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Abstract

The impact of extreme winds on industrial assets and the built environment
is gaining increasing attention from stakeholders, including the corporate
insurance industry. This has led to a progressively more in-depth study of
building vulnerability and fragility to wind. Wind vulnerability models are
used in probabilistic risk assessment, to relate a loss metric to an intensity
measure of the natural event, in this case usually a gust or mean wind
speed. In fact, vulnerability models can be integrated with wind hazard to
provide an assessment of future losses due to extreme wind. Wind hazard
on the other hand, can be quantified by associating a probability to the
exceedance of each intensity level within a time interval which has been the
objective of world- and regional-scale wind hazard studies.

One approach often adopted for the probabilistic description of build-
ing vulnerability to wind, is the use of fragility functions, which provide
the conditional probability that selected building components will exceed
certain damage states, given wind intensity. In fact, in wind engineering
literature, it is more common to find structural system- or component-
level fragility functions, rather than wind vulnerability models for an entire
building.

In this context, models for assessing the vulnerability and fragility of
structures to wind and their historical evolution over the last 50 years were
investigated. On this basis it was possible to identify the fundamental
characteristics in the assessment of the vulnerability of structures to wind.
Among these, the importance of the relationships between the failures of
different components of the structure emerged. Loss assessment based on
component fragility requires some logical combination rules that define the
building’s damage state given the damage state of each component, and
the availability of a consequence model that provides the losses associated
to each damage state.

In state-of-the-art risk calculations, which are based on numerical simu-
lation of a structure’s behavior during extreme wind scenarios, the interac-
tion of component damage is intertwined with the computational procedure.
Since simulation-based approaches are usually computationally demanding



and case-specific, an approach for the composition of a fragility function
for the entire structure, using available component fragilities, is developed
and discussed in this thesis. This procedure also involves the development
of a database containing a large number of recent and past vulnerability
studies. The heterogeneity of models found in the literature also promoted
a search for vulnerability function conversion methods.

All these features have been integrated in the ExtReMe wind risk as-
SESsment prototype Software, ERMESS, an ad-hoc developed wind risk as-
sessment tool for insurance applications, based on in-built or user-defined
wind hazard data. Collecting a wide assortment of available wind vulner-
ability models and fragility functions, this software implements also the
previously introduced alternative method for building-specific risk assess-
ment based on existing component-level fragility functions and on a number
of simplifying assumptions for their interactions.

The applicability of ERMESS’s output has been validated and, despite
the simplifying assumptions, the procedure can yield evaluations that are
comparable to those obtained via more rigorous building-level simulation-
based methods, at least in the considered examples. The advantage of this
approach lies in the fact that a database of building component fragility
curves can be put to use for the development of new wind vulnerability
models to cover building typologies not yet adequately covered by existing
works and whose rigorous development is usually beyond the budget of
portfolio-related industrial applications.

Keywords: Extreme wind, Probabilistic risk assessment, Component wind
fragility, Vulnerability model, Wind-induced losses, Computer-aided risk
assessment.
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Sommario

L’impatto dei venti estremi sugli asset industriali e sulle costruzioni sta gua-
dagnando una crescente attenzione da parte degli stakeholder, compreso il
settore assicurativo. Cio ha portato ad un crescente sempre pitt appro-
fondito studio della vulnerabilita e della fragilita degli edifici al vento. In
particolare, i modelli di vulnerabilita sono utilizzati nella valutazione pro-
babilistica del rischio, per mettere in relazione una metrica di perdita con
una misura di intensita dell’evento naturale, in questo caso solitamente una
raffica o una velocita media del vento. Di fatto, questi modelli, integrati
con la pericolosita del vento, restituiscono una misura delle perdite future
dovute a fenomeni eolici estremi. La pericolosita del vento ¢ solitamente
quantificata attraverso la probabilita di superamento di ogni suo livello di
intensita, in un dato intervallo di tempo e cio ¢ alla base degli esistenti
studi sulla pericolosita del vento, su scala mondiale e regionale.

Un approccio spesso adottato per la descrizione probabilistica della
vulnerabilita degli edifici al vento, € I'uso di funzioni di fragilita, i quali
forniscono la probabilitd che componenti selezionati dell’edificio superino
determinati stati di danno, condizionatamente all’intensita del fenomeno.
Nell’ambito dell’ingegneria del vento, € infatti pit comune trovare funzioni
di fragilita, sia a livello di sistema strutturale che di componente, piuttosto
che modelli di vulnerabilita per edificio.

In questo contesto, sono dunque stati approfonditi i modelli per la valu-
tazione della vulnerabilita e la fragilita delle strutture al vento e la loro evo-
luzione storica negli ultimi 50 anni. Tale studio ha condottoall’identificazione
delle caratteristiche salienti che entrano in gioco nella valutazione affi-
dabile della vulnerabilita delle strutture al vento. Tra queste, & emersa
I'importanza delle relazioni tra i guasti dei diversi componenti della strut-
tura. La valutazione delle perdite basata sulla fragilita dei componenti
richiede, quindi, regole di combinazione logica che definiscano lo stato di
danno dell’edificio dato lo stato di danno di ogni componente, oltre alla
disponibilita di un modello di conseguenze che fornisca le perdite associate
a ogni stato di danno.

Nelle analisi di rischio considerate ad oggi le piu raffinate che si basano
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sulla simulazione numerica del comportamento di una struttura durante
scenari di vento estremi, I'interazione del danno dei componenti ¢ legata alla
procedura di calcolo. Dato che tali approcci risultano computazionalmente
onerosi e struttura-specifici, in questa tesi viene sviluppato e discusso un
approccio semplificato per la composizione di una funzione di fragilita di
intera struttura, attraverso le fragilita dei componenti disponibili. Tale
procedura e stata quindi integrata con la raccolta di un gran numero di
funzioni di vulnerabilita, recenti e passate, raccolte all’interno di un unico
database. L’eterogeneita dei risultati raccolti ha inoltre promosso la ricerca
di metodi di conversione delle funzioni di vulnerabilita.

Tutte questi prodotti sono quindi stati integrati nel software ExtReMe
wind risk assESsment, ERMESS, che rappresenta uno strumento per la
valutazione speditiva del rischio eolico, sviluppato ad-hoc per applicazioni
assicurative e basato su dati di pericolosita del vento incorporati o definiti
dall’utente. Costruito sull’ampio assortimento di modelli di vulnerabilita al
vento disponibili, raccolti all’interno del suo database, questo software im-
plementa il metodo precedentemente introdotto per la valutazione speditiva
del rischio di edificio, basato su funzioni di fragilita esistenti di componenti e
su una serie di ipotesi semplificative per la definizione delle loro interazioni.

L’applicabilita di ERMESS ¢ stata in alcuni casi validata in alcuni esem-
pi e, nonostante le ipotesi semplificative, la procedura produce risultati
paragonabili a quelli ottenuti tramite metodi piu rigorosi, basati sulla si-
mulazione a livello di edificio. Il vantaggio di cio risiede nel fatto che il
database di curve di fragilita di componenti edilizi puo essere utilizzato per
il rapido sviluppo di nuove funzioni di vulnerabilita al vento, per tipologie
edilizie non specificamente studiate, il cui sviluppo rigoroso richiederebbe
un budget superiore a quello che solitamente ¢ a disposizione per applica-
zioni su portafogli industriali.

Parole chiave: Vento estremo, Valutazione probabilistica del rischio, Fra-
gilita dei componenti del vento, Modello di vulnerabilita, Perdite indotte
dal vento, Valutazione del rischio assistita dal computer.
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Chapter

Introduction

Risk analysis consists of a probabilistic assessment of potential economic
losses resulting from natural hazards. As such, it is of key importance
for stakeholders, including the corporate insurance industry that usually
determines insurance premiums based on the results from such analyses.

This thesis focuses on risk analysis in the context of building vulner-
ability to wind-induced actions, and is conducted in the context of the
2020-2022 research agreement between tHeepartment of Structures for
Engineering and Architecture (DIST) of University of Naples Federico Il
and the insurance company specialised in the management of complex risks
AXA-XL .

Indeed, wind-related hazard is one of the key source of natural disaster
risk. According to the 2019 Global Natural Disaster Assessment Report [3]
that analyses Global Disaster Database (EM-DAT), China's disaster data
and data collected from the insurance industry, major natural disasters
aected a total of 90.638 million people in 2019; 34.53% of them were
a ected by storms, 32.7% by oods, 31.16% by droughts and less than 2%

1EM-DAT is an emergency database created by the World Health Organization
(WHO) and the Belgian Centre for Epidemiological and Disaster Research to collect
the major natural disaster data
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by other types of disasters. In terms of worldwide direct economic losses
$121.856 Billion were reported: 47.53% caused by storms [3]. It is therefore
not surprising that wind-related hazard is receiving increasing attention in
recent years [96], also in light of the population growth in extreme wind-
prone area [55]. Except for tornadoes, historically extreme winds are not
considered a life-safety issue because of the opportunity for prior warnings
to the population [58] through weather forecasts. This characteristic is not
found, for example, in the case of earthquakes or wild res that have played
a leading part in risk analysis over the years.

Extreme wind hazards are generally categorised according to causative
meteorological phenomena (e.g., cyclones, tornadoes, and downburst) [86]
but international e ort on risk reduction has been greatly focused on trop-
ical cyclones [86]. Only in recent years other phenomena are receiving
great attention as remarked by by the THUNDERR project (http://ww
w.thunderr.eu/ ) of the University of Genoa, awarded with the Advanced
Grant 2016 by the European Research Council. This project, headed by
Giovanni Solari rst and now by his research group, aims to investigate
extreme winds related to thunderstorms, starting from the modelling of at-
mospheric phenomena up to wind action and its impact on society and the
economy [77].

Furthermore, hazard is only one of the components in risk assessment
according to the international reference for disaster risk reduction: the
Sendai Framework [89]. In fact, within this framework, risk has three main
components: hazard, vulnerability, and exposure. Hazard refers to the haz-
ardous phenomenon in itself and represents the frequency with which a site,
in a certain period of time, experiences a certain phenomenon; e.g., a certain
wind speed. Usually, this data is obtained from an historical database of
hazardous events occurring in di erent locations with heterogeneous inten-
sities; e.g., the worldwide historical tracks and intensities map in Figure 1.1
of tropical cyclones occurred up to 2006 and collected by international agen-
cies. Vulnerability refers to the susceptibility of economic assets or people
to damages su ered as a consequence of the phenomenon (Figure 1.2); e.g.,
the probability distribution of economic losses, given wind intensity [94].
Finally, exposure de nes the value of the asset or people exposed to the
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risk.

Figure 1.1: Historical tracks and intensity of all tropical storms according to
Sa r-Simpson hurricane intensity scale (adapted from https://ea
rthobservatory.nasa.gov/images/7079/historic-tropical-cy
clone-tracks ).

The most advanced risk analysis approaches to earthquake and wind
hazard, are based on this three-component frameworkPerformance-Based
Earthquake Engineering [17] and Performance-Based Wind Engineering
[67], respectively. The latter provides the basis of this study and is in-
troduced in the next section together with its evolution, from the de nition
in 2004 up to the present day.

1.1 Performance-based wind engineering

Nowadays, the design of buildings exposed to extreme winds (such as those
exposed to hurricanes in the US) has reached high levels of life safety. These
buildings have large safety margins against structural collapse, especially

thanks to increased knowledge of the phenomenon and corresponding im-
provements in the de nition of structural loads. On the other hand, there
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Figure 1.2: Vulnerability curves for the residential building class proposed by dif-
ferent authors ([74] on the left and [87] on the right).

is still much to understand when it comes to estimate and forecast direct
and indirect economic losses [55] due to extreme winds. This led to the
development of a new approach that deviates from the widely used.oad
and Resistance Factor Design (LRFD) with a shift to the more modern
concept of Performance-Based Design (PBD)

PBD procedures assess buildings' performance on the basis of quantita-
tive targets de ned on Decision Variables (DVSs), i.e., variables of interest
to stakeholders. Although several authors over the years have tried to
perform probabilistic structural performance evaluation using di erent ap-
proaches (e.g., [50, 87]), some consensus is being observed in recent years
in Performance-Based Wind Engineering (PBWE). Its pioneering de nition
appeared in the work of Paulotto et al. in 2004 [67]. In their work, the au-
thors presented an attempt to extend the approach proposed by the Paci c
Earthquake Engineering Research Center (PEER) for Performance-Based
Earthquake Engineering [36] to the case of PBWE, with a focus on the
performance of tall buildings.

This approach was carried on and further developed by some other au-
thors in the following years. In 2009, van de Lindt and Dao applied the
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PBWE approach to wood-frame buildings in the United States [58]. The
authors, given the lack of such a model in this country [21], implemented a
procedure to study the fragility of buildings looking at four levels of perfor-
mance: occupant comfort, continued occupancy, life safetyand structural
instability .

However, a more in-depth formalization of the probabilistic procedure
for the application of PBWE came with the overview work of Ciampoli et
al. in 2011 [12]. The authors, according to the PEER approach, de ne the
risk of a structure to wind as the probability of exceeding a certain level of
a relevant DV (e.g., economic loss resulting from a windstorm) as:

P(DV >dv) = Gpy (dv) =
Zz Z Z Z Y4

Gpv jom (dvjdm) fpy jepp (dmjedp
DM EDP IM fIPg fSPg

fEDP jim; f1P gf spg(€dlim; fipg;fspg) frip giim; rspg(fipgjim; fspg)

fim (iMm) frspg(fspg) d(dm) d(edp d(im) dfipg dfspg (1.1)

where G( ) represents thecomplementary cumulative distribution function
(CCDF) and f () the probability density function (PDF); DM (can be
a vector) represents aDamage Measureto quantify the structural dam-
age (e.g., damage to a portion of building wall); EDP (can be a vector)
is a relevant Engineer Demand Parameterthat de nes the response of the
structure (e.g., inter-storey drift, acceleration, displacement etc.);IM is the
Intensity Measure of the natural hazard (e.g., wind speed);f SPg s a vector
of Structural Parameters characterizing the structure itself (e.g., mechan-
ical and material proprieties); f1P g is a vector of Interaction Parameters
and allow to take into account the interaction between the structure and
the environment (e.g., aerodynamic coe cient and Strouhal number). To
clarify the development of Equation 1.1, it is important to outline that the
authors assumelM and SP to be uncorrelated and not a ected by the
uncertainty of the IP parameters.

Compared to the PEER approach, Ciampoli's formalization allows to
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introduce sources of uncertainty that are essential in wind risk assessment.
In fact, the authors explicit the sources of uncertainty in the so-calledex-
change zonei.e., the region around the structure where the e ect of the
interaction between the structure and the wind eld cannot be disregarded,
by the de nition of the IP and SP vectors. Sources of uncertainty in the
environment, i.e., the region around the structure where the wind eld is
not a ected by the presence of the structure itself, are taken into account
in the IM vector de nition. Figure 1.3 shows a schematic identi cation of
these zones.

Figure 1.3: Ciampoli et al. schematic identi cation of exchange and environment
zones (adapted from [12]).

The strength of this approach lies in its propensity to separate the com-
ponents of the risk assessment in di erent analyses, as shown by Figure 1.4:

" Hazard analysisde nes fy (im) once the location of the structure is
known.
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Structural characterization of the structure, i.e. its design, de nes
ftspg(fspg).

Aerodynamic analysis is needed to study the interaction between
wind eld and structure, if any. Usually, f¢p gjim; rspg(fipgjim; fspg)
is provided by wind tunnel test or Computational Fluid Dynamics
(CFD) analyses.

Structural analysis de nes the structural response to the wind action
asfepp jim; f1p gt spg(€dpim; fipg; f spg).

Damage analysis develops the probability density function
fom jeop (dmjedp).

Loss analysisde nes Gpy jpm (dvjdm).

Figure 1.4: PBWE owchart (adapted from [12]).

Assuming EDP as a measure of structural damage (i.e. EDP DM)
and de ning the Limit States (LSs) as a measure of the whole structural
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performance (e.g., no damage, minor damage, or severe damage), the au-
thors o er the following reduced-form risk formalization:
Z Z Z Z

Gis(ls) = Gisjepp (Isjedp
EDP IM fIPg fSPg

fepp jim; fip g spg(€dAiM; fipg; fSPQ) ftip gim; rspg(fipgiim; fspg)

fim (im) frspg(fspg) dedy d(im) dfipg dfspg (1.2)

In more recent years (2019-2021), Ouyang and Spence [65, 63, 64] have
further developed the PBWE framework, focusing on some aspects that
had been less investigated in previous studies: wind direction, progressive
damage to the building envelope, and water ingress due to concurrent rain-
fall. The authors formalize the risk in terms of mean annual rate , of
exceeding aDV threshold, dv:

y Gpv jepp (dviedp [jdGepp jr;:aim (€DErT; ;im )]

JAdGR,jaim (rrjiim )j jdGajm ( jim)j jd imj (1.3)
with Ry the maximum intensity of the concurrent rain event, A the direc-
tion of the wind, and IM the maximum mean wind speed at the building
top. Also in this case the formulation allows separating the risk assessment
in an hazard analysis to evaluateGg, jaim (rtj;im ), Gajm ( jim) and

im, and in a loss analysis to de neGpy jepp (dvjedp. However, to eval-
uate G(EDP jRt; ;IM ), they de ne a more genericresponse analysisin
which an aerodynamic analysis is implicit.

The strength of the PBWE approach lies in its intrinsic ability to dis-
entangle the di erent risk components. This allows to move away from the
predominant study of cyclonic events, in favour of di erent typologies of
extreme wind events scarcely investigated in the literature, as evidenced by
today PBWE studies on Bora [19] and non-stationary winds (e.g., down-
burst and tornadoes) [53].
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1.2 Proposed PBWE approach

This thesis is also based on an adaptation of the approach proposed by the
Paci c Earthquake Engineering Research Center (PEER) for Performance-
Based Earthquake Engineering [36] to Performace-Based Wind Engineer-
ing (PBWE). The author, according to this assumption, de nes the risk
of a structure to extreme wind phenomena as the mean annual rate of
exceedance of a loss threshold,:

z

= PIL>1jim] jd imj (1.4)
with jd inj = jd im=d(im)j d(im) the absolute value of the derivative of
the hazard curve (the meaning of which will be discussed in more detail
later) multiplied by d(im) [46].

De ning the Damage State (DS) of the structure as a quantitative
measure of its overall damage, by iterative application oftotal probability
theorem, one obtains:

Z 7Z Z

| = Gijps (ljds) fpsjrepp ¢(dsif edpg)
IM DS fEDPg

freop gim (fedpgjim) d(ds) dfedpy jd imj (1.5)

under the assumption of loss dependent only on the whole structure damage
(GLjps:tepp gim (ljds;fedpg;im) = G, jps (ljds)) and the damage state de-
pendent only on the response of structure components
(fosjtepp gim (dsif edpg;im) = fpsjsepp g(dsif edp)).

This formalization of the risk highlights its main components. The
term jd imj represents a measure of the hazard. In fact, this information is
derived through the hazard curve that returns the annual exceedance rate
of a given intensity measure, im (Figure 1.5).

The propensity of a structure to su er damage, given the intensity of
the phenomenon, is accounted as its vulnerability. This information is usu-
ally provided in terms of losses or in a probabilistic way by vulnerability
(Figure 1.2) or fragility curves (Figure 1.6). In Equation 1.5, vulnerability
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Figure 1.5: Miami (US) hurricane hazard curve according to [89] data.

Figure 1.6: Residential building fragility curves according to [18].
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is represented by the probability of an overall damage of the structure DS,
given a vector of EDP , and the probability of the latter given the inten-
sity of the phenomenon,IM . In the proposed approach, the engineering
response parameter vectoif EDP g is de ned as the collection of damage
measures of the most vulnerable components of the whole structure to wind.
According to the existing literature (e.g., [69, 87, 34]), available data, and
the author' judgement, these components pertain to its envelope. Accord-
ing to this assumption, the author de nes four most vulnerable classes of
envelope building components (Figure 1.7), hereinaftemain components
roof covering (RC), roof structure (RS), envelope openings (EO)and enve-
lope walls (EW). Then, ftepp gim (fedpgjim) df edpg is addressed as the
joint probability of the main component damage measures (or states).

Figure 1.7: Building main components.

The link between the engineering response parameters and the building
damage states is provided in a deterministic way by the de nition of the
damage matrix that associates a secondary measure of damage to that
of the whole structure. Although its de nition has been provided over
the years by several authors (e.g., [33, 40]), the most comprehensive and
detailed collection of such wind-related matrices is currently provided by the
HAZUS-MH 2.1 project [90, 91, 18] of theFederal Emergency Management
Agency (FEMA). It provides matrices for di erent building types as the
one in Figure 1.8 in which the building is considered in a speci DS if any
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of the corresponding shaded building component damage measures occur.

Figure 1.8: Industrial building damage matrix (adapted from [18]).

Finally, G jps (ljds) refers to exposure, de ned as a structure loss mea-
sure conditioned to DS. Often this information is provided in terms of an
expected valueas in the case of Table 1.1 in which the calibrated ad-hoc
expectedDamage Ratio (i.e., ratio of the value of the damage and value of
the building), DR, for ve residential building damage states is tabulated.

To develop a more general discussion, the introduced formalization of
the risk in Equation 1.5 has been developed in continuous terms fobS,
fEDP g, and IM . Although considering a continuousIM is generally quite
intuitive, the same cannot be said forDS and f EDP g, given their proposed
de nitions. Therefore, given a nite number of damage states for the whole
structure, ngs, and for the main components, it is possible to reformulate
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Table 1.1: Expected damage ratios for ve residential building damage states.

DS E[DR]

0.00
0.25
0.50
0.70
1.00

A WNPEFO

the measure of the risk as:

Z  Ras Myedng
| = Gijps(ljdsj) P[DS = ds;jf EDP g= fedpym]
IM j=1 m=1

P[fEDP g = fedmmjim] jd imj (1.6)

with n¢eqpg the number of possible realizations of the vector of engineering
demand parameters,fedpg, de ned by the building component damage
states. The following parts of this thesis will address in detail the de nition
of each of the elements of this equation.

1.3 ExtReMe wind risk assESsment Software

Built on the basis of the proposed PBWE approach developed in the pre-
vious section is the ExtReMe wind risk assESsment (prototype) Software,
ERMESS. This software is one of the main results of a three-year research
agreement between the University of Naples Federico Il and the insurance
company AXA-XL which is specialized in the management of complex risks.
ERMESS is a wind risk assessment tool for insurance applications with a
focus on industrial facilities, that integrates a wide set of wind vulnerability
and fragility functions. The interface of the software re ects the framework
of the PBWE approach pointing out the main components of the risk as
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displayed by Figure 1.9. Each one of the threemain modules hazard, vul-
nerability, and exposure, are in turn composed bysub-modulesthat allow
internal speci c operations, e.g.,IM conversion or fragility composition.

The interface also displays the input and output of the risk analysis.
Therefore, after the user de nition of the site characteristics (geographi-
cal coordinates and ground roughness) and the type of hazardous event
(tropical cyclone or tornado), the hazard module allows the de nition of
the hazard curve (or the single intensity measure in case of scenario analy-
sis). This de nition can be performed via direct user input or by build-in
hazard maps. Then, theintensity measure conversion sub-modulellows
the conversion, if needed, oM (s) to the reference value of3-second gust
at 10 m (more details are provided in the following sections).

The Vulnerability module allows the user to choose between three dif-
ferent risk assessment approaches and to select/de ne the building char-
acteristics according to an ad-hoc developed taxonomy, via théaxonomy
sub-module The rst, vulnerability approach requires the direct de nition
of the building vulnerability function. The second involves the de nition
of fragility functions for the entire building, i.e., the building fragility ap-
proach, while the third one is a simpli ed approach developed for composing
building fragility. This building fragility composition approach relies on the
de nition of main components fragilities and the de nition of a damage
matrix. In all cases, the user is allowed to use his own functions rather
than the built-in functions included within the ERMESS database This
database collects both literature and study results from the last 50 years
and curves developed by the author.

Finally, the exposure moduleallows the de nition of the risk measure
according to the chosen vulnerability approach.

1.4 Thesis organization
This section describes the organization of the thesis following this Part | in

which it has been described the state-of-the-art of performance-based wind
engineering risk assessment (Section 1.1), the approach proposed by the
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Figure 1.9: ERMESS interface and its main inputs/outputs.
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author for it (Section 1.2), and the introduction to the software dedicated
to its automation, ERMESS (Section 1.3).

Part Il discusses the wind-related hazards. Chapter 2 and 3 describe the
characteristics of wind phenomena, the description of the intensity measure,
and conversion methods. Chapter 4 speci cally focuses on wind hazards
and existing hazard maps.

Part 11l describes vulnerability and losses. While Chapter 5 recalls
the three main state-of-the-art approaches to estimate the vulnerability of
structures to extreme wind events, Chapter 6 focuses on the fragility curves
and describes the proposed methodologies to compose building and com-
ponent fragility functions. Chapter 7 analyses the direct loss assessment.

Part IV describes ERMESS in all its modules and sub-modules, ac-
cording to the user interface (Chapter 8), and the future developments
and critical issues of the proposed risk assessment approach and software
(Chapter 9).

Finally Appendix A describes the database developed to date curve-by-
curve after its taxonomy introduction.
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Hazard
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Chapter

Wind

Holmes, in his book [43], de nes wind as:

"...air movement relative to the earth, driven by several di erent forces,
especially pressure di erences in the atmosphere, which are themselves
produced by di erential solar heating of di erent parts of the Earth's
surface, and forces generated by the rotation of the earth.”

A ected by solar radiation, the ground and the atmosphere return some
energy in the form of thermal radiation. The lower atmospheric layer retains
most of this heat and, on average, the thermal radiation decreases as the
altitude increases, according to thelnternational Standard piece wise linear
prole IS in Figure 2.1 [15]. However, the energy received and returned to
the atmosphere is a function of the incidence angle of the sun's rays on the
earth's surface. Therefore, the average temperature prole as a function
of altitude in the equatorial zone (Tropical Maximum, TM, in Figure 2.1)
is characterized by greater temperatures than thelS. This results in the
formation of a low pressure zone near the equatorial zone. Conversely,
a high pressure zone is formed in polar zones where the averadectic
Minimum temperature pro le, AM, moves to the left of IS. In the absence
of other in uencing factors, in each hemisphere, air circulates as aingle
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Figure 2.1: Mean vertical proles scheme of atmospheric temperature over the
ground.

convention cell running from the pole to the equator according to Figure 2.2
scheme.

However, the irregular presence of oceans and continents causes the for-
mation of the sub-tropical high-pressureand the sub-polar low-pressure belts
This phenomenon leads, in each hemisphere, to th&i-cellular circulation
schemeshown in Figure 2.3.

The winds generated by this circulation are trade winds, westerlies or
easterlies depending on the latitude at which they occur. Developing in
monthly time scale intervals, they constitute the primary circulation . Act-
ing on aglobal scalethe primary circulation determines climate around the
Earth, but has a low impact on buildings due to its low wind speeds (4-5
m/s) [15].

On the other hand, the so-calledsecondary circulation arises from lo-
calized low or high pressure zones due to heating or cooling of limited parts
of the low atmosphere. Its characteristic phenomena develop in time inter-
vals varying from days to weeks and have a size that reaches a few thou-
sand kilometres at most. These phenomena, e.g., cyclones, anticyclones
and monsoons, are responsible for local climate and have a high impact
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Figure 2.2: Mono-cellular circulation scheme.

Figure 2.3: Tri-cellular circulation scheme.
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on buildings due to their high wind speeds. Embedded in the secondary
circulation, local winds are more localised phenomena, characterised by the
strongest wind speeds. In the next section, the characteristics of secondary
circulation phenomena, widely accepted as the main source of wind-related
damage to buildings, will be discussed.

2.1 Taxonomy of extreme wind

According to the previous discussion, the atmospheric circulation is cate-
gorised as primary or secondary. While the primary circulation determines
the Earth's climate and has a low impact on buildings for its low wind
speeds, the secondary circulation phenomena are responsible for the local
climate and have a high impact on buildings given their high wind speed.
Embedded in the secondary circulation, local winds can be distinguished
according to the condition under which they are generated: atmospheric or
geographical. This section brie y describes what are acknowledged to be
the secondary circulation phenomena of primary interest in wind engineer-
ing.

The most destructive wind-related phenomenon is globally accepted to
be the cyclone . It is represented by winds blowing around a low pressure
centre, in a direction parallel to the concentric isobars. This circulation
results counterclockwise in the northern hemisphere and clockwise in the
southern. They are classi ed depending on the latitude at which they
originate in tropical or extra-tropical cyclones . The latter originate
from the clash between cold and warm air masses coming from the sub-
polar and sub-tropical belts (Figure 2.3). They develop especially in winter
at latitudes ranging between 40 and 60 degrees and represent one of the
main causes of wind-related damage to structures in north-western Europe
[43]. Given their great extension (up to 1000 km), they take several days
to expire.

Di erently, tropical cyclones originate in the oceans at latitudes rang-
ing between 5 and 30 degrees, in late summer and autumn. They need a sea
temperature of about 26 Celsius degrees to sustain themselves and rapidly
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expire at the approach to the mainland (or cooler seas). Tropical cyclones
cannot be generated in the so-callegquatorial calm belt (latitudes between
-5 and 5 degrees) and do not achieve their maximum power unless they
reach a latitude of at least 10 degrees. Their maximum power is developed
for latitudes between 20 and 30 degrees [43]. Although less extended than
extra-tropical, tropical cyclones show higher wind speeds and are called
di erently depending on the area in which they develop: hurricanes in
the Americas, typhoons in East Asia, and cyclones in Indian Ocean and
Australia.

On the other hand, anti-cyclones are winds blowing around high pres-
sure centre and their circulation is clockwise in the northern hemisphere and
counterclockwise in the southern. However, these phenomena are of limited
interest in wind engineering since they develop typically calm weather and
low wind speed. The same cannot be said instead for themonsoons, i.e.,
strong air movements caused by the temperature gradient between Indian
Ocean and Asia continent.

2.1.1 Local winds

Without a ecting its main characteristics, local winds usually develop in
the domain of secondary circulation. These phenomena, although occur-
ring at local scale(few kilometres) in short time spans (few hours), develop
very high wind speeds. Indeed, often they set the historical maximum wind
speeds in territories such as the United States, Australia, and South Africa.
Moreover, they represent the main source of strong winds in the equatorial
calm belt, although their magnitudes are not very high. It is common to
distinguish local winds between phenomena caused by speci c geograph-
ical conditions and those caused by speci ¢ atmospheric conditions [15].
The former include breezes, characterized by a daily periodicity, moder-
ate speeds, generally observed in coastal areas and along slopes in hilly or
mountainous areas, but alsofhn , i.e., wind rising when a considerable
mass of air, passing a relief, cools down and descends along a slope, heat-
ing up in an adiabatic way.Another example of local winds developed by
speci ¢ geographical conditions is provided bycatabatic winds (e.g., the
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Bora), originated from overcoming of a relief by a mass of cold air. Due
to the e ect of gravity, this mass descends and reaches speeds of 150-200
km/h [15].

Originated by the collision of warm and cold air masses, a rst exam-
ple of local winds developed by speci ¢ atmospheric conditions is provided
by frontal winds . However, phenomena that have gained a rising interest
from the academic community in the last decades, due to their strength, are
downbursts and tornadoes. Downbursts are descending convective cur-
rents that develop in very small time intervals (5-10 minutes) and produce
strong winds speeds in the order of 100 km/h along their path. Typically,
their damage footprint is 2-3 km wide and 10-15 km long [43] and, depend-
ing on their size, are classi ed asmacrobursts and microbursts [86].

Tornadoes are funnel-shaped vertical vortexes that usually impact
large continental plains in countries such as US, Argentina, Russia and
South Africa. They represent the most powerful wind-related phenomena
[43] since are able to travel up to 50 km developing wind speeds varying
from 300 to 700 km/h. Fortunately, they have a very low probability of
occurrence and a small extension, in the order of 100 meters [15].
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Chapter

Wind speed as intensity
measure

When the wind blows over the Earth's surface, a frictional force is generated
that contrasts the movement of the air up to a certain height, stronger at
lower latitudes [83]. The e ects of this force extend over a region up to
a certain gradient height zg, above the surface, known as theatmospheric
boundary layer (ABL). The extent of the ABL reaches 1 km for very large
wind phenomena such as extra-tropical cyclones and decreases for more
localized events (e.g., few hundred meters in thunderstorms) [43]. Above
the gradient height, where the e ects of this friction force became negligible,
it is possible to refer tofriction free wind (FFW) or free atmosphere In the
ABL, the frictional force increases from a zero value atzg to a maximum
value at the ground. It usually results in an increasing pro le with height
of the intensity measure of interest in wind engineering: the wind speed. In
fact, wind engineering is usual to quantify wind loads on a structure through
dynamic pressuresde ned on the basis of wind speed. Figure 3.1 shows the
common practice of considering the instantaneous wind speed)(t), as the
sum of an average component, thenean wind speedU in a direction, say X,
and a uctuating component in the three orthogonal directions, x, y and,
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z, the wind turbulence u(t):
U(t) = U+ u(t) (3.1)

Wind engineering usually modelsU as slowly-varying in time and space

Figure 3.1: Representation of wind velocity according to Equation 3.1.

and u(t) rapidly-varying in time and space [76]. The turbulence is nor-
mally dealt with as a random stationary Gaussian processand described
by statistical descriptors like the turbulence intensity and the gust factor
(Section 3.2 clari es these concepts). The mean wind speed, is de ned as
the average value ofU(t) over an averaging time T, usually ranging from
10 minutes to 1 hour. In this interval, it is usual to assume the mean wind
speed as time-independent. This allows to represent it in a deterministic
way, as a function of the height, according to di erent pro le laws and site
conditions (Figure 3.2).

A key assumption of this consolidated approach lies in the assumption of
a stationary wind ow in strong wind conditions. Due to this, the choice of
T plays an important role in the de nition of a steady mean wind speed. It
needs to be small enough to allow the observation of short and considerable
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Figure 3.2: Representation of wind speed characteristics for di erent site condi-
tions.

uctuations in wind speed, but at the same time long enough to ensure
the study of a stationary process. For instance, theWorld Meteorological
Organization (WMOQO) standard for estimating the mean wind speed isT =

10 minutes (i.e., 10-min) [38].

These aspects became thus critical in the de nition of the wind speed
and therefore of the intensity measure in risk analysis. In fact, typically the
IM provides the averaging period, the reference height, and its mean or gust
characteristic; e.g., 3-sec gust wind speed at 10 mThe following sections
address these aspects and others, such as the environmental conditions of
a site of interest (e.g., roughness and topography).

3.1 Mean wind speed
The most accurate expression of the mean wind speed pro le imeutral

stability conditions for the ABL is the logarithmic law [43]. The starting
postulate for its de nition concerns the de nition of the wind shear, i.e.,
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the rate of U with height, as a function of three parameters: the height
above the ground z, the surface shear stress o, and the air density, .
Neglecting in the ABL some negligible forces (e.g., the Coriolis's force), it
is possible to de ne the non-dimensional wind shearas:
r__
du
7 _a

& : 3.2)

in which a= o Is also known asfriction velocity, u . De ning the quan-
tity in Equation 3.2 as a constant, say 1=k (k  0:4 is the von Karman's
constant), its integration returns:

u u z
U(Z) = 4 (Iogez Ioge ZO) = ? IOge ; (3-3)
0

k
with zy the roughness length a measure of the roughness of the ground
surface. A measure of the ground roughness is also provided by tteirface
drag coe cient, , de ned as:

0 u?
U UG o4
with U1g the mean wind speed at 10 m.Although Equation 3.3 represent a
well-known formulation of the logarithmic law, in very rough surfaces such
as urban areas and forests, the height is replaced by thee ective height,
Z 1z, With z, the zero-plane displacement heighte.g., the measure of the

mean roof height in an urban environment):

u A Z
U@)= - loge = h

(3.5)

A common use of the logarithmic law allows to de ne the mean wind speeds
at a generic height, by knowing its value at a given heightz,, through:
h [

Z Zn

U(Z) - Iogeh Zo
U(za) loge %

i (3.6)
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However, the logarithmic law has some limitations such as the inability
to de ne the mean wind speed forz < zy,. To avoid some of these limita-
tions, wind engineering often prefers the use of th@ower law This law is a
simpli ed empirical formulation with no theoretical basis, that de nes the
mean wind pro le according to the following formulation:

Z Zn
Z

U(z) = Uy 3.7
In this formulation, z is the reference heightde ned as the height at which
the logarithmic and power laws match (e.g., the half of the height over which
this match is required [43]), U,, is the mean wind speed at this height, and
is the power law index expressed as a function of the ground roughness:

SR N (3.8)
loge 2=

Figure 3.3 shows the agreement between the logarithmic and power laws
that justi es the extensive use of the latter for engineering purposes.

Another consolidate formulation is provided in a semi-empirical way by
Deaves and Harris (1981) [16]:

Zp Zp Zp

+5:75 1:875
Zyg Zyg

3 4

Z % 4op5 2%

Zg Zg

u
U@)= 1 log

1:33

(3.9)

Although this model is used today in the Australian and New Zealand code
for structural design for wind actions [81], most of the worldwide standards
employ power or logarithmic laws.

The previous discussion points out how the de nition of the site char-
acteristics plays a crucial role in the calculation of the mean wind pro le
(Figure 3.2). Di erent authors have studied and de ned roughness values
for di erent site conditions. A rst example is provided in Table 3.1 col-
lecting the Tamura [83] recommendations on the parameters to be used in
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Figure 3.3: Representation of mean wind pro le according to logarithmic and
power laws (o =0:02m, z =50m, z, =0 m).

Table 3.1: Mean wind pro le parameters provided by Tamura [83] according to
Equation 3.6 and 3.7.

Site condition Zo [M] [ ] Zn [m]
Sea 0.000-0.003 0.10-0.13 0
Open atterrain  0.003-0.2 0.14-0.2 0.1
Suburban area 02-1 0.2-0.25 5
City 1-2 0.25-0.30 10

Large city center 2-4 0.30 - 0.50 20
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