

Figure 3. Long-term wind velocity PSD.

Based upon this spectral representation the wind velaocisy usually modelled as the sum of a
mean partu,, slowly-varying in time and space, and a residual fluctuatipmapidly-varying in

time and space. The time-dependence of the slowly-varying mean wind velocity is of probabilistic
nature whereas its space-dependence is usually schematized as deterministic through the definition
of suitable mean wind velocity profiles. The dependence on time and space of the rapidly-varying
fluctuation is of random nature and follows the classical laws of random fields. Focusing on a time
interval AT between 10-min and 1-h, so behaving to the spectral gap, the mean wind velocity may
be represented as time-independent whereas the turbulent fluctuation is normally dealt with as a
random stationary Gaussian process. A wide debate is currently opened about the consistency of
this representatioriL].

The mean wind velocity is usually given by the relationship= u;[Gn, whereu, is the reference

wind velocity andc, is the mean profile coefficient. The first parameter expresses the windiness of
the geographical area in which the structure is built. The second transforms the reference velocity at
the territory scale into the local mean wind velocity at the structure site as a function of the local
terrain and atmospheric features.

The reference wind velocity is normally defined as the mean wind velocity iy At the reference
heightz (usually 10 m), above a flat homogeneous open terrain with roughnesszgr{ggually

0.05 m), as a function of the design return pefiodn turn, the dependence gfan T; is generally

expressed by the relationship = uy(G;, whereu, is the base wind velocity, namely the reference
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wind velocity with the base return peridg, while ¢, is the return coefficient that scalesas a
function of the design return peridd. This operation is crucial in modern structural analysis that
tends to perform different verifications adopting different return perlpdas far as concerns the
ultimate limit state verifications of ordinary buildings two main approaches are currently used: the
first one definedy, in the order of 50 years and scales the resulting wind loading by a partial safety

coefficient y in the order of 1.%15, 16] the second defin€k, in the order of 500 years without

scaling the resulting wind loading by any partial safety coeffi¢ient 18] in the spirit traditionally
adopted in the seismic engineering field. In any case it is usual to rEdeceéemporary structures

and secondary elements whereas it is recommended to inGrdasastrategic works. Catastrophic
aeroelastic instabilities are usually verified againstalues in the order of 500-2000 years. On the
contrary, serviceability limit state verifications are normally carried out for suitably reduced design
return periods; for instance, the physiological tolerability verification concerning the habitability of
buildings is often performed adopting=1 year.

The statistical evaluation of the reference wind velocity is usually carried out through a 3-step
procedurg 19, 20] First, the wind velocity and direction detected by the historical meteorological
stations in the structure site area are gathered, corrected and made homogEire8lsThen,

they are transformed into reference values by the analytical, experimental or numerical methods
described below in this sectid@4]. Finally, the parent population is submitted to probabilistic
analysed25-27] that are fundamental to evaluate the wind energy potential and the wind-induced
fatigue of structures, while extreme value analyg2%33] are carried out aiming to conduct
ultimate and serviceability limit state verifications.

Figure 4 shows some results of statistical analyses of the reference wind wglatitiie area of

Capo Frasca, Italy. Figure 4(a) shows the polar distribution of the parent population: the innermost
points of the diagram correspond to the oncoming mean wind velocity from a sector 30-deg wide,
with exceeding probability 1%; the points of the outer diagrams refer, in this order, to exceeding
probabilities equal to 0.1%, 0.01%, 0.001%, 0.0001%. Figure 4(b) shows the exceeding probability
of ur in non-directional form. Figure 4(c) shows the extreme distributions as evaluated by means of
the type | asymptotic distribution and the process analysis. Figure 4(d) shows the directional
coefficient, namely the parameter that multiplied by the non-directional extreme wind velocity
provides the directional on&4].

It is worth noting that different extreme distribution models tend to overlap up to return periods in
the order of the available number of years of measurements. Beyond this threshold they often

diverge (Figure 4(c)) and a fully shared viewpoint on this matter is not yet ava8bl@1-33] As

6
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far as concerns the directional coefficient, this parameter often provides an essential information for
improving the quality and cost efficiency of structural design. Unfortunately very few codes include

this information 17], this representing a major shortcoming for structural engineering.
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Figure 4. Reference wind velocity in the area of Capo Frasca, Italy: directional (a) and non-

directional (b) parent distribution; (c) extreme distribution; (d) directional coefficient.

The mean profile coefficierd,, depends on three main quantities: the roughness of the terrain, the
topography, and the atmospheric thermal stratification. Codes and most engineering applications
assume that the terrain that surrounds the structure has homogeneous roughness and express th
profile of the mean wind velocity, as a function of the hemgbove ground, by means of a power

law [35] or a logarithmic lawf36, 37, whose application is restricted to the atmospheric inner
boundary layer, up to about 200 m above the ground level, where the mean wind velocity vector
does not exhibit any rotation due to the Ekman spiral; of course the mean wind velocity decreases
on increasing the terrain roughness. Topography effects are usually considered by multiplying the
mean wind velocity profile by a topography coefficientwhose definition is limited to simple
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orographic reliefs such as hills, ridges and escarpm@@tdl] In these cases its importance firstly
depends on the ratio between the height of the structure and that of the topographic obstacle (Figure
5). If this ratio is small, the structure is immersed in an atmospheric layer elgeosvs up to 1.5-

1.6, this giving rise to a huge increase of the wind loading. Instead, if this ratio is large, the upper
part of the structure, i.e. the most sensitive to the wind loading, lies in an atmospheric layex where
decreases below 1.1; thus, its importance in structural design strongly diminishes. The atmospheric
thermal stratificatiorf42] is usually assumed as neutral invoking the circumstance that the design
wind velocity is intense. This leads to the fundamental simplification of decoupling the velocity and

the temperature.

L B« I
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Figure 5. Topography coefficient: (a) hill; (b) escarpméai.|

Reality is usually more complex and the above schemes thus represent extreme simplifications.
First of all the roughness of the terrain is not homogeneous around the structure and instead it
changes continuously as a function of the direction of the oncoming wind flow that adapts its
configuration to the roughness transitions encountered before reaching the sfagtdrd Many
numerical methods have been developed to take this feature into considetatf] Figure 6

shows, as an example, a study of the mean wind velocity profile in the area of Ivrea, Italy. The thick
line in the scheme (b) denotes the profile provided by the Italian Guides on wind gt&6hns
independently of the wind direction; a directional study that includes the roughness transitions
greatly reduces the actual velocity profiles and gives rise to significant economic savings. The
presence of complex topography causes local speed-up and channeling effects whose evaluation calls
for wind tunnel model testp48-50] (Figure 7a) or numerical simulations carried out by CFD
(Computational Fluid Dynamics) or mass-consistent c¢a#<53] (Figure 7b). The hypothesis of
neutral atmosphere is realistic provided that the structure is subjected to intense buffeting actions
(Section 4), less appropriate in order to study the wind-induced fatigue damage and the aeroelastic
phenomena that occur for limited critical wind velocities (Sections 5 and 6). The literature on this

topic is boundless but still almost completely ignored by structural enginebdhg [

8
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(a) (b)
Figure 6. Mean wind velocity in the area of Ivrea, Italy: (a) roughness length map; (b) mean wind

velocity profiles.

(@) (b)

Figure 7. Erzelli Hill, Genoa, Italy: wind tunnel tests (a) and CFD simulations (b).

Atmospheric turbulence is a 3-variate 4-dimensional random field whose 3 components are referred
to as the longitudinal, lateral and vertical turbulence components. The longitudinal turlwlence
aligned with the mean wind direction and is parallel to the terrain; it is always important for the gust
loading of structures. The lateral turbulencas orthogonal tar’ and parallel to the terrain; it is
frequently important for vertical structures such as tall buildings and towers. The vertical turbulence
w’ is usually important for horizontal structures such as bridges and roofs. Unfortunately most
codes still provide rules that take into account the sole longitudinal turbulence component.
Remembering that turbulence is a stationary Gaussian random field, its PSD and coherence function
offer exhaustive frequency domain representatjbs 56; alternative time-domain representations

of the turbulence may be obtained by mean of Monte Carlo simuld6das9] (Figure 8). The
implementation of both these representations requires an appropriate knowledge of two groups of
synthetic parameters, namely the turbulence intendi(iend the integral length scales (¢ =

u,v,w). The first ones are defined as the ratio between the standard deviation of the turbulence and
the mean wind velocity. The second ones are associated with the auto-correlation function of the
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turbulence and provide a measure of the average size of its component eddies; their modelling is
rather uncertaij60] and this often reflects on the quality of structural analyses. Limited to flat
homogeneous terrains these quantities may be evaluated by simple models frequently assigned by
codes and used by engineers. Instead, when complex terrains are concerned, their evaluation calls
for refined experimental or numerical evaluatig@dd, 51-53] usually more delicate than those
related to the mean wind velocity. On the other hand it is worth noting that turbulence is a small-
scale phenomenon whose properties mainly depend on the local features; under this point of view
missing a detailed modelling of the surrounding terrain leads to errors lower than those related to

the mean wind velocity.

() (b)

Figure 8. Messina Strait Bridge: (a) rendering; (b) wind field Monte Carlo simulation.

Finally, let us define the peak wind velociyas the maximum value &T of the wind velocityu
averaged over a short time intertalusually in the range 1-3 s; it is habitually expressed, as

umlGy, Gy being the velocity gust factgBl, 62} many codes directly assign the peak wind velocity

[18, 63] The velocity pressurg, associated with the peak wind velocityis referred to as the

peak velocity pressure and is a key parameter for engineering and code evaluations, especially in
those situations in which the structure has a static behavior; in this case the time inteoftdn
expressed as a function of the structural $2¢ §4, 65]

Figure 9 shows some evaluations of the design wind in the area of Taranto, laty48t5 m.

While the Italian Guides on Wind actions on structiiiég provide values independent of the wind
direction (dashed blue line), the use of refined methods (solid red line) points out large differences
depending on the oncoming wind sector. In this case the mean wind velocity is always lower than
the code value; the turbulence intensity is always greater; the peak velocity pressure is similar to the
code value only when the wind blows from 120° (computed from the North), being often much

lower for the other sectors. Thus, the reduction of the design wind loading may be huge.

10
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(b,
Figure 9. Taranto, Italy: (a) mean wind velocity, (b) turbulence intensity, (c) peak velocity pressure.

3. AERODYNAMIC ACTIONS

Consider a fixed stiff structure immersed in a wind field characterized by a prpgdarefrom the
structure, called ambient or reference pressure. On the one hand, the structure modifies the oncoming
flow field; on the other hand, the external surface of the structure is subjected to an external pressure
distributionpe. Bluff-body aerodynamicfs6, 67]is the discipline that studies, among other topics,

the pressure variatiompd - pp) or the resultant forces and moments associated with such pressure
variation. They are referred to as aerodynamic wind actions and depend on the properties of the
undisturbed flow field and on the shape, size and orientation of the structure. For structures with
rounded surfaces they are also closely related to the Reynolds number and to the surface roughness
In addition, if the structure is endowed with openings that put the external flow field in connection
with an internal volume, a self-balanced internal pressure distribytases.

Wind engineering is usual to quantify the aerodynamic actions as the product of a suitable velocity
pressureq of the oncoming undisturbed flow field — often the peak velocity presgureby so-

called aerodynamic coefficients and suitable reference lengths used to make these coefficients non-
dimensional. These quantities are determined by wind-tunne[1e&8, 68-70jand Computational

Fluid Dynamic (CFD) analysg§'1-75] Wind tunnel measurements are usually made by pressure
taps distributed on the structural surfd@®-79] or by mounting the structural model on high-
frequency force-balance devicg0] (Figure 10). CFD computations can be classified into Direct
Numerical Simulation (DNSJ]81], Reynolds-averaged Navier-Stokes (RANS) modi8® and

Large Eddy Simulation (LESB3] (Figure 11). Analyses can be made on specific structures, then
used directly for design purposes, or by extensive parametric evaluations related to classes of
structural types used to build data catalogues, then introduced in standards and codes or electronic
dataset$84-86] Full-scale experimen{87-9] remain the major tool to check and validate model-

scale experiments and numerical simulations.

11
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(a) (b) (©)
Figure 10. Isozaki Tower, Milan, Italy: (a) model; (b) pressure tap measurements; (c) high-

frequency force-balance tests (courtesy Prof. A. Zasso, Politecnico di Milano, Italy).

(a) (b)
Figure 11. CFD simulations of the pressure field on a low-rise buildifigsPressure coefficients
as evaluated by; (1) RANS; (b) LES.

(@) (b)

Figure 12. Full-scale experimental facilities: (a) Wind Engineering Research Station, Lubbock,
Texas B9, 9Q; (b) Silsoe Research Institute, US1]).

12
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Aerodynamic wind actions are usually classified in two families related to three-dimensional bodies
and mono-dimensional structures or structural elem&6is [

The aerodynamic wind actions on each face of the surfaces of three-dimensional bodies such as
low-rise and high-rise buildings, cooling towers, roofs, covers and canopies are usually represented
by the distribution of the pressure variation.gf-(p) > 0 the wind exerts an over-pressure towards

the surface; iff§ - p) < 0 the wind exerts a suction towards the flow. The local pressure variation is
quantified by a pressure coefficient=(p - p)/q referred to as an externgl,€G. or internal, g =

Cpi, depending on weather it refers to an outer or inner face of a surface of a bluff-body.

The external pressure distributipa usually exhibits rapid variations in time and space based on
which wind standards and codes normally assign diversified external pressure coeffi&iea®y
depending on whether these are used to determine the global wind loading of structures (Figure
13a) or the local wind actions on cladding and secondary elements (Figure 13b). In this case they
exhibit high suction pealki®2] in proximity of the perimeter and especially in the corners of the
bluff-bodies due to the local flow separation. This situation frequently leads to major damage of

various shapes (Figure 13c).

45°

45°

a

(a) ey (b) - (0
Figure 13. Roof of a low-rise building: zones in which global (a) and local (b) pressure coefficients

are assigned irlp, 16} (c) damage induced by flow separation.

Figure 14(a) shows a flat trapezoidal canopy roof embedded in a complex built environment; in
such a particular case standards and codes cannot provide appropriate pressure coefficients and thei
evaluation calls for wind tunnel tests (Figure 14b) that point out high concentrations of suction
along the canopy border (Figure 14c). This phenomenon caused repeated damage to cladding that
involved not only expensive repairs of the canopy but also the closure of its surrounding area with

huge consequences for several commercial activities.

13
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(@) (b) ()

Figure 14. (a) Canopy roof; (b) wind tunnel set-up; (c) upper and lower pressure coefficients.

Differently from the external pressure distribution the internal pregsur@mally exhibits limited
variations in time and space, or at least these are normally ignored by wind standards and codes. In
reality this assumption is correct only provided that a steady-state condition is reached after that an
internal volume has been put in contact with the external f@8+95] As an example Figure 15

shows the consequences of transient internal pressures due a sudden opening of doors and windows
in this case intense internal suctions arose that caused the collapse of the steel wires that support the

false ceiling of a classroom.

() (b)

Figure 15. Collapse of the false ceiling of a classroom due to transient internal pressures.

The aerodynamic wind actions on mono-dimensional structures and structural elements such as
chimneys, towers and poles, bridges and footbridges, and single elements of industrial works are
normally evaluated assuming that the structure is perpendicular to the flow direction. Thus, each

cross-section plane of an elongated structure is immersed in a bi-dimensional flow. Accordingly, a

comprehensive description of the wind loading is given by three action components per unit length

referred to as the drag forge the lift forcef, and the torsional momefi. They are quantified by

three aerodynamic coefficients referred to as the drag coefficientip/(gb), the lift coefficientg,

14
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= f/(gb), and the torsional moment coefficietyi, = fu/(qb?), b being a reference size of the cross-
section.

It is worth noting that elongated bluff-bodies give rise to a wake separation characterized by a
regular shedding of vortices (Figure 16a) that may cause a large alternating loading and response in
the crosswind direction (Section 5); this phenomenon is firstly described by an aerodynamic
coefficient referred to as the Strouhal numligesndb/um, ns being the vortex shedding frequency. It

is also worth noting that standards and codes usually take border effects into account by slenderness
factors aiming to provide an equivalent reduction of the global loading. In no way such factors
include the effects of the tip vortices (Figure 16b) that occur in proximity of the end] #&dem

some cases they deeply influence the structural loading and response.

(@) (b)

Figure 16. (a) Vortex wake; (b) tip vortices.

Figure 17 shows the classical case of the drag coefficient of two slender elements whose cross-
section is circular (a) and rectangular (b), respectifgy. In the case of the circular sectiBe=

vmb/v andk are, respectively, the Reynolds number and the surface roughresgdy being the

cylinder diameter and the kinematic viscosity of the air, respectively; on varying these parameters
the drag coefficient varies up in the order of a factor 3; it is also worth noting that the maximum
loading in the alongwind direction does not necessarily occurs in correspondence of the maximum
mean wind velocity, a circumstance that is rarely taken into consideration by standards and codes as
well as by designers. Also in the case of the rectangular section the variation of the sidi,ratio

may modify the drag coefficient up in the order of almost 3. In other words a mistake related to the
determination of the drag coefficient may be not protected by the typical safety margins adopted in
structural engineering.

Figure 18(a) shows the drag and lift coefficients of a slender element with octagonal cross-section
as a function of the angle of attag{8]: the first one is nearly constant; the second exhibits much
lower values but also rapid variations and especially large negative slopes that may cause unstable

galloping phenomena (Section 6). A similar behavior occurs for the cross-section of iced cables

15
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[97] that may involve negative slopes of both the lift and torsional moment coefficients (Figure
18b).

Figure 19 shows the case of a slender element with square cross-section and roundej/®8prners

the diagrams of the lift coefficient (Figure 19a) exhibit sudden slope changes as a function of the

Reynolds number and of the angle of attack; the diagrams of the Strouhal number (Figure 19b)

point out sudden jumps that correspond to bi-stable regimes of the vortex shedding (Section 5).
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Figure 17. Drag coefficient of a slender element with circular (a) and rectangular (b) cross-section.

(a) (b)
Figure 18. Drag, lift and torsional moment coefficient of a slender element with octagjpfzg! [

and iced-circularg7] (b) cross-section.

(a) (b)
Figure 19. Lift coefficient (a) and Strouhal number (b) of a slender cylinder with square cross-

section and rounded corners.
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Finally, it is worth mentioning that the inclination of an elongated cylinder with respect to the wind
direction gives rise to axial vortic¢899] that call for the return to a three-dimensional flow field

also in the presence of a mono-dimensional element.

(a) (b)
Figure 19. Yawed cylinder: (a) experiments in the wind tunnel at the Kyoto University (courtesy
Prof. M. Matsumoto); (b) axial vortice99].

4. WIND-EXCITED RESPONSE

Let us consider a structure or a structural element modelled, for sake of simplicity, by an elongated
cylinder whose axig is orthogonal to the body cross-section (Figure 20a); the mean wind velocity
Vm is aligned with the axig Assuming that the displacements are sufficiently small, they can be
evaluated by applying on the body the aerodynamic actions caused by the wind on the body dealt
with as fixed (Section 3). The aerodynamic actions per unit length are thus described by means of
an alongwind forcefy = fp, a crosswind forcd, = f., and a torsional momerft, = fy, due to two

main physical mechanisms: the buffeting caused by the oncoming turbulent flow and the signature
turbulence due to the vortex wake (Figure 16a). Thus, the structure or structural element exhibits a
three-directional (3-D) response with alongwingl, crosswind ¥) and torsional§) components.

The alongwind and crosswind response occur, respectively, mzlamdy-z planes; the torsional
rotation occurs around the axsDepending on the mechanical properties of the structure the three
response components may be coupled or uncoupled.

Buffeting actions are made up of a mean constant part of static nature, related to the mean wind
velocity, and a fluctuating zero mean part of dynamic nature, caused by the atmospheric turbulence
and characterized by a PSD with a low frequency harmonic content (Figure 19b). By virtue of this
phenomenon the wind-excited response in the three directigrend6 depends, on the one hand,

on the size of the structural surface exposed to the wind, namely the length of the structure and the
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size of its cross-section, and, on the other hand, on the dynamic parameters of the structure, first its
mass, natural frequencies, modal shapes and damping ratios. The partial coherence of the turbulence
field makes the maximum values of the local pressure not simultaneous; the equivalent pressure, i.e.
the uniform pressure that causes the maximum resultant force, thus decreases on increasing the size
of the exposed surface. Instead, the structural response decreases on increasing the stiffness and th
dissipative properties of the structure. In other words the structure de-amplifies or amplifies its own
response depending on whether the first phenomenon prevails or not on the second. Davenport
introduced these concepts in 196]. Figure 21 provides their compendium within a scheme very

well known as the “Davenport chain”.

) Oncoming turbulence
Yo

Signature turbulence

@ Y (b)
Figure 20. Slender structure or structural element: (a) alongwind, crosswind and torsional actions;

(b) spectral representation of the loading mechanisms.

Figure 21. Davenport Chain.

The vortex wake (Figure 20b) gives rise to actions, mainly orthogonal to the wind direction and

some times of torsional nature, associated with the alternating shedding of vortices (Figure 16a).

18
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They become intense especially on slender elements for which the vortex shedding is synchronous
along their own axis; moreover, they produce resonant effects when the shedding freguency
equal or close to a natural frequency associated with a crosswind mode of vibration. In these cases
the wind-excited response tends often to evolve towards aereoelastic phenomena (Section 5).

The wind-excited response of structures may be evaluated by analytical, experimental and numerical
methods or through their combinations.

The most well-known and shared analytical methods concern the dynamic alongwind response and
are inspired by the gust response factor technique introduced by Daéhdd®] thanks to this
method the equivalent static fordgsq Nnamely the force that statically applied on a structure causes

its maximum dynamic response, is given by the product of the mean staticffgrd®; a gust
response factoiG,, or by the product of the peak forg by a dynamic coefficientq. Advances

to the original Davenport method are reportedG®; fL01-110]

Figure 22 shows three classical reference mdd«€ld, 105]for which closed form solutions are
frequently provided by codes. Figure 23 shows a simplified evaluation criterion of the dynamic
coefficientCqyy for a reinforced concrete (a) and steel (b) building with rectangular plan; depending
on the building geometrnCg4 assumes values less (de-amplification) o greater (amplification) than

1, but never too far from the unift6]. This indicates that the study of the dynamic alongwind
response of buildings hardly leads to radically different solutions from those determined based on
the peak wind actions. The situation may be different for slender, flexible, light and low-damped
towers, chimneys and poles, whetg, may become considerably greater than 1. In this case,
however,Cyx may be drastically reduced by taking into account the aerodynamic damping, namely

the dissipative term that arises, just for flexible and light structures, due to the alongwind vibrations.

a) vertical structure like b) parallel oscillator, i. e. c) pointlike structures like
buildings etc. horizontal structures like signboards, etc.
- beams, etc.

T —
o

Figure 22. Reference structural models.
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Figure 23. Dynamic coefficient in the alongwind direction of a reinforced concrete (a) and steel (b)
building [16].

The analytical evaluation of the dynamic crosswind response of structures, and even more of the
torsional one, is greatly limited by the difficulty of taking the vortex shedding effects into account.
These effects are often negligible for ordinary structures whereas they may become fundamental for
structures characterized by relevant slenderness, height (e.g. high-rise buildings, towers and stacks)
or length (e.g. bridges, footbridges, elements of industrial works and power transmission lines). In
these cases it often happens that the wind load effects due to the crosswind and torsional response
greatly exceed those produced by the alongwind one. This problem is crucial since many structural
engineers and designers ignore it or do not have enough basic knowledge or tools to evaluate its
importance.

Analytical methods to evaluate the 3-D uncoupled response of slender structures and structural
elements are provided Q¢11-114] Figure 24(a) shows the standard deviation of the alongwind

and crosswind displacement at the top of a reinforced concrete chimm&g0 m high; solid and

dotted lines refer, respectively, to analytical and numerical solutions; the figure is enriched by the
results of full-scale measuremerjfisl5]. At low mean wind speeds, due to the resonance of the
vortex shedding with the fundamental crosswind mode of vibration, the crosswind response is much
higher than the alongwind one. On increasing the mean wind speed the alongwind response due to
the longitudinal turbulence exceeds the crosswind response caused by the lateral turbulence. Figure
24(b) shows the overturning bending moments at the base of the Brancusi Endless I€elumn
29.38 m high[116]. The waved shape of the corners prevents the regular shedding of the vortices
along its height and make the crosswind vibrations almost negligible with reference to the alongwind

ones.
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Figure 24. (a) Standard deviation of the displacements at the top of a reinforced concrete chimney
(A ando denote full-scale measurements alarand y respectively); (b) maximum overturning

bending moments at the base of the Brancusi Endless Column.

The analytical evaluation of the crosswind and torsional response of three-dimensional structures is
very complicate. In spite of this, semi-empirical formulae of the 3-D wind loading and response of
tall buildings with rectangular plan are provided[§7] together with simple combination rules of

the maximum wind load effects due to the three components of the motion. The application of these
criteria, widely diffused in standards and cofle8, 17, 118] shows that for a building exceeding
about 100 m height the crosswind response is almost always greater than the alongwind one.

The experimental evaluation of the wind-excited response of structures may be carried out by model
wind tunnel tests or full-scale experiments. Wind tunnel tests may be classified in two families. The
first includes measurements based on surface pressurgli®pd21]and high-frequency force-
balanceg80, 122]that detect the static and quasi-static model reactions (Figure 10); from here, the
dynamic response may be derived by analytical methods, finite element models or specific numeric
aids[123-127] The second family uses direct measurements of the response carried out by means of
aeroelastic balance$28] (Figure 25a) or fully aeroelastic model®p, 130](Figure 25b). The first

ones call for further elaborations of the results aiming to take the actual deformation of the structure
into account; the second ones directly provide structural vibrations. Full-scale tests cannot be used
in the design phase but, when developed on existing structures, furnish a fundamental information
to evaluate structural health and to assemble key datasets for future projects, for instance those

concerning structural damping3d1, 132]
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(@) (b)

Figura 25. (a) Aeroelastic balance tests; (b) aeroelastic model of the Akashi-Kaykio Bridge.

In principle the simulation of the dynamic response of structures by CFD may be carried out by
RANS and LES models. However, RANS suffers from the inherent modelling of Reynolds stresses
and its results in terms of turbulence simulation are essentially filtered. LES simulates both the large
and small turbulence scales, but is often numerically demanding. In addition, representing the actual
coherence of turbulence in the atmospheric boundary layer by CFD simulations is still an almost
prohibitive aim. For all these reasons CFD is a consolidated tool in the environmental sector, where
wind-induced phenomena are mainly governed by the mean flow, and is exhibiting great advances
in aeroelastic analyses (Section 6), frequently developed ignoring the turbulence. Instead, the wind-
excited response of structures, especially that dominated by gust buffeting, does not seem yet fully
reliable outside the research field. In the field of numeric analyses, however, it is very promising the
use of electronic databases that gather and process extensive wind tuni@, de83][

Finally, it is worth noting that the human body does not experience major difficulties when it is
subjected to displacements, while it is very sensitive to accelerations that cause human reactions
ranging from no perception to intolerability. The assessment of the wind-induced acceleration at the
top floors of high-rise buildings, and more in general of all the structures that contain people, is thus
a key requirement for serviceability and habitability chefd®4-140] Figure 26 shows typical
acceleration thresholds and the habitability criteria providef By As structural acceleration is a
resonant quantity, the use of passive (Figure 27a) and active (Figure 27b) damping devices is the
most appropriate method to mitigate its effdd4l, 142] The design of aerodynamically efficient
shapes (Figure 28) is a growing effective tool for reducing not only the acceleration but any other
wind load effect 143, 144]
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() (b)

(@)

Figure 26. Perception thresholds (a) and habitability check (b).

(b)
Figure 27. (a) Citicorp Building, New York, 1977; (b) Landmark Tower, Yokohama, 1993.

Figure 28. Aerodynamic control of the building shape.
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5. VORTEX-INDUCED VIBRATIONS

Let us consider a slender structure or a structural element (e.g. a chimney, a lighting pole, a cable, a
pedestrian footbridge) whose vortex wake causes an alternate shedding of vortices (FiJo& 16a)
145-148]resulting in a crosswind force that may be described, as a first approximation, by means of
a sinusoidal function with frequencey equal to the shedding frequency of the vortices. The most
severe wind loading occurs when the vortex shedding frequency is equal to a natural frequency of
the structuren,;, associated with a crosswind mode of vibration. The mean wind velogiteg.

= nyB/S for whichns = n;; causes a resonant excitation are called critical. From an engineering
point of view three remarks are worth mentioning.

Firstly, the sinusoidal model of the vortex-excited crosswind force is reasonable only for a smooth
flow, namely in the absence of turbulence; on increasing the turbulence the harmonic content of the
force spreads on a broader harmonic bid@®] centered on the frequenay (Figure 20b). Thus,

while the buffeting alongwind response increases on increasing the turbulence, the vortex-excited
crosswind response becomes very dangerous especially in the absence of turbulence. This condition
occurs when the terrain is smooth and even more when the atmosphere is stably stratified (Section
2); in turn this may happen when the mean wind velocity is below 10 m/s, above which atmosphere
is neutrally stratified. Under this point of view low critical velocities are often more dangerous than
higher ones. This remark is strengthened by the consideration that a low mean wind velocity is
frequent and thus causes, in steel structures, a relevant accumulation of the fatigue damage.

The second remark refers to the growth of the mean wind velocity on increasing the height above
the ground and the order of the resonant natural frequency. Vertical structures exhibit critical values
of the mean wind velocity that move along their axis on scaling the mean wind velocity profile to
different values (Figure 29). As a consequence, a criterion should be defined in order to identify the
position of the critical velocity that causes the maximum crosswind response. Experience and
theory show that this happens at those heights where the resonant mode of vibration has maximum
amplitude. Thus, the response on the first mode of vibration is maximum when the critical vortex
shedding occurs at the top of the structure (Figure 29a). The response on the second mode of
vibration is maximum when the critical vortex shedding occurs at the structural top or at the height
in which this mode attains a relative maximum (Figure 29b). The response on the higher modes of
vibration has to be evaluated for an increasingly larger number of critical shedding positions. It is
worth noting that on increasing the resonant mode also the critical mean wind velocity increases.
However, structural verifications have be limited to the critical velocities that may actually occur in
engineering terms, namely those that do not exceed the design wind velocity. It is also worth noting

24



O©CoO~NOOITA,WNPER

that on increasing the critical velocity the oncoming flow enters more energy into the structure; on
the contrary, it becomes more chaotic and so disorganizes the vortex shedding; it is not yet clear

how much dangerous are the critical velocities in proximity of the design value.

ZAY) SR R R e
I E— ®

(a) Vcr,l (b) Vcr,2

Figure 29. Critical positions of the resonant vortex shedding: first (a) and second (b) mode.

The third and most important remark concerns the linear relationship between the vortex shedding
frequencyns and the mean wind velocity, (Figure 30a). In reality this law is violated, starting

from v, in @ mean wind velocity rang®v,,; (Figure 30b), called synchronization or lock-in or
self-excitation domain, which becomes wider on decreasing the Scruton rBosbhdnmé,/(pb?),

wherem is the mass per unit length agd is the structural damping ratio in tiv¢h crosswind

mode of vibratior{150]. This fact has a deep physical meaning. When the Scruton number is large
(Figure 30a) the alternating vortex shedding causes a crosswind force of randonfild&piteat,

in turn, causes classical resonant random vibrations (Section 4). Instead, when the Scruton number
is small (Figure 30b), the resonant vortex shedding produces deterministic vibrations so large as to
become themselves the exciting mechanism; in this case the resonance occurs also when the mear
wind velocity varies withimv,,; (Figure 30b); this situation implies a fluid-structure interaction that
belongs to the class of the aeroelastic phenomena dealt with in Section 6. For this reason the vortex-
induced vibrations lie at the interface between the dynamic and the aeroelastic respbnse |

Figure 31(a) clarifies what it happens in the domain in which the Strouhal law is violated, showing
the results of the wind tunnel tests carried out by Wodtt64] in 1969 on a chimney model. The
abscissa and the ordinate represent, respectively, the reduced mean wind weg(oci¥) and the

reduced standard deviation of the crosswind displacement at the top of theophmaible different
diagrams correspond to different values of the Scruton nuBbéWhenScis large the response
moderately increases in a small neighborhood of the critical spgéBigure 30a). On reducirgc

the response strongly increases and the resonant conditions extends to a neigltherhoodhe
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right of the critical speed; in which the Strouhal law is violated (Figure 30b). This phenomenon

is very dangerous for the steel structures in which the repetition of large vibrations in a wide
neighborhood of the critical wind velocity may cause fatigue damage accumulation. Figure 31(b)
provides a different interpretation of the results shown in Figure 30(a); the abscissa and the ordinate
represent, respectively, the Scruton number and the reduced standard deviation of the displacement
at the structure top. Three different regimes o¢t68, 154 (Figure 31c): for larg&cvalues the
vibrations are forced by the vortex shedding and have random properties (top scheme); f&¢ small
values the vibrations are self-excited (lock-in) and self-limiting, and have deterministic properties
(bottom scheme). For intermedigdevalues a transition regime occurs in which the vibrations are

of mixed type (center scheme). The actual structural behavior shall belong to the regime in which

the vibrations are forced, far enough from the transition regime and even more from the lock-in one.

/

(@) Ver, u (b) Veri Vi,

Figure 30. Strouhal law for large (a) and small (b) Scruton numbers.

() (b) (c)
Figure 31. Wind-induced crosswind response: (a) wind tunnel iesds [b) response regimes

[153, 154] (c) forced vibrations (top), lock-in (bottom) and transition (center).
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In front of phenomena physically and conceptually so complex, and despite a huge research in this
field all over the world153-159] there is not yet a fully exhaustive and shared method to predict

the vortex-induced crosswind vibrations. Thus, available calculation methods should be interpreted
and applied with caution making use, if necessary, of aerodynamic devices aimed at mitigating the
intensity and regularity of the vortex shedding (Figure 32), or of passive and active control systems

aiming to increase the dissipation and hence the Scruton number (Figure 33).

(@) (b) ()

Figure 32. Aerodynamic devices: (a) helical strakes; (b) shroud; (c) guide vanes and flaps.

(a) (b)
Figure 33. Steel chimneys (a) equipped by a Tuned Mass Damper (b).

Finally, in addition to strong crosswind vibrations, the alternate shedding of vortices may also give
rise to ovalling deformation and oscillatiofi60-162]of thin shell circular cross-section structures
such as steel chimneys, silos and tanks (Figure 34). In all these cases the use of suitable stiffening

rings may mitigate up to eliminate these phenomena.
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(@) (b)

Figure 34: (a) Ovalling oscillations; (b) collapse of a tank.

6. AEROELASTIC PHENOMENA

Let us define as aeroelastic the wind-structure interaction phenomena caused by the occurrence of
structural displacements and velocities so large as to change the oncoming flow and the actions that
the wind would produce on the bluff-body if this was fixed. The structures most susceptible to these
phenomena are the light, flexible, low-damped, elongated or flattened ones such as the antennas, the
chimneys, the lighting poles and the towers, the decks of bridges and footbridges supported by
cables, the large covers, the cables and the individual elements of lattice and industrial works.

Aside from the vibrations caused by the vortex shedding, already described in Section 5, and aiming
to frame aeroelastic phenomena in a simple and intuitive way, they can be schematized through the
introduction of aeroelastic or self-excited actions, generally as nonlinear functions of the structural
displacements and velocities as well as of the mean wind speed and aerodynamic coefficients. In the
hypothesis that the motion is small aeroelastic actions can be linearized, resulting in terms that are
proportional to the structural displacements and velocitie3][

Thus, the dependence on the structural motion causes linearized aeroelastic actions that can be
schematized by suitable quantities that change the structural properties, in particular the stiffness,
when the self-excited actions are proportional to the displacements, and the damping, when instead
they are proportional to the velocities. On increasing the mean wind speed such changes delete or
make negative the stiffness and/or the damping, causing critical conditions of incipient aeroelastic
instability. These forms of instability are of the static type if they depend only on the change of the
stiffness, of the dynamic type if instead they involve a modification of the damping.

The mean wind speed values for which instability conditions occur are called critical and depend on
the geometric and mechanical characteristics of structures. Excluding the vortex shedding discussed
in Section 5, it is a major task of designers to check that all the critical wind speeds are adequately

greater than the design wind speed. In particular, as unstable phenomena may cause catastrophic
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forms of structural collapse, it is necessary that the probability of occurrence of the critical wind
speeds is extremely small. From this point of view the synchronization phenomenon due to vortex-
induced vibrations has still peculiar properties; being almost impossible to prevent its occurrence,
structures must be designed to withstand this phenomenon.

Also the aeroelastic behavior of slender and/or flattened structures and structural elements can be
evaluated by analyticdll64, 165] experimenta[166] and numerica]167, 168]methods. Unlike

the previously examined cases, however, the use of different methods is often necessary and leads to
integrated procedures that in many cases call for the involvement of experts. Nevertheless, aiming
still to provide a very simplified frame of aeroelastidity3], it can be discussed by separating the
forms of instability that occur separately in the alongwind, crosswind and torsional directions from
those that involve coupled components of the motion; in both these situations it is also essential to
distinguish the cases for which the problem may be formulated in the time domain by quasi-steady
theory, thus exploring the conditions in which the reduced frequency of the motion is small, from
those in which it is instead essential to enter the frequency domain, as it happens when the reduced
frequency of the motion is large.

A thorough examination of the various aeroelastic phenomena that can be extracted and identified
by each formulation transcends the spirit of this paper. It is thus limited to briefly discuss the three
main forms of aeroelastic instability - galloping, torsional divergence and flutter - without any
pretense of offering an exhaustive picture.

Galloping is an aeroelastic instability that produces effects equivalent to suppress the {a&¥ing

173]. Thus, it is a form of instability of aero-dynamic type. It mainly concerns slender, flexible, light
and low-damped structures and structural elements, whose cross-section shape involves a relevant
negative slope of the lift coefficient on increasing the angle of wind attack. This phenomenon is
possible, also for moderate mean wind speeds, for iced cables of transmission lines and guyed masts
(Figure 18b) 97, 174, 175hnd inclined cables of cable-stayed bridges whose cross-section shape is
modified by a water rivulet (Figure 35a); this phenomenon is known as rain-galldpi6gL83.

Figure 35(b) shows the test laboratory realized at Tongji University to simulate the aeroelastic
instability of cables subjected to the joint action of wind and rain. Figure 36 shows two typical
devices for mitigating cable rain-galloping by preventing the regular flow of the rivulet.

Galloping is also possible without the presence of ice or water rivulets, provided that cables or
cylinders are yawed with regard to the wind direcfib®4-19Q. In addition it may involve, usually

for higher mean wind speeds, tall slender structures such as light poles and telecommunication

towers[191, 192, light decks of footbridges, isolated structural elements. The coupling between
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galloping and vortex-induced vibrations occurs when these two phenomena are characterized by

critical velocities not so much separated: it is as dangerous as still little kh6@in [

(a) (b)
Figure 35. (a) Cross-section of a cable with a water rivulet and aerodynamic coefficients; (b) test

laboratory at Tongji University (courtesy Prof. Y. Ge) to simulate rain galloping.

(@) (b)

Figure 36. Rain-galloping mitigation by wrapping cables in pocket sheaths (a) or helical strakes (b).

Torsional divergence is an aeroelastic phenomenon that produces effects that are equivalent to
suppress the torsional stiffness. Thus, it is a form of instability of aero-static type. It mainly involves
structures characterized by flattened cross-sections in the direction of the oncoming wind and
limited torsional stiffness. Accordingly, it is very dangerous especially for flattened decks of long-
span suspension bridggl94-196] It may also concern signboards, canopies and flattened decks of
footbridges.

Flutter (Figure 37) is an aeroelastic phenomenon that causes effects equivalent to suppress both the
stiffness and the damping primarily linked with the crosswind and torsional resfd@®%s201]

Thus, it is a form of instability that usually involves two degrees of freedom. In this case, known as
classical flutter, the coupling occurs between two modes of vibration with close natural frequencies,

the crosswind natural frequency being lower than the torsional one, and similar mode shapes with
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the same number of nodes nearly in the same positions. There are also cases in which flutter may
occur with a single degree of freedd@02]. This phenomenon, known as stall flutter, has been
observed with reference to the torsional mode of vibration for a variety of flattened structures,
firstly the decks of suspension bridges. Modern trends in wind engineering tend to consider the
coupling of three degrees of freedpa®3), i.e. the alongwind, crosswind and torsional components

of the motion, as well as to investigate the nonlinearity of the aeroelastic self-induced [@€#bns

206]

(a) (b)

Figure 37. Tacoma Narrows Bridge collapse, November 7, 1940.

7. INTERFERENCE

Interference is a phenomenon that modifies the behavior that a structure would have if it was
isolated RO7]. According to the different cases, interference may cause an increase or a reduction of
the wind speed, of aerodynamic actions, of the dynamic response and of aeroelastic phenomena.
Without any claim to provide a comprehensive discussion of a very complex and articulated matter,
three typical examples are discussed below.

Figure 38 shows the results of wind tunnel tests aiming to assess the interference effects of adjacent
buildings[208, 209. The contour lines connect points with an equal interference factor IF, IF being
the ratio between the drag coefficient of the actual building surrounded by other buildings and the
drag coefficient of the isolated building. Figure 38(a) shows the IF values referred to the mean wind
loading, proving that this is reduced by the shielding effect of upwind buildings. Figure 38(b) shows
the IF values referred to the standard deviation of the wind loading; in this case the fluctuating load
exhibits significant increases due to the wakes behind the shielding bodies.
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() (b)

Figure 38. Interference Fact@(9]. (a) mean loading; (b) fluctuating loading.

Figure 39(a) illustrates the aerodynamic behavior of two staggered fixed cy[i2iier211] Figure
39(b) shows the drag and lift coefficients of the rear cylinder as a functid @ndL/D, D being
the diameter of cylinders. Small changes of these ratios cause great variations in the aerodynamic
actions. Especially the lift coefficient shows rapid increases that may produce relevant aeroelastic

phenomena on leaving the cylinders free of oscillating.

(a) (b) (c)

Figure 39. (a) Staggered cylinders in cross-flow; (b) drag coefficient; (c) lift coefficient.

Figure 40[212] shows two tandem cylinders free of vibrating as it is typical of close steel stacks or
parallel elements of industrial work813, 214] They exhibit three different forms of aeroelastic
instabilities usually called wake galloping. Unfortunately, most of the available data derive from
wind tunnel tests carried out at low Reynolds numbers. Nevertheless it is widely shared that this

phenomenon may be catastrophic.
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Figure 40. Different forms of wake gallopif212].

8. CONCLUSIONS AND PROSPECTS

Since its foundation in 196 6] to the present, wind engineering has made enormous progress in the
knowledge of the wind, aerodynamic and dynamic actions on structures, aeroelastic and interference
effects. Accordingly, it transferred to civil and structural engineering a wide range of concepts and
tools by means of which it is now possible to achieve safer and more performing construction. This
paper provides a framework, though necessarily not exhaustive, of the main phenomena to which
structures are exposed due to wind actions and of the tools and codes available to calculate, avoid or
mitigate their consequences. Faced with so many problems dealt with and actually solved, however,
there are at least as many problems still little known and subject of research worldwide.

Scholars and engineers are starting to share the belief that speaking of wind actions and effects in
general terms is outdated; in a mixed climatology the wind may occur in multiple forms (e.g., extra-
tropical and tropical cyclones, downbursts and tornadoes, monsoons and downslop¢208ids)

each one of these events is endowed with its own properties and requires different treatments and
structural analysef216]; in this new framework the classic hypothesis that the wind velocity, the
aerodynamic loading and the structural response are stationary and Gaussian often fall into defect
and advanced formulations concerning non-stationary and non-Gaussian phenomena have to
introduced. Another issue deserving great interest is the wind-induced fatigue; discussed by
Davenport in a pioneering pap@17] of 1988 and then long ignored or estimated with not enough
appropriate methods, it is now well established that the wind causes variable actions and damage
accumulation that frequently lead to collapse slender, flexible, light and/or low-damped structures
(Figure 41)[218-221] Just emerging and worthy of attention is also the research that drawing
inspiration from seismic engineering is aiming to study the wind-induced behavior of structures in

the fully probabilistic framework of the performance-based deg2@2-224] This immediately
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transfers the attention towards the necessity of investigating the non-linear post-elastic response of
structures[225-227] likewise the probability distributions of the extreme wind speed that retain
major validity also for high return perioi29, 31-33] This topic in turn draws attention on a next

generation research aiming to take the wind climate changes into considet28¢#8D]

Figure 41. Wind-induced collapse of poles and tubular tovi2d:8] [

Another theme worthy of note concerns the secondary elements that, with the passage of time, are
used more and more often as tools to mitigate wind-induced vibrations; the most typical example is
represented by the side barriers of bridges and footbridges that, well beyond their functional and
aesthetic peculiarities, have the structural role of stabilizing the deck (Figure 42). Under this point
of view they have an essential safety function in the respect of which structural engineering has not
yet developed a clear conceptual framework. Equally little known and worthy of attention is the
problem of the construction phases (Figure 43a); they are often ignored or undervalued without
perceiving that these are often just the conditions in which structures expose themselves to major
risks with respect of the wind. The temporary works have similar problems (Figure 43b).

The wind engineering growth is insolvably linked with its disclosure in the structural engineering
field and among designers. The growing widespread distribution of the wind engineering courses at
universities and professional institutions worldwide is a guarantee for a more conscious future in
respect of the many risks to which the wind exposes the built environment and the anthropogenic
territory. In the meantime it is essential that structural engineers tackle the design of wind-sensitive
works with the awareness that the wind represents a very delicate issue for the safety of people and
so it deserves adequate skill.
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(a) (b) (©)
Figure 42. Bronx-Whitestone Bridge: (a) original work (1939); (b) reinforcement by a stiffening
girder (1946); (c) replacement of the girder by an aerodynamic hull (2004).

(@) (b)
Figure 43. Wind-induced collapses: (a) Ferrybridge cooling towers under construction (November
1, 1965); (b) temporary tribune.
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