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ARTICLE INFO ABSTRACT

Keywords: The lack of high-resolution wind hazard maps has long limited the development of comprehensive wind
Wind hazard risk assessments for countrywide infrastructures. This study introduces an integrated probabilistic framework
Vulnerability for evaluating and mapping the wind failure risk of point-like structural assets deployed along line-like
E"_Posu_re infrastructure systems. The feasibility of the approach is demonstrated by focusing on a particular infrastructure
X/[V:;‘;r:gk class, i.e. lattice towers along overhead power lines, with a specific application to a transnational transmission

corridor between Italy and Switzerland. The wind hazard model is grounded on a novel high-resolution
omnidirectional wind speed mesoscale mapping methodology taking advantage of downscaled reanalysis
dataset. Structural vulnerability is characterized through literature-based fragility curves for lattice towers.
Exposure is defined through geospatial datasets of the Italian and Swiss power networks. The proposed
framework enables quantitative estimation of failure probabilities for both individual structures and entire
transmission lines, supporting risk-informed design, mitigation, maintenance prioritization, and potential
relocation of critical infrastructures. Results are presented through risk maps differing in dimensionality, extent
of the covered domain and design perspectives. Transnational 2D risk mapping assists the planning of entire
networks. 1D risk mapping supports the design and/or relocation of entire lines. 0D risk mapping supports

Line-like infrastructure
Lattice tower

the design and/or performance assessment of individual lattice towers.

1. Introduction

Wide line-like critical infrastructures include along them multiple
recurrent structures, e.g. lattice towers along power lines, bridges along
railways, traffic panels along highways, exposed to wind action varying
over space and time. The wind risk assessment implicitly requires its
countrywide, high-resolution mapping (e.g. [1,2]). In general terms,
risk represents the likelihood of failure, i.e. the probability that the
demand exerted by actions will exceed the capacity of the struc-
ture/infrastructure system to withstand them. Wind-induced risk is
characterized by the convolution of the random variables defining wind
hazard and structure vulnerability multiplied by the asset exposure,
following the so-called Performance-Based Wind Engineering (PBWE)
chain [3], originally stemmed from seismic engineering [4].

Wind load is commonly characterized starting from the estimation
of the design wind speed, a key point of the “Alan G. Davenport
Wind Loading Chain” that continues to guide contemporary Wind
Engineering practice (e.g. [5,6]). Traditionally, this estimation relies on
a two-step procedure across different spatial scales. In the first step, ex-
treme synoptic wind conditions are mapped at the macroscale (covering
areas of several hundred kilometres) through extreme value statistical
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analyses applied to long-term records from ground-based anemomet-
ric stations. This process requires careful collection, correction, and
transformation of wind data, followed by their statistical treatment.
For an application to the Italian context, see the climatic map drawn
by Ballio et al. [7], recently updated by Ricciardelli et al. [8]. The
outcome is a set of countrywide climatic wind maps, which then
serve as inputs for engineering codes and regulations (e.g. [9,10] in
Italy). The second step, referred to as the return criterion [7], is
performed by the structural designer. Here, the mapped reference wind
speed is translated into a design wind speed that accounts for the
specific local characteristics of the site and the project. Adjustments
consider factors such as elevation, terrain roughness, topographic ef-
fects, proximity to coastal areas, and the chosen reference height above
ground. Such a “map-and-return” approach was originally intended to
provide site-specific design values for individual projects within a Load-
and-Resistance-Factor Design (LRFD, [4]) framework, not to deliver
spatially continuous representations of wind hazard expressed through
its intensity measure im for given values of the return period Ty.
Furthermore, both stages of this methodology present known limita-
tions (see Raffaele et al. [11], for a comprehensive critical discussion).
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Among them, the mapping stage is affected by the density and distribu-
tion of measurement stations, the duration of available wind records,
local installation conditions, and the precision of the instrumentation.
The return stage inherits these uncertainties, further complicating the
task of quantifying site-dependent effects on the local wind speed.
Critical challenges include the subjective evaluation of aerodynamic
roughness length z,, inconsistencies in terrain categorization across
standards, and the difficulty of quantifying local orographic effects.

Structures vulnerability is commonly quantified through fragility
curves, which represent the probability that an exposed structure will
reach or exceed a specified performance threshold given a certain value
of the hazard im. Fragility analysis has a wide background in the seismic
engineering field (e.g. [12]), while it has been later transferred within
the wind engineering field (e.g. [13]).

The lack of high-resolution wind hazard maps, comparable in res-
olution and extension to those available for seismic hazard (e.g. [14]
for Italy), together with limited implementation of a performance-based
engineering framework in wind engineering (e.g. [15]), has so far
hindered the drafting of comprehensive wind risk maps. Consequently,
unlike the well-established seismic risk mapping (e.g. [16,17] for Italy),
the spatial distribution of wind-induced risk remains largely unexplored
and poorly quantified over broad areas. This gap represents a critical
limitation for the implementation of the PBWE chain for the risk
assessment, risk-informed design, as well as for the prioritization of
mitigation strategies at regional, national or transnational scales, of
wide critical infrastructures.

In the last few years, significant progress has been made in wind
risk assessment and mapping along critical infrastructure systems. De-
spite these advances, a comprehensive, high-resolution risk mapping
framework grounded on historically representative long-term data has
yet to be established. Hallowell et al. [18] mapped the risk of failure
of offshore wind turbines subjected to hurricane-induced wind and
wave loads along the US Atlantic coast. Cai et al. [19] quantified
the risk of failure of lattice towers along a 31 km-long transmission
line in Zhanjiang City exposed to Typhoon Mujigea using a semi-
empirical tropical cyclone model. Similarly, Xue et al. [20] assessed
the probability of line outages in a benchmark synthetic transmission
network affected by Hurricane Harvey, while Ma et al. [21] analysed
the outage probability of the power network serving the Lehigh Valley
(US) under a time-varying hurricane wind scenario. More recently,
Greco et al. [22] proposed a framework for evaluating power line out-
age probability based on a regional wind model characterized through
Weibull probability density functions describing typical wind speeds.
Past studies generally (i) evaluate risk under specific or idealized
wind scenarios [19-21], (ii) rely on long-term synthetic data generated
from parametric hurricane wind models [18], or (iii) base their anal-
yses on parent wind speed distributions rather than on extreme value
distributions, more suitable for hazard characterization [22].

Recently, Raffaele et al. [11] introduced a novel high-resolution
omnidirectional wind speed mapping methodology that overcomes the
inherent limitations of the traditional map-and-return approach. The
proposed REA-ha framework enables the generation of spatially con-
tinuous, implicitly z,-consistent wind speed maps over wide areas by
taking advantage of a first climate REAnalysis step, blending obser-
vations with a numerical weather prediction model to derive wind
speed across a dense grid [23]. A subsequent height adjustment step
allows the estimation of site-specific design wind speeds as a function
of the design height. The resulting high-resolution, gap-free wind speed
maps provide a robust foundation for a paradigm shift from LRFD to
PBWE, thereby bridging the existing gap between wind and seismic risk
mappings.

Building on the above considerations, this study aims to address
three key research questions: (i) Can the REA-ha approach be leveraged
to enhance the definition of the hazard link within the wind risk
chain? (ii) Can it be implemented within a comprehensive probabilistic
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modelling framework to support performance-based design and risk-
informed decision-making processes? (iii) If so, which other links in the
wind risk chain appear to be comparatively weaker? To address these
questions, the study introduces an integrated probabilistic framework
for evaluating and mapping the risk of failure of point-like structural
assets deployed along line-like infrastructures systems. Lattice towers
along overhead power lines are chosen as specific infrastructure class,
due to: (i) the extensive national coverage and critical nature of over-
head power networks; (ii) their well-documented vulnerability to wind
loading (e.g. [24]); and (iii) the high degree of standardization in their
structural configurations along transmission corridors [25]. In particu-
lar, the proposed framework is applied on a transnational transmission
corridor between Italy and Switzerland, selected as a representative and
particularly challenging benchmark because of the crossed mountain-
ous geomorphological features, characterized by strong variability in
surface roughness and topography.

The paper is organized into four further sections. Section 2 intro-
duces the risk modelling framework and specifies the modelling of
each risk determinant, i.e. hazard, vulnerability and exposure. Section 3
discusses the risk determinants by focusing on the specific application
of the study. The obtained results are critically discussed in Section 4
by providing risk mappings addressed to different design perspectives.
Finally, conclusions of the study are outlined in Section 5.

2. Modelling framework

In this section, the proposed methodological framework for risk as-
sessment of point-like structural assets deployed along line-like infras-
tructures is presented. This general framework is applicable to a wide
range of line-like infrastructure systems. Notable examples include
wind risk of lattice towers along power transmission lines (e.g. [19])
and communication networks (e.g. [26]), long-span suspension bridges
within national highway networks (e.g. [27]), and traffic signal struc-
tures installed along roadways (e.g. [28]). The same framework also
encompasses other wind-related hazards, such as ice accretion induced
risk on overhead transmission lines (e.g. [29,30]), windblown sand
induced risk on point-like technical components (e.g. [31]), tree-fall
risk (e.g. [32]), and train-overturning risk (e.g. [33]) along railway
lines.

Risk depends on wind hazard, on the vulnerability of the considered
assets, and on their exposure, through the chain shown in Fig. 1.
The expected annual rate of failure 1 s at coordinates (x, y) is defined
through the convolution

Ap(x,y) =/ ry (%, y,w)Pp(x, y,u) du - E(x, y), €3]
0

being ry (x, y, u) the rate of wind extreme events of intensity u at coordi-
nates (x, y), Pp(x,y,u) the asset fragility curve, and E(x, y) the exposure
index of the asset. In particular, r; can be defined from the well known
hazard curve A(u) (in analogy to seismic risk assessment, e.g. [34]),
resulting from the annual rate of extreme events Ay, together with
the conditional Probability Density Function (PDF) of the extreme wind
magnitudes fyy5y,

dA(u)
du

Then, the probability of failure of the asset P, results from i, by
assuming a Poisson process (e.g. [35]):

ry =— = /1U>u,(xa J’)fu|U>ut(x9 V. u). (2)

Pr(x,y)=1—e. 3

In this study, the probability of failure of the whole line-like infras-
tructure Py ;,, is evaluated starting from the probability of failure of
the point-like assets P,. The correct estimation of Py ;,, should imply
the modelling of interdependencies among consecutive connected as-
sets in terms of both vulnerability (i.e. Pr) and hazard (i.e. ry). On
the one hand, the assessment of the asset fragility curve Pp should
be derived from an appropriate model that represents an array of
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Fig. 1. Wind risk chain: convolution product (®) between mapped hazard and fragility curves multiplied (x) with mapped exposure.

structures interconnected by the infrastructure (see e.g. [36] for wind
vulnerability of overhead power lines). On the other hand, wind haz-
ard scenarios should be statistically defined based on the spatial and
temporal scales associated to extreme events occurring along the line-
like infrastructure. In other words, wind hazard should account for the
proper modelling of the along-line correlation of im (see e.g. [37] for
seismic risk along critical infrastructures). It is worth emphasizing that,
although several studies on the topic consider the effect of multiple
connected structures on vulnerability (e.g. arrays of lattice towers
interconnected by conductors in [19]), only a few have considered
the spatial correlation of wind intensity measures, either adopting a
single wind scenario (e.g. [21]) or through parametric wind models
(e.g. [18]). To the Author’s best knowledge, to date, however, no
study has accounted for the full spatial correlation observed in past
wind events. In this study, the line probability of failure is considered
bounded in-between the lower bound F'f_,me, i.e. fully uncorrelated
wind hazard along the line giving rise to fully independent failure of the
point-like structures, and the upper bound f)f,line’ i.e. fully correlated
wind hazard along the line giving rise to fully dependent failure of the
point-like structures, in agreement with Cai et al. [19]:

Pf,/ine = max [P.]

pf.linezl_H[l_Pf,i]‘

i

C))

where P is the failure probability of the ith tower along the consid-
ered line.

In the following subsection, each of the risk determinants illustrated
in Fig. 1 is discussed and formally defined, with particular reference to
lattice towers deployed along overhead power lines.

2.1. Wind hagzard

The adopted wind hazard model is grounded on the REA-ha frame-
work proposed in Raffaele et al. [11]. Such an approach leverages
advanced climate reanalyses combining global climate prediction mod-
els with satellite observations, their downscaling through regional cli-
mate models, and extreme value analysis to finally gather extreme
wind speeds. The result is a set of extreme wind speed maps at a
10-metre reference height, provided for multiple return periods Tj.
While REA-ha provides discrete return-period wind maps within a
LRFD framework, the present study extends the methodology within
a PBWE perspective by deriving full spatially continuous hazard curves
A(x, y,u), thus enabling convolution with structural fragility.

Since the introduction of the first global reanalysis dataset in 1997
(ERA-15) to the more recent release in 2023 (ERA5 [38]), ECMWF re-
analysis have undergone significant refinements. Their horizontal reso-
lution has improved from about 187 km to roughly 31 km, covering the
full spectrum of meso-f atmospheric scales [39]. Temporal sampling
has likewise advanced, moving from 6-hourly outputs to hourly data.
At the same time, the length of the available records has expanded from
14 years to 83 years. Moreover, in the last years, a variety of strate-
gies for downscaling global reanalysis to regional domains have been
explored, though their application in structural engineering, especially
for critical infrastructure, remains limited (e.g. [40]). In particular, the
Very High Resolution (VHR) dataset developed by CMCC [23] results
from the dynamical downscaling of ERAS to the so-called convection-
permitting scale [23], over a domain encompassing Italy and Switzer-
land (longitude 5°-20°E, latitude 36°-48°N) with a grid spacing of
0.02°, i.e. about 2.2 km, equivalent to the one adopted for the seismic
hazard model in Italy [14]. Convection-permitting regional climate

models are increasingly gaining attention in the literature, as they (i)
enhance accuracy and sensitivity to climate change [41], (ii) enable
an accurate depiction of the effects of heterogeneous surface roughness
and complex orography on the design wind speed [11], and (iii) achieve
high spatial resolution up to the so-called meso-y atmospheric scale.

In the light of the above, the REA-ha approach introduces several
methodological advantages. In particular, (i) reanalysis wind speed
data is homogeneously sampled in space and time and it is intrinsi-
cally self consistent; (ii) mesoscale effects, including orographic and
roughness influences, are consistently and explicitly resolved, while
microscale effects are purposefully excluded by the analysis; (iii) the
fine spatial resolution and continuous temporal sampling of the wind
speed yield comprehensive gap-free maps of extreme wind speeds.
Nonetheless, REA-based estimates of extreme wind speeds tend to show
a negative bias relative to observations, particularly for high T [11].
To address this, the proposed methodology incorporates a calibrated
correction factor that adjusts the modelled extremes as a function of
Tg. Accordingly, im at given coordinates (x, y) can be expressed by the
extreme wind speed as:

)

where Ugg 4, is the mapped wind speed from REA stage defined at
the standard reference height z,,, = 10 m with a return period Ty, and
YmTy 1S @ model correction factor.

Ym,r, compensates REA-based estimations depending on T, thereby
adjusting the bias of extreme wind speed quantiles. It is derived by com-
paring extreme wind speeds resulting from REA step and anemometric
measurements in correspondence of 10 compliant anemometric stations
in terms of wind measurement completeness, steadiness, uniformity of
flat orography and roughness. According to Raffaele et al. [11], the
model correction factor is obtained as:

1

1+ ERpA-star

Urp (. 3) = Vi UREA TR (X5 )

ym,TR -

©

being éppa_se:r the average relative error between Reanalysis and
measurements in correspondence of compliant stations.

Urear, is assessed by adopting Peaks Over Threshold (POT) ap-
proach (e.g. [42]). The threshold u, of each time series is set equal to
the lowest annual maxima detected along the same time series [43].
Then, independence of extreme events is ensured by filtering extremes
from consecutive events occurring within two days. In such a way, the
exceedances constitute an independent identically distributed sample.
Finally, exceedances over u, are fitted with Generalized Pareto Distribu-
tions (GPD) fyys,,- According to Coles [44], the Tg-year return speed
Ugea,r, can be then obtained as:

oy(x,y) ky (x.y)
ot |VeutedTe) 1),

where u, is the GPD threshold, o, is the GPD scale factor, k; is the GPD
shape factor, and Ay, is the average rate of independent exceedances
per year.

Fig. 2(a—d) shows a glimpse of the 3D map of the intensity mea-
sure Uy, based on the VHR dataset by setting Ty {2,50, 100,200}
years. The maps result from the statistical processing of approximately
163.5 billion wind speed observations distributed over 4.44e+6 cells,
each with a horizontal resolution of about 2.2 km. The high spatial
resolution of the maps provides a substantially more detailed depic-
tion of extreme wind speeds compared to the current zoning defined
in Italian [9] and Swiss [45] standards. Furthermore, they already
embody orography and roughness effects up to the meso-y scale. The

Urpary (%, ¥) = u,(x,y) + @
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Fig. 2. Hazard maps of extreme wind speed with return period Tz =2 (a), T = 50 (b), Tx = 100 (c), Tx =200 (d) yr. Close-up view around the zone surrounding

the Adige and Sarca valleys, from Bolzano to the Garda lake (e) for T = 50 yr.

largest wind speeds are observed over water bodies (seas and lakes),
due to their low z,, and along mountain ridges, where orographic
effects are explicitly incorporated. In absolute terms, the highest wind
speeds occur along the Croatian coastline near the Velebit mountain
ridge, a region known for intense Bora winds [46]. Particularly strong
wind areas include the Strait of Bonifacio, where channelling between
northern Sardinia and southern Corsica intensifies wind speed, and
the Tyrrhenian coasts of Sicily and Calabria, where complex coastal
orography strongly affects local wind patterns.

The effects induced by orography and roughness are exemplified in
the close-up view in Fig. 2(e) ranging from Bolzano to Garda lake. Uy,
is lower in proximity of Bolzano, it slightly increases along the Sarca
valley due to its narrowing. The microscale features of the wind speed-
up at the top of Mt. Paganella are not caught, consistently with the
mesoscale resolution of the approach. At the mouth of Sarca valley
and over the Garda lake wind speed dramatically increases. Such a
mesoscale speed-up is due to (i) the contribution of strong mesoscale
Foehn winds blowing from northeast and directed along the major axis
of the lake [47], (ii) the surrounding steep orography, and (iii) the low
local roughness of the stretch of water.

Beyond the estimation of discrete return levels Uy, , the adopted
POT-GPD formulation enables the derivation of a continuous wind
hazard model. In this study, exceedances are transformed through the
Tr-dependent nonlinear mapping defined in Eq. (5), by applying it
consistently to each quantile of the POT-GPD distribution. Then, GPD
parameters are re-estimated based on the corrected exceedance sample.

For u > @i, the annual exceedance rate of wind speed can be expressed
as:
—1/ky (x.y)

AGeyt) = Ay ooy |1+ Ty ey B )
s Y, U>uy >y uXx,y &U(x’y)

(8

where i, 6;; and k, are re-estimated GPD parameters, and the term in
brackets represents the Generalized Pareto survival function. This con-
tinuous probabilistic representation enables evaluation of wind hazard
at any intensity level, rather than at selected return periods, and allows
convolution with structural fragility curves according to Eq. (1).

2.2. Structure vulnerability

The adopted vulnerability model is grounded on literature-based
fragility curves. In the following, the wording ‘vulnerability’ is adopted
to describe how susceptible a system, structure, or asset is to dam-
age or failure when exposed to hazard, while the wording ‘fragility’
represents the quantitative probabilistic expression of vulnerability.
Fragility curves describe the probability of loading demand D exceed-
ing structural capacity C under given values x of im. By assuming that
both C and D follow a log-normal distribution because of the central
limit theorem [48], the fragility curve follows in turn a log-normal
distribution described by

€)

1 —
PF=P[D2C|im=x]=<D<M>,

OF
being @ the CDF of the standard normal distribution of mean value
and standard deviation o of In x. Investigations of wind fragility curves
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Table 1

Fragility curves examined in the literature: geometrical parameters of the
lattice towers (height H, span L, base width B) and adopted modelling
approach.

Authors H [m] L [m] B [m] Modelling
approach

Fu and Li [53] 99.9 500 n.a. IDA

Cai et al. [19] 62.5 150,275,400 8.67 SM

Fu et al. [36] 43.5 n.a. 8.32 MSA

Tian et al. [49] 102 1118 25 IDA

Xue et al. [20] 31.5 200 3 MSA

Xue et al. [54] 31.5 n.a. 3 SM

Ma et al. [55] 25.25 300 3.51 MSA

Wang et al. [50] 44 100,200,300,400,500  8.56 MSA

Bi et al. [56] 87.3 400 14.69 MSA

Dikshit and Alipour [57] 43.9 n.a. n.a. MSA

Zhu et al. [58] 92 100 17.28 IDA

Zhang et al. [59] 34 n.a. 4.96 SM

Zhu et al. [51] 103.3 200 9.8 SR

Feng and Stewart [60] 44 200 11 SM

for structures deployed along line-like infrastructure have focused on
several key assets, including lattice towers (e.g. [19]), long-span sus-
pension bridges (e.g. [27]), traffic signal structures (e.g. [28]), trees
(e.g. [32]), among others. In the following, the focus is placed on lattice
towers along transmission lines.

State-of-the-art approaches to assess wind fragility curves of lattice
towers can be classified in the following categories: incremental dynamic
analysis (IDA, e.g. [49]), multi-stripe analysis (MSA, e.g. [50]), surro-
gate models (SM, e.g. [19]), structural robustness based methods (SR,
e.g. [511), uncertainty analysis based methods (e.g. [52]). Regardless of
the adopted approach, according to Fu et al. [36], the fragility curve of
a given lattice tower can be accurately estimated by modelling three ad-
jacent towers and four adjacent conductors (three-tower four-conductor
system). Lattice towers do not behave as isolated structures under
wind loading. Instead, their response and failure modes are influenced
by the forces transmitted through the conductors. As such, the three-
tower four-conductor system is recognized as a sound compromise
between full mechanical fidelity and computational cost. Alternatively,
simplified models that consider a single tower with two conductors,
where the influence of adjacent towers is simulated through ad hoc
boundary conditions, have also been proposed [36]. The full list of
examined studies is shown in Table 1, along with the considered lattice
tower height H, conductor span length L, tower base width B, and the
modelling approach adopted by the Authors.

As an illustrative example, Fig. 3(a) collects fitted log-normal
fragility curves from the studies listed in Table 1, for a fixed wind
direction orthogonal to the alignment and for different L. The dis-
crepancy among them is striking, even for a fixed value of L. It is
worth stressing that, for a given class of problem (e.g. lattice towers
subjected to wind hazard), fragility curves are not universal while they
depend on: (i) the deterministic parameters of the considered structural
system, embodied by the lattice tower topology, dimensions (H, B, L),
but also the nominal value of each parameter affecting its capacity;
(ii) the considered aleatory uncertainties ascribable to different sources
of vulnerability; (iii) the model uncertainty arising from the different
modelling approaches to define the fragility curve; (iv) the chosen im.

The choice and characterization of different vulnerability sources is
not uniform among studies in the literature. Most studies implement
aleatory uncertainties ascribable to mechanical vulnerability source, em-
bodied by the random material mechanical properties, structural mem-
ber cross-sections, geometric imperfections, among others. Aerodynamic
and aeroelastic vulnerabilities conversely are seldomly considered and
embody the aerodynamic coefficients the structure and structural prop-
erties affecting aeroelastic loads. Some noteworthy examples include
the random characterization of the drag coefficient of lattice tower
system [50] or bridge aeroelastic properties [27]. Finally, some stud-
ies also consider wind exposure vulnerability by introducing uncertain
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incoming wind flow conditions. Wang et al. [50] consider a random ex-
ponent in the power low describing the mean wind speed profile, while
Banday et al. [27] introduces uncertain wind turbulence characteristics
into the evaluation of the fragility curve.

Concerning model uncertainty, uncertainty in fragility assessment
may arise from structural modelling [61]. In particular, Ma et al. [55]
show how component-based and global fragility analysis may give
rise to sensibly different results. Furthermore, not all the examined
studies specify how many Monte Carlo realizations are performed and
if statistical convergence is achieved.

Concerning the definition of im, even if the majority of the analysed
studies adopts the reference wind speed U measured at 10 m from
the ground, the averaging time is not uniform (e.g. 10-minute [50],
1-minute [55]) or not specified, while others adopt the gust wind
speed [60].

Within this framework, y; should mainly reflect variations of deter-
ministic input parameters, while o should reflect the uncertainty prop-
agation arising from random input parameters. A preliminary attempt
to investigate how the main geometrical properties of the structural
system affect uy is carried out, under the oversimplified assumption
that lattice towers behave like cantilever beams subjected to an hori-
zontal pulling force at their top induced by the suspended conductors,
and an horizontal uniform distributed load induced by wind. Assuming
this, the resistant couple at the base of the tower is proportional to
M, «x qH?/2 + HwL?/8s, being ¢ the distributed horizontal wind load
along the tower, w the distributed weight along the cables, and s the
sag. As a result, the resistant axial force acting on the members at the
base of the tower is proportional to N, « My/B « H(H + L?/s)/B.
Finally, since s is seldomly reported among the examined studies, it
is set proportional to L. Therefore, the relation above is simplified
to Ny « H(H + L)/B. Fig. 3(b) shows the scatter plot of Ny-uy for
the examined studies in Table 1. Specifically, uj is globally inversely
proportional to H(H + L)/ B, showing that, under the same value of B,
transmission towers of higher height or with longer conductor spans are
generally more fragile to wind. However, variability among considered
studies is not negligible and should be mainly referred to variations
of other nominal parameters like lattice tower topology, cross-section
dimensions, material mechanical properties, among others.

Fig. 3(c) shows how uncertainty propagates from input random
variables to the resulting fragility curve in terms of coefficient of
variation c.o.v. In particular, input random variables are grouped into
material (Poisson ratio v, Young’s modulus E, yield strength f,), ge-
ometrical (member thickness 7, member width b), load (wind speed
coefficients ¢, drag coefficient C)) and structural (structural damping
¢, joints yield strength V) uncertainties. The c.o.0. of the fragility F
is represented in terms of boxplot, in order to describe its overall
variability. Fig. 3(c) confirms how there is no general agreement about
the amount of random parameters to be considered and the value of
c.o.v. associated to reach random variable. Furthermore, it shows how
the c.o.v. is nor sensibly dumped nor sensibly amplified within fragility
analysis.

2.3. Exposure

The exposure can be mapped in digital format over large domains
thanks to Geographic Information System (GIS) and related datasets
describing both the infrastructure and the structures deployed along
it. Examples of global datasets of critical infrastructures vulnerable
to wind hazard include, among others, overhead power lines and the
lattice towers along them (e.g. [62]), highways and the bridges or traf-
fic panels along them (e.g. [63]), railways and the multiple technical
components along them, e.g. stations, electric line poles, or turnouts
(e.g. [64]). As an illustrative example, Fig. 4 shows the complete Italian
and Swiss overhead power networks, distinguishing between medium
voltage (<220 kV), high voltage (220 kV, 380 kV) and extra-high
voltage (>380 kV) lines.
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Fig. 4. Italian and Swiss overhead power networks from OpenInfraMap [62]
database based on OpenStreetMap.

In this study, the exposure E(x, y) is simply set as a logical index that
identifies the geographical location of the infrastructure. No specific

lines or network segments are assigned weights based on the potential
consequences of their failure. Economic and social losses can be cal-
culated by multiplying the annual probability of failure by e.g. repair
costs, outage duration, population served [16].

3. Application setup

In the following, the hazard, vulnerability and exposure determi-
nants are discussed by referring to the specific application considered
in this study.

In Fig. 5, the performance of the wind hazard model is critically
discussed by referring to wind impact on lattice towers. During the
night between 28-29 October 2018, four lattice towers located in
the Albula pass (CHE, Fig. 5a) collapsed because of the destructive
Vaia storm [65]. The close-up view in Fig. 5(b) depicts the orography
in the surrounding of the collapsed towers through isocontour lines,
distinguishing between the Engadin Valley and the Albula pass. Over-
laid are wind speed magnitudes and vectors derived from the VHR
dataset at 04:00 on 29 October 2018, i.e. approximately the time of
the collapse, with horizontal resolution equal to the VHR grid spacing.
Wind speeds are noticeably higher over regions of elevated orography
and are predominantly aligned from west-northwest to east-southeast.
In contrast, a significant reduction in wind intensity is observed within
the Engadin Valley, owing to its sheltering effect, which also induces
deviations in wind direction along the valley axis.

Measured wind speed in correspondence of the Albula pass is not
available [66]. As a result, Fig. 5(c) compares VHR data from the closest
VHR cell (see highlighted cell in red in Fig. 5b) with closest compliant
stations in terms of mesoscale representativeness (i.e. anemometric
stations expected to not be sensibly affected by microscale effects due
to uniform orography and roughness in their neighbourhood [11]) and
ERAS data from the closest ERAS cell (see highlighted cell in magenta
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references to colour in this figure legend, the reader is referred to the web version of this article.)

in Fig. 5a). In particular, the time series from the airport stations
of Zurich-Kloten, Milano Malpensa, and Venezia (marked in Fig. 5a),
and the VHR-Albula cell containing the location of collapsed towers
(see highlighted cell in Fig. 5b) are compared during the whole year
2018 in terms of daily average wind speed U,. From a qualitative
perspective, the wind speed data grounding the wind hazard model con-
firms its capability in simulating mesoscale phenomena since individual
mesoscale events are clearly recognized along the time series. Elanor
and Friederike storms occurred in January are clearly captured by
VHR-Albula and Zurich-Kloten station since Eleanor mainly travelled
from UK to Switzerland and southern France, while Friederike mainly
crossed Netherland and Germany [68]. The strong Bora wind event
occurred in February in northeastern Italy [69] is primarily captured
by Venice station. The destructive Vaia Mediterranean storm occurred
in late October [70] is clearly visible on each time series even with dif-
ferent intensities. Finally, Marielou storm occurring in December [71]
mainly affected southeastern France, resulting into being mainly cap-
tured by VHR-Albula, Zurich-Kloten and Malpensa stations. From a
quantitative perspective, wind speed intensities increase markedly from
measured to REA-based VHR-Albula wind speed, primarily due to the

strong orographic effects exerted by mountain slopes at the meso-y
scale.

The impact of downscaling from ERA5 to VHR is striking both in
terms of wind speed intensity (Fig. 5¢) and directionality (see vector
directions in Fig. 5a,b). The ERA5-Albula wind speeds are system-
atically lower than the corresponding VHR estimates, reflecting the
smoothing of orographic forcing associated with the coarser ERA5 hor-
izontal resolution. Moreover, the instantaneous wind direction in ERA5
differs substantially from those obtained from VHR, as the coarse ERA5
grid cannot adequately resolve the uneven orography. However, it is
important to note that the wind speeds derived from VHR-Albula are
not fully representative of the local microscale conditions experienced
by the collapsed towers since orographic variation occurring within
the VHR cell extent are not directly modelled (see the highlighted cell
crossing the Albula pass in Fig. 5b). The 2.2 km horizontal resolution
of the hazard model captures mesoscale wind features relevant for
regional-scale risk mapping while microscale effects occurring at spatial
scales smaller than the grid resolution, such as channelling, speed-up
induced by slopes, uneven micro-terrain sector-based wind exposure
induced by roughness, are not explicitly resolved. Accordingly, the
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Table 2

Uncertain input parameters considered in [50] for the assessment of fragility
curves.

Category Component Description Parameter c.o.v. PDF
Member t 0.032 Normal
thickness

Tower Member width 5 0.008 Normal

Geometry Member I, - Uniform
imperfection
Global 1, - Uniform
imperfection

Cables Diameter d 0.02  Normal
Elastic modulus E, 0.03  Log-normal

Tower Poisson ratio v 0.03  Log-normal
Yield strength Sy 0.07  Log-normal

Material Cables Elastic modulus E, 0.05 Normal

Tensile strength  f, . 0.1 Normal

Insulator Elastic modulus E; 0.02  Normal

Tensile strength  f,; 0.05 Normal

Dynamics Tower Damping ratio & 0.15 Log-normal

Tower Drag coefficient C, 0.05 Truncated

Aerodynamics normal
Cables Drag coefficient Cp, 0.05  Truncated

normal

Mean wind speed - Power law e 0.05 Truncated
exponent normal

proposed framework is intended for infrastructure mesoscale risk as-
sessment, and to eventually plan microscale risk assessment studies to
refine the mesoscale risk analysis to the scale of the individual lattice
tower by accounting for localized changes in orography. If detailed
local assessment studies are required, the framework can be coupled
with microscale downscaling approaches, such as computational wind
engineering simulations or wind tunnel testing (e.g. [72]).

The pictures showing the aftermath of the extreme event are shown
in Fig. 5(d-f). The four towers collapsed in the direction orthogonal to
the line, without causing the rupture of the conductor. In particular,
the 22nd is the only lattice tower that failed at mid-eight, while the
remaining three failed at the base. Fig. 5(e) shows the steep lateral
slope of the Albula pass, responsible of a microscale wind channelling
effect along its axis.

Lattice towers vulnerability is modelled by adopting the fragility
curves assessed by Wang et al. [50] because of (i) the largest amount
of modelled conductor span lengths among the considered studies,
i.e. L = {100, 200, 300, 400, 500} my; (ii) the broad number of input
uncertain parameters related to structural, aerodynamic, and wind
exposure vulnerability sources; and (iii) the setting of the reference
10-minute average wind speed measured at 10 m from the ground
as im, in agreement with European standards for wind load assess-
ment [73]. Given the omnidirectional wind hazard model, vulnerability
is quantified through the most unfavourable fragility curve provided
in [50], i.e. the one resulting by setting wind direction orthogonal to
the alignment.

It is worth stressing that the adopted fragility curves were not
calibrated or validated against the specific lattice tower configurations
deployed along the considered transmission corridor. Furthermore, no
distinction is made between tangent and angle towers. All lattice towers
are assumed to share the same fragility model, with dependence of
vulnerability captured primarily through differences in conductor span
length. This assumption reflects in the scope of the study, which aims at
defining a comprehensive modelling framework rather than assessing
asset-specific reliability, and it is motivated by the lack of compre-
hensive fragility datasets that characterize tangent and angle tower
typologies under wind loading assuming span length variability. The
modelling framework allows the adoption of detailed, corridor-specific
fragility curves, whenever available.
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Fig. 6. Geometry of the lattice tower referring to the adopted fragility curves
(a, redrawn from [50]), their mean values u (b) and standard deviation o
(c) fitted versus the cable span L.

In the following, the procedure followed by Wang et al. [50] to
assess fragility curves is briefly recalled, as well as the input uncertain
parameters considered in their analysis. The tower’s fragility curves
were obtained through Nonlinear Dynamic Analysis on a three-tower
four-conductor system. The eigenmode assembly method and displace-
ment updating method are adopted to account for both local member
and global imperfections. Uncertain input parameters set in [50] are
listed in Table 2 by reporting their coefficient of variation c.o.v. and
PDF type. In the table, they are grouped into 5 categories, referring
to mechanics (geometry, material, dynamics), aerodynamics, and wind
exposure (mean wind speed) to highlight distinct vulnerability sources.
To assess the tower’s fragility curve, (i) 30 FE models of the imperfect
tower-line system are generated incorporating mechanical vulnerability
sources; (ii) 30 sets of mean wind speed time series are simulated
for the tower-line system incorporating wind exposure vulnerability
source; (iii) Nonlinear Dynamic Analysis is performed for each pair
of structural model and set of wind speed time series incorporating
aerodynamic vulnerability source.

The transmission tower overall geometry is depicted in Fig. 6(a),
together with the resulting trends of uy (b) and oy (c) over L. up(L)
and o5 (L) are interpolated through a decreasing quadratic law and a
constant value, respectively.

The exposure is set by considering the transnational transmission
corridor spanning between Sils (Sils im Domleschg, CHE) and Gorlago
(Bergamo, ITA) substations. Its geographical location and the definition
of the curvilinear coordinate s are shown in Fig. 7(a). Sils (s = 0
km) and Gorlago (s = 192.5 km) are connected through 5 in-series
transmission lines connecting the intermediate substations Filisur (s =
18.7 km), La Punt (s = 43.5 km), Robbia (s = 74.1 km) and San
Fiorano (s = 130.7 km). Fig. 7(b) shows the altitude profile z traversed
by the lines, highlighting the three mountain passes crossed by the
lines, i.e. Albula, Bernina, and Mortirolo, while Fig. 7(c) plots the
conductor span length L associated with each lattice tower along the
line. It appears evident that L reduces in correspondence of mountain
passes, reflecting design adaptations aimed at reducing the vulnera-
bility of lattice towers in poorly accessible areas where strong winds
generally expected. Furthermore, a general increase on L is observed
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when moving from Switzerland towards Italy, probably due to different
transmission line design habits.

4. Results

In the following, multiple resulting risk maps are presented and
critically discussed. They differ in their dimensionality, extent of the
covered domain, and design perspectives:

+ (trans)national two-dimensional (2D) risk map to assist during
the planning of extension or maintenance of wide infrastructure
network(s) (Section 4.1);

+ line-like one-dimensional (1D) risk map to assist during the design
and/or relocation of transmission line(s) (Section 4.2);

« point-like 0-dimensional (0D) risk map to assist during the design
and/or performance assessment of lattice tower(s) (Section 4.3).

Risk is calculated by numerically solving Egs. (1)—(3). The computa-
tional cost scales with the cardinality of hazard realizations per cell #,
and the number of query cells n,. For the considered application, risk
assessment was completed within 98, 2.8, and 1.1 hr on a standard
workstation, respectively for the 2D (# = 1e+6, n, = 4.44e+6), 1D (# =
le+7, n, = 1.3e+3) and 0D (# = le+7, n, = 5.1e+2) maps. It is worth
stressing that, due to the lack of a fragility model validated against
the specific lattice towers deployed along the considered transmission
corridor, results are interpreted in a comparative perspective, rather
than as asset-specific failure probabilities.

4.1. 2D risk map for infrastructure networks

Transnational 2D risk maps can be drafted to assist during the
planning and maintenance of infrastructure networks deployed over
wide territories. In the following, the exposure index is set uniform and
equal to E = 1 over the whole Italian and Swiss lands to highlight how
hazard and risk maps are related.

Fig. 8 shows the Italian and Swiss national wind hazard maps Uy, for
a 50-year return period (), risk maps P, considering uniform L = 400
m all over the whole national territories (b), sample hazard curves
(c), and scatter plots showing the correlation between hazard and risk
in terms of dimensionless indices (d,e). The spatial distribution of P,
follows qualitatively the pattern of Us, (Fig. 8a,b). P, results higher
in correspondence of areas where Uy, is high, e.g. mountainous areas
like Alps and the Apennine ridge, and lower in correspondence of areas

where Us, is low, e.g. flat plains sheltered by mountain ridges like
the Po valley in northern Italy and the Swiss Plateau. However, Uy,
and P, do not exhibit a linear correlation, as illustrated in Fig. 8(d)
through their corresponding dimensionless indices I; and Iy. Indices
are defined in order to normalize hazard and risk metrics in the range

; : _ _ Uso—min(Uso)
[0,1] so to make them directly comparable, i.e. I = Uein(Us)
Py—min(Py)

and I; = (PP Although the wind load demand scales with

the square of U, the relationship between I;; and I exhibits a much
higher-order dependence. The fitting of the scatter plot with the power
law Ip = If, returns @ = 5 with high coefficient of determination
R? = 0.88 and high Spearman’s correlation coefficient p; = 0.9. On the
one hand, the relationship between I, and I reflects the nonlinearity
introduced by the fragility curve, accounting for sources of uncertainty
inherent in both demand and capacity, embodied by the slope of the
fragility curve, i.e. op. On the other hand, Us, (i.e. Iy) does not
describe alone the full hazard curve A (see Eq. (2)). According to
Cito and Iervolino [74], and in analogy to the seismic engineering
risk assessment framework, the slope of the linear approximation of
the hazard curve is another key parameter for risk assessment. To
this aim, Fig. 8(c) plots two exemplificatory hazard curves showing
similar Us, and sensibly different slopes k of the hazard curve in the
neighbourhood of Us,, with k = M, being ¢~ and

T-U
@t the right and left neighbourhood of the variable @. In particular,
the higher k, the more frequent wind occurrences with U > Us,.
Fig. 8(e) shows the scatter plot between the normalized slope k* =

—komink) _ and Ig. The scatter does not depict a marked trend as in
max(k)—min(k)

Fig. 8(d). However, geographical locations exhibiting high values of k*
are more commonly associated with higher wind-induced risk, showing
a moderate correlation p, = 0.49.

Within this perspective, the 2D map of I;; may be adopted, together
with k*, for preliminary identification of the wind impact by adopting
an index-based quantitative approach [75].

4.2. 1D risk map of transmission lines

Within a risk-informed design framework, the proposed methodol-
ogy effectively supports the design process and/or relocation of existing
transmission lines by providing quantitative performance metrics, en-
abling designers and decision-makers to rank and select alternative
solutions.
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Fig. 8. Italian and Swiss national maps of wind hazard Us, (a), and wind-induced risk P, (b) for L =400 m and uniform exposure E = 1. Sample hazard curves
and related Us, and slope k (c), correlation scatter-plots between hazard I,; and risk I indices (d), normalized slope k* and risk index I (e).

As a benchmark case study, two alternative power transmission
alignments connecting the villages of Tiefencastel and Celerina (CHE)
are analysed. The first alignment, corresponding to the existing line
(s1), crosses the Albula valley and Albula pass before descending into
the Engadin valley. The hypothetical second alignment (s,) follows
the Sursette valley starting from Tiefencastel, where an existing trans-
mission corridor is already present, and subsequently enters the En-
gadin valley through Septimer pass to finally reach Celerina. The two
alternative alignments are georeferenced in Fig. 9(c).

The along-line hazard U, and the corresponding failure probability
of the tower P, for uniform along-line L values are plotted in Fig.
9(a,b) for s; and s,, respectively. Us,(s) is obtained by sampling the
local hazard values from the spatial tiles intersected by each alignment,
thereby implicitly capturing the influence of roughness and topography
at the mesoscale along the route. For the existing alignment s,, Us,
exhibits a pronounced increase along the route, with a particularly
steep rise near the Albula pass, where extreme wind speeds locally
exceed 20 m/s. This reflects the typical speed-up induced by mountain
slopes. The alternative alignment s, exhibits overall higher Uy, values
throughout its length. Specifically, Us, (i) gradually increases along the
Sursette valley, which ascends southwards; (ii) reaches its maximum
value (again exceeding 20 m/s) in correspondence of the Septimer
pass; and (iii) subsequently decreases upon entering the Engadin valley,
where the shielding effect of the valley reduces extreme winds.

The corresponding risk P, qualitatively follows the trend of Us.
P, reaches its maximum at the mountain passes, consistent with the
highest along-line wind hazard (see Fig. 9¢c, for L =200 m). Moreover,
P, systematically increases with L, reflecting the shift of the fragility

10

curve towards low im (Fig. 6b) and the fact that longer spans are
inherently more fragile under the same hazard conditions.

Finally, Fig. 9(d) shows the potential range of the line probability of
failure through its upper (Pf,l ine) and lower (Iv’fy,me) bounds. For L = 200
m, the overall probability of failure of the alternative alignment s, is
notably lower than that of s, consistent with the along-line P, shown
in Fig. 9(c). However, as the span length increases to L = 300 m, the
two probabilities exhibit comparable ranges, and for L = 400 m, the
riskiest alignment shifts from s; to s,. This shift can be attributed to
two main factors: (i) the slightly higher extreme wind speeds along the
Sursette valley compared to those in the Albula valley, which primarily
amplify Pf’“,,e; and (ii) the greater total length of s,, which results in a
larger number of towers and consequently increases the cumulative risk
Pf’,,-,,e. It should also be noted that [}V)Nme’ ﬁf,l,-ne] encompasses more
than one order of magnitude, preventing the precise estimation of the
actual line probability of failure. Nevertheless, within comparative risk
assessment frameworks, the upper and lower bounds remain useful for
identifying the most risk-prone alignment.

The analysis above intentionally isolates the wind-related hazard
and risk components, thereby neglecting other critical aspects that
should be incorporated into a holistic design framework for transmis-
sion line infrastructures. In practical applications, decisions regarding
route selection are influenced not only by wind hazard conditions but
also by broader economic and strategic considerations. These may in-
clude, for example, the construction and maintenance costs associated
with alternative alignments, environmental and land-use constraints,
accessibility and constructability issues, and the risk assessment of the
alignment when embedded within a countrywide power transmission
network.
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span length L =200 m (c), and resulting lower and upper bounds of the line probability of failure P;,, (d).

4.3. 0D risk map of lattice towers

Finally, the proposed framework can be adopted to assist during the
design and/or performance assessment of point-like lattice towers along
transmission lines.

The along-line risk assessment of the lattice towers is quantified
along the transnational power transmission corridor georeferenced in
Fig. 7(a) by considering the actual conductor span length L suspended
by each tower, in agreement with Fig. 7(c). Fig. 10(a) shows the along-
line variation of both Us, and the pointwise P, in correspondence of
individual lattice towers. The same quantities are georeferenced in Fig.
10(b) where it becomes evident that the strongest wind extremes are
typically associated with regions of steep orography, whereas valleys
generally experience lower wind intensities. Notably, high values of P,
occur in correspondence with the Albula and Bernina passes, where
the wind hazard exhibits a pronounced increase due to orographic
effects. In contrast, the Mortirolo pass shows relatively lower P, val-
ues, consistent with the lower Us,. Interestingly, a local rise of P, is
also observed near the San Fiorano substation, despite the absence of
particularly high Us, values. This local increase of failure probability is
attributed to the increase in span length L. Detailed close-up views of

the Albula and Bernina passes, as well as the San Fiorano substation,
are provided in Fig. 10(c-e). These panels highlight how P, is jointly
amplified by hazard, here represented through Us,, and vulnerability,
here driven by the span length L. The combined spatial variability
of hazard and fragility underlines the importance of along-line 0D
risk mapping to identify the most critical lattice towers to prioritize
inspection and maintenance interventions or to plan microscale risk
assessment studies.

It is worth noting that the highest values of P are not obtained in
correspondence of the Albula pass, despite past collapses of lattice tow-
ers reported in this area [66]. Conversely, the highest P, are attained
near the Bernina pass, where no tower failures have been documented
to date. According to the Author, this apparent inconsistency arises
from several factors. First, wind hazard has been evaluated at the
mesoscale, and therefore, local microscale effects are not captured
by the present hazard model. Although the adopted hazard model
provides an unprecedented very high spatial resolution of about 2
km, it is still insufficient to accurately represent microscale wind flow
channelling effects occurring within the narrow Albula Pass. Secondly,
the fragility functions employed in this study do not correspond to
the specific lattice towers currently installed along the Sils-Gorlago
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Fig. 10. Along-line P, and Uy, (a). Georeferenced layout (b) with close-up views around Albula pass (c), Bernina pass (d), San Fiorano substation (e). Correlation
scatter-plots between hazard index I, dimensionless span L* and risk index I (f,g). Resulting line probabilities of failure Prine (©).

transmission corridor. Thirdly, the actual towers in service are likely to
have been designed to withstand the locally severe wind environment,
thus exhibiting higher capacity in wind-prone regions.

The correlation between hazard index I, and risk index I is shown
in Fig. 10(f). When compared with the correlation obtained at the
Italian and Swiss national scales (Fig. 8d), the along-line correlation
is significantly lower, yielding a Spearman’s correlation coefficient
ps = 0.65. Such a low correlation can be primarily attributed to the
spatial variability of the span length L along the transmission corridor.
Towers suspending longer spans tend to exhibit higher P, thereby
introducing additional dispersion in Iy. The correlation between the

. P L—min(L) . .
normalized span length L* = D)D) and Iy is shown in the

same figure, resulting in a correlation coefficient of similar magnitude,
i.e. p, = 0.49. Since I scales proportionally to both I and L*, Fig.
10(g) depicts the scatter plot of their normalized product. The resulting
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scatter plot displays a markedly stronger monotonic correlation, with
ps = 0.93, well described by a power law trend exhibiting a coefficient
of determination R? = 0.98. This confirms the use of such indicators as
efficient means for preliminary risk assessment of lattice towers.

Finally, the overall probability of failure of each line segment,
P/ ines is illustrated in Fig. 10(g), where both lower and upper bounds
are reported. The resulting ranges of Py, reflect the combined effect
of the entity of individual tower risks P, and the length of each
corresponding line segment. It is particularly noteworthy that the San
Fiorano-Gorlago line segment exhibits a higher overall probability of
failure than the Filisur-La Punt section. This outcome can be primarily
attributed to the generally larger span lengths L adopted in Italy
relative to those adopted in Switzerland (see Fig. 7b), and the long
distance covered by the line segment compared with the others.
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5. Conclusions

This study contributes to bridging the long-standing gap between
seismic and wind risk mapping by developing and testing a novel,
high-resolution wind risk assessment framework.

The approach is demonstrated by focusing on lattice towers de-
ployed along transmission lines as infrastructure class, and on a
transnational corridor between Italy and Switzerland as specific ap-
plication. This case study is chosen due to the critical nature of such
a class of infrastructure, the known vulnerability of lattice towers
to wind action, and the particularly challenging benchmark provided
by the uneven orography and surface roughness across the Alpine
region. Wind hazard is grounded on the high resolution reanalysis-
based approach for the assessment of the mesoscale design wind speed
recently introduced by Raffaele et al. [11]. The resulting mesoscale
hazard maps reach seismic hazard ones in terms of spatial resolution,
spatial covering and homogeneity. Fragility curves are obtained from
the literature. A critical review of state-of-the-art fragility models for
lattice towers is carried out to investigate their sensitivity to both de-
terministic and uncertain input parameters. Exposure is set as a logical
index that identifies the geographical location of the infrastructure. The
resulting failure probability of lattice towers allows to infer the lower
and upper bounds of the failure probability of the transmission line.

The results of the proposed methodological framework are orga-
nized and discussed through maps with differ dimensionality, extent
of the covered domain, and addressed to distinct design perspectives.
Transnational 2D risk mapping assists designers during both the plan-
ning of extension or maintenance of wide infrastructure networks.
Line-like 1D risk mapping along alternative alignments assists the
design and the potential relocation of transmission lines. Point-like
0D along-line risk mapping of lattice towers along a specific transna-
tional transmission corridor proves effective for evaluating the risk of
individual structures within a network. Overall, results demonstrate
the potential of the proposed methodological framework to support
decision-making processes within the planning, design and mainte-
nance of critical infrastructures thanks to the enhancement of the
wind hazard link within the PBWE chain. Nevertheless, the present
study should be regarded as one component of a broader multi-criteria
decision-making framework. Furthermore, although the adopted res-
olution allows unprecedented mesoscale hazard and risk mapping, it
may require the coupling of localized downscaling approaches where
significant microscale effects are expected.

In light of the obtained results, several research needs arise. First, fu-
ture studies could aim at developing a simplified analytical framework
for wind risk assessment in analogy to the well-established Cornell’s
methodology in seismic risk analysis [48]. Secondly, obtained results
indicate that the estimated range of probability of line failure may
encompass more than one order of magnitude. This highlights the need
for statistical modelling approaches that explicitly account for the cross
and spatial correlation of the intensity measures along line-like infras-
tructure systems, in analogy with probabilistic seismic hazard analysis
for spatially distributed systems [37]. Thirdly, the proposed modelling
framework could be tested against georeferenced historical data about
failures of lattice towers, and adapted for future climate scenarios by
exploiting climate projections [41] instead of reanalysis. Finally, this
study highlights the strong variability of lattice towers’ fragility curves
induced by aleatory and model uncertainties. Accordingly, future work
should statistically quantify these uncertainties, examine the statistical
convergence of the fragility curve parameters, and assess how un-
certainty in input parameters propagate to the fragility curves. Such
efforts would strengthen one of the weakest links in the PBWE chain
by enabling the robust definition of wind fragility curves for different
structural types.
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