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A B S T R A C T

The wind velocity field associated with thunderstorm downbursts can be modelled as a uniformly modulated 
nonstationary random process, characterized by an Evolutionary Power Spectral Density function. The param
eters characterizing the evolutionary model vary significantly from one thunderstorm to another. Due to the 
limited data availability, the interval model appears to be a suitable approach to represent the uncertainty of 
such parameters. In this paper, by leveraging available thunderstorm data and a literature-based model for the 
vertical profile of mean velocity, appropriate bounds for the key loading parameters are established, and an 
interval model for the thunderstorm wind speed is introduced. Employing a closed-form solution for the gust 
response factor and based on the introduced interval model of the thunderstorm wind speed, this study in
vestigates the propagation of uncertainties on the thunderstorm gust response factor and the maximum dynamic 
response for slender vertical structures using the Improved Interval Analysis. Results indicate that, for the 
structural cases analyzed, uncertainties in thunderstorm parameters exert a more significant influence on the 
thunderstorm gust response factor and maximum response than those in the structural parameters.

1. Introduction

Wind and earthquakes constitute the main natural hazards that strike 
the built environment, causing damages and losses in our societies. 
Focusing on the wind climate, the occurrence of extra-tropical cyclones 
and thunderstorm downbursts characterises several locations worldwide 
[1,2]. Considering time intervals between 10 min and 1 h, the wind 
velocity field associated with synoptic events such as extra-tropical cy
clones is modelled as the superimposition of a mean wind velocity that is 
constant in time and varies with the height according to a logarithmic 
profile, and the atmospheric turbulence, modelled as a Gaussian sta
tionary random process characterized by its Power Spectral Density 
(PSD) function [3]. Thunderstorm downbursts are mesoscale phenom
ena that differ from extra-tropical cyclones in multiple ways, from their 
genesis in the atmosphere to their wind structure [4]. Specifically, the 
wind field associated with a thunderstorm outflow shows a nose-shaped 
mean wind speed profile and nonstationary behaviour over short time 
intervals [5]. Because of these substantial differences with extra-tropical 
cyclones, several models have been introduced for representing the 
nose-shaped mean wind speed profile (e.g. [6–8]), among which the 

model by [8,9] is the most widely adopted in the literature. Further
more, considering the wind speed at a point in space, the velocity is 
commonly represented as the superimposition of a slowly-varying mean 
component and a nonstationary fluctuation, modelled as a uniformly 
modulated nonstationary random process [10,11]. Based on these as
sumptions, an Evolutionary Power Spectral Density (EPSD) model of 
thunderstorm outflows consistent with full-scale wind speed records was 
developed by [12], aiming to encapsulate the essential features of the 
nonstationary turbulent fluctuations.

Focusing on the wind-excited response of structures, it is established 
practice with stationary winds to convert the wind speed into aero
dynamic loading under the assumption of small turbulence, neglecting 
the quadratic term of the fluctuations. Consequently, the aerodynamic 
loading follows a Gaussian distribution. For structures exhibiting linear 
elastic behaviour, their response is also represented as a Gaussian sta
tionary random process. This scheme is commonly referred to as 
Davenport wind loading chain [13]. Moreover, the distribution of the 
maximum response is derived under the assumption that up-crossings of 
a sufficiently high threshold are rare and independent events. Since the 
distribution of the maximum dynamic response is narrow, it is 
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commonly represented by its mean value. This approach facilitated the 
development of the gust response factor technique, widely adopted for 
engineering calculations and code applications. Indeed, nowadays, 
codes and standards provide suitable tools for engineers to deal with the 
wind-resistant structural design related to extra-tropical cyclones 
[14–16], based on the gust-factor technique [13].

Because of the nonstationary nature of the thunderstorm wind speed, 
the dynamic response of structures to thunderstorm downbursts is also a 
nonstationary random process, characterized by an EPSD function that 
can be regarded as the output of a generalized Davenport wind loading 
chain [17]. The mean value of the maximum dynamic response should 
be estimated from its probability density function defined on the basis of 
the up-crossing theory of nonstationary processes, taking into account 
the variation in time of the mean part of the response and the standard 
deviation [18–20]. However, this approach is not suitable for rapid 
engineering calculations and is not appropriate for integration into a 
code design framework. Following the same philosophy of the gust 
factor technique for stationary winds, the Thunderstorm Gust Response 
Factor (TGRF) technique has been recently developed, which accounts 
for the transient dynamic response induced by the nonstationary wind 
loading described by the EPSD model [21]. Successively, a closed-form 
solution was developed by [22] to improve the handiness of the 
approach, facilitating the estimate of the maximum response of struc
tures to thunderstorm outflows [23].

Despite the potential of the TGRF technique, its usage requires a 
reliable characterization of the thunderstorm wind speed parameters 
that shape the EPSD, which are usually difficult to define due to either 
the lack of thunderstorm data or the great variability of the phenome
non. Indeed, the analysis of a wide set of thunderstorm recordings [24,
25] has shown a large variability of the thunderstorm parameters from 
one recording to another. The quantification of the uncertainties 
affecting these parameters is of potential interest for defining suitable 
safety factors for structures subjected to thunderstorm wind loading. In 
the literature, based on their source, uncertainties are usually classified 
as aleatory or epistemic [26,27]. Aleatory uncertainties are properly 
modeled using probabilistic methods, which require a large amount of 
data to define the relevant probability density functions. It is widely 
recognized that the reliability of probabilistic approaches is not guar
anteed when limited data are available [28]. When information on 
various sources of uncertainty is incomplete or fragmentary, the use of 
non-probabilistic approaches [29–32] is more appropriate for retrieving 
reliable predictions of the safety level [33]. The awareness of possible 
limitations of traditional probabilistic methods [30] has motivated the 
use of non-probabilistic uncertainty descriptions, such as the interval 
model [34,35], convex models [36] or fuzzy-sets [37], in conjunction 
with classical methods for structural reliability analysis and 
reliability-based optimization (see e.g. [38–44]). Reliability analysis 
under hybrid or mixed uncertainties, i.e. involving both random and 
interval variables, has also attracted significant research interest (see, e. 
g. [45–49]). Furthermore, efficient approaches have been developed to 
perform reliability analysis in the presence of uncertain parameters 
described by means of imprecise probabilities, which arise from 
epistemic uncertainty in the definition of the relevant hyper-parameters 
(see e.g., [50–52]). Recently, some studies have been devoted to esti
mating the PSD and EPSD function of stochastic excitation processes by 
considering epistemic uncertainties in the data records and evaluating 
the associated structural response [53–58]. To the best of the authors’ 
knowledge, attention has been focused on seismic excitation, while the 
influence of epistemic uncertainties on the characterization of wind 
velocity has not yet been addressed.

In this paper, epistemic uncertainties affecting the relevant EPSD of 
the thunderstorm wind velocity are described as interval variables using 
the Improved Interval Analysis via Extra Unitary Interval (IIA via EUI) 
[59]. To characterize such intervals, the time histories of many recorded 
thunderstorms are analysed. Chauvenet’s criterion [60,61] is applied to 
discard outliers from the set of wind velocity time histories. As a final 

outcome of the statistical analysis of the selected thunderstorms, the 
ranges of variability of the main parameters of the EPSD function are 
determined. Therefore, an imprecise model is introduced for the EPSD 
function representative of wind velocity time histories recorded during 
thunderstorms, as a function of interval parameters [34,35].

The dynamic analysis of structural systems subjected to imprecise 
stochastic excitation is a challenging task since it involves the propa
gation of hybrid uncertainty, i.e., interval and random. Assuming that 
the effects of aleatoric and epistemic uncertainty are kept separated 
[62], hybrid uncertainty can be propagated by solving a double-loop 
problem. This approach demands significant computational effort and 
quickly becomes unfeasible for real-world engineering applications.

Starting from the imprecise model of the thunderstorm wind speed, 
the present study introduces an interval model of the thunderstorm gust 
factor and the maximum dynamic response, including also the un
certainties associated with the main mechanical and dynamical pa
rameters of the structure. The availability of closed-form expressions for 
the gust response factor and maximum dynamic response allows per
forming the stochastic analysis of structures subjected to imprecise 
thunderstorm wind loading by decoupling the propagation of interval 
and random uncertainties. Furthermore, sensitivities of the maximum 
dynamic response of structures to the interval loading and structural 
parameters can be derived by direct differentiation, and analytical ex
pressions of its upper and lower bounds can be obtained. Thus, the 
propagation of the uncertainties in the thunderstorm parameters on the 
maximum dynamic response is studied. Two real case studies are 
selected: a lighting pole and a telecommunications tower. In this 
framework, the bounds of the TGRF and maximum response are derived 
analytically by varying the degree of uncertainty of parameters, carrying 
out separate analyses for the wind loading and structural uncertainties.

The paper is articulated as follows: Section 2 introduces the analyt
ical framework of the thunderstorm wind speed modelling and related 
maximum dynamic response characterization by means of the TGRF; 
Section 3 presents the model of the imprecise thunderstorm wind speed 
and response based on the Improved Interval Analysis; Section 4 outlines 
the bounds of the thunderstorm wind speed model and response sensi
tivity based on the available time histories; Section 5 presents numerical 
results for two structural case studies; finally, Section 6 outlines the 
conclusions and future outcomes of this research.

2. Definition of the thunderstorm excitation and response

This section introduces the analytical framework concerning the 
thunderstorm wind speed modelling (Section 2.1) and the character
ization of the Thunderstorm Gust Response Factor (TGRF) and 
maximum dynamic response (Section 2.2).

2.1. Thunderstorm wind speed

Let us consider the thunderstorm wind speed v(z, t) along the vertical 
coordinate z, where z = 0 m at the ground level. It can be represented as 
the sum of a slowly-varying mean vm(z, t) and a nonstationary turbulent 
fluctuation component v́ (z, t) as follows [23,63] 

v(z, t) = vm(z, t) + vʹ(z, t) (1) 

with t being the time. The slowly-varying mean wind speed can be 
expressed as follows: 

vm(z, t) = vmaxα(z)γ(t). (2) 

In Eq. (2), vmax is the maximum value of the slowly-varying mean 
wind speed at the reference height h, γ(t) the modulating function of the 
mean wind speed, and α(z) its vertical profile. The modulating function 
and vertical profile are defined according to models from the literature 
and read [8,25]: 
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)
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where γ∗ is a measure of the intensity of the background mean wind 
speed, Tthe duration of the intense phase of the outflow, and zm is the 
height of the tip of the nose-shaped vertical profile. Fig. 1a and b show, 
respectively, the vertical profile and the modulating function of the 
mean wind speed and the associated parameters.

The nonstationary turbulent fluctuation v́ (z, t) is regarded as a uni
formly modulated [12] process and its Evolutionary Power Spectral 
Density (EPSD) at a point in space reads: 

Svʹ(z, t, n) = v2
maxI

2
v γ2(t)α2(z)θ2(z)S

ṽ
ʹ(z, n) (5) 

where Iv is the average value of the turbulence intensity at the reference 
height h (assumed constant over 10 min), θ(z) is the vertical profile of 
the turbulence intensity, and S

ṽ
ʹ(z, n) the Power Spectral Density (PSD) 

of the reduced turbulent fluctuation ̃v́ (z, t) [64]. Concerning the vertical 
profile of the turbulence intensity, a widely accepted model is not 
available in the literature. In this paper, the model θ(z) = 1 /α(z) pro
posed in [23] is adopted: 

θ(z) =
1 − erf(0.1167h/zm)

(
z
h

)1/6
[1 − erf(0.1167z/zm)]

. (6) 

Employing the model by [65], the PSD of the reduced turbulent 
fluctuations is given by: 

S
ṽ
ʹ(z, n) =

dvLv/[vmaxα(z)]
{1 + 1.5nLv/[vmaxα(z)]}5/3 (7) 

where Lv is the integral length scale of the turbulence and dv=6.868. It is 
worth noting that the integral length scale of turbulence varies with the 
height for synoptic winds. The variation of the integral length scale with 
height during thunderstorm outflows is poorly documented. Zhang et al. 
[24] reported values of the integral length scale extracted from ane
mometric measurements of different thunderstorm events at fixed 
heights in different locations, which are not suitable for deducing a 
profile. Romanic [66] analysed a nocturnal thunderstorm, reporting an 
increasing trend with the height of the length scale parameter; however, 
an expression for the vertical profile of the integral length scale of tur
bulence was not proposed. Therefore, in this study, the variation of Lv 

with the height is neglected. As an example, Fig. 2a and b plot, 
respectively, the vertical profiles of the turbulence intensity and the PSD 
model of the turbulence.

The definition of the EPSD in Eq. (5) is fundamental for the deriva
tion and study of the dynamic response to thunderstorm downbursts and 
its maximum value. Therefore, in view of the great variability of the 
thunderstorm events [25], it is of utmost importance to properly define 
the parameters of the relevant EPSD and the associated uncertainties.

2.2. Thunderstorm gust response factor and maximum dynamic response

Let us consider a slender vertical structure, schematized as a 
continuous linear elastic cantilever beam characterized by height H, 
width b(z) and drag coefficient cD(z), z being the vertical coordinate. The 
structure is subjected to the wind loading produced by a thunderstorm 
outflow outlined in Section 2.1. It is assumed that the dynamic response 
is dominated by its first mode of vibration with mode shape ψ1(z), first 
natural frequency n1, modal mass m1, and damping ξ. Adopting the 
TGRF technique, the maximum horizontal displacement qmax experi
enced by the structure at the top z = H is estimated as follows [23,63]: 

qmax = Gqqm (8) 

where qm is the maximum of the mean part of the response and Gq de
notes the TGRF. They read, respectively: 

qm =
ρv2

m

2m1(2πn1)
2

∫H

0

α2(z)b(z)cD(z)ψ1(z)dz (9) 

Gq = 1 + 2C Ivgq
(
νqTeq

) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2 + R2

√
. (10) 

In Eqs. (9) and (10), ρ is the air density, gq is the Davenport peak 
factor, νq the expected frequency, B and R are, respectively, the back
ground and resonance factors [13,15], while C and Teq denote the 
equivalent parameters. These parameters can be derived in closed form, 
and their formulation is reported in Appendix 1.

3. Proposed model of the imprecise thunderstorm wind speed 
and response

In view of the uncertainties associated with the thunderstorm wind 
speed parameters, their propagation on the results in terms of dynamic 
response needs to be investigated. In this framework, it is common 
practice to define the probability density function of uncertain param
eters [67,68] following probabilistic approaches that require an exten
sive amount of data, often unavailable, especially when it comes to 

Fig. 1. (a) Vertical profile α(z) and (b) modulating function γ(t) of the mean wind speed.
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thunderstorms. In these circumstances, modelling a parameter as a 
probabilistic quantity is not advisable. Therefore, in this study, the 
aforementioned uncertainties affecting the EPSD of the thunderstorm 
wind speed are addressed using interval analysis [34,35], which, 
together with convex models [36] or fuzzy-sets [37], is a commonly used 
non-probabilistic approach for addressing uncertainty when few data 
are available.

In this section, the interval model of the thunderstorm wind speed is 
first introduced (Section 3.1), then the associated interval maximum 
dynamic response is presented (Section 3.2).

3.1. Interval model of thunderstorm wind speed

According to the interval model, the generic parameter character
izing the EPSD function in Eq. (5) is described as an interval variable, 
defined by its lower bound (LB), upper bound (UB), or by the midpoint 
and deviation amplitude [34,35]. No information on the probability of 
occurrence of values over the interval is requested. One of the main 
drawbacks of the interval model is the overestimation of the interval 
solution range, which may lead to overly conservative results for engi
neering purposes [35]. Overestimation is caused by the so-called de
pendency phenomenon, which occurs due to the inability of Classical 
Interval Analysis [35] to recognize multiple occurrences of the same in
terval variable in an expression. To limit conservatism, in the present 
study, the Improved Interval Analysis (IIA) via Extra Unitary Interval 
(EUI) [59] is adopted. Accordingly, the k-th interval variable is defined 
as: 

xI
k =

[

xk, xk

]

= xk,0 + Δxk êI
k = xk,0

(
1+Δχk êI

k
)

(11) 

where xk and xk are, respectively, the LB and UB of the interval variable 
xI

k, êI
k = [− 1,+1] is a particular unitary interval called EUI [59], xk,0 is 

the nominal value or midpoint, Δxk the deviation amplitude, and Δχk 
the normalized deviation amplitude. They read, respectively: 

xk,0 =
xk + xk

2
(12) 

Δxk =
xk − xk

2
(13) 

Δχk =
Δxk

xk,0
=

xk − xk

2xk,0
. (14) 

It is worth noticing that Δxk > 0 and Δχk ∈ [0,1]. Furthermore, the 
subscript k in ̂eI

k means that the EUI is associated with the k − th interval 

variable. This feature enables one to keep track of dependencies among 
interval variables throughout calculations, thereby reducing 
overestimation.

Consider now a generic interval-valued function f of the interval 
variables xI

i , with (i = 1, ...,Ni), and of non-interval quantities ul, with 
(l = 1, ...,Nl), it can be equivalently denoted as: 

f I(u1, u2,…x1, x2,…) ≡ f
(
u1, u2,…xI

1, x
I
2,…

)
. (15) 

The EPSD in Eq. (5) depends on five parameters – i.e. γ∗, T, Iv, Lv, zm– 
which are treated as interval variables in the framework of the IIA via 
EUI, i.e.: 

γ∗I =

[

γ∗, γ∗
]

= γ∗0 + Δγ∗ êI
1 = γ∗0

(
1+Δχγ∗ ê

I
1
)

(16) 

TI =
[
T,T

]
= T0 + ΔTêI

2 = T0
(
1+ΔχT êI

2
)

(17) 

II
v =

[
Iv, Iv

]
= Iv ,0 + ΔIv ê

I
3 = Iv ,0

(
1+ΔχIv êI

3
)

(18) 

LI
v =

[
Lv, Lv

]
= Lv ,0 + ΔLv ê

I
4 = Lv ,0

(
1+ΔχLv

êI
4
)

(19) 

zI
m =

[

zm, zm

]

= zm ,0 + Δzm êI
5 = zm ,0

(
1+Δχzm

êI
5
)
. (20) 

These variables, associated with the wind speed (loading L) un
certainties, are collected into the following interval vector: 

xI
L =

{
γ∗I ,TI, II

v, L
I
v, z

I
m
}T

. (21) 

It is worth remarking that the interval variables in Eqs. (16)–(20) are 
independent and therefore are defined in terms of different EUIs ̂eI

k (k =

1, 2,…,5). Based on Eqs (16)–(20), the EPSD function of the thunder
storm wind speed in Eq. (5) is consistently modelled as an interval 
function. Specifically, considering Eq. (15) and the interval parameters 
in Eqs. (16)–(20), the EPSD function in Eq. (5) can be written as 

SI
vʹ(z, t, n) ≡ Svʹ

(
z, t, n; xI

L
)
≡ v2

max
[
II
v
]2[γI(t)

]2[αI(z)
]2[θI(z)

]2SI
ṽ
ʹ(z, n)

(22) 

where the functions γI(t), αI(z), θI(z) and SI
ṽ
ʹ(z, n) are now interval 

functions of the interval parameters.
It should be noted that the maximum mean wind speed vmax is 

modelled as deterministic since it is assumed that it can be determined 
as a function of the design return period based on statistical analyses.

Fig. 2. (a) Vertical profile of the turbulence intensity θ(z) and (b) PSD model of the turbulence S
ṽ
ʹ(z).
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3.2. Interval maximum dynamic response

In view of the dependence of the maximum dynamic response on the 
interval EPSD model in Eq. (22), it follows that both the TGRF and 
maximum response possess interval characteristics. Moreover, the 
structural and aerodynamic parameters also exhibit a certain level of 
uncertainty. Such parameters include the drag coefficient, damping 
ratio, modal mass and fundamental frequency.

Specifically, the uncertainty in the drag coefficient when dealing 
with thunderstorm-induced loading derives from the transient nature of 
the wind flow and its abrupt change of direction. However, the drag 
coefficient depends on the shape of the cross-section and is independent 
of the angle of attack for circular cross-sections. Limiting our interest to 
circular cross-sections, the drag coefficient is assumed as deterministic 
in this study.

Focusing on the modal mass, its derivation is usually carried out with 
a significant degree of accuracy, and no particular uncertainty is 
involved.

The uncertainties affecting the modal frequency and damping ratio 
are worth considering [68,69]. Therefore, these two quantities are 
treated as interval variables, denoted hereafter as nI

1 and ξI. The vector 
of interval variables associated with the structural uncertainties (S) is 
expressed as: 

xI
S =

{
nI

1, ξI}T (23) 

where 

nI
1 =

[

n1, n1

]

= n1 ,0 + Δn1 êI
6 = n1 ,0

(
1+Δχn1

êI
6
)

(24) 

ξI =

[

ξ, ξ
]

= ξ0 + ΔξêI
7 = ξ0

(
1+Δχξ êI

7
)
. (25) 

The interval loading and structural parameters can be collected into 
the following vector: 

xI =
{(

xI
S
)T( xI

L
)T
}T

. (26) 

By interval extension, the maximum response in Eq. (8) is rewritten 
as follows: 

qI
max = GI

qq
I
m (27) 

where, according to Eq. (15): 

qI
max ≡ qmax

(
xI) ≡ qmax

(
γ∗I,TI, II

v, L
I
v, z

I
m, n

I
1, ξI) (28) 

GI
q ≡ Gq

(
xI) ≡ Gq

(
γ∗I,TI, II

v, L
I
v, z

I
m, n

I
1, ξ

I) (29) 

qI
m ≡ qm

(
zI

m, n
I
1
)
. (30) 

The LB and UB of the interval TGRF and maximum response can be 
formally expressed as follows: 

Gq = min
x∈xI

{
Gq(x)

}
; Gq = max

x∈xI

{
Gq(x)

}
(31) 

q
max

= min
x∈xI

{qmax(x)}; qmax = max
x∈xI

{qmax(x)}. (32) 

Based on the equations outlined in Section 2.2 (and in Appendix 1), it 
can be deduced that the functions in Eqs. (28)–(30) exhibit a monotonic 
dependence on the parameters TI, II

v and ξI, and thus achieve their 
bounds for suitable combinations of the endpoints of these parameters. 
Introducing the sub-vector of interval variables: 

x̂I
=

{
γ∗I, LI

v, z
I
m, n

I
1
}T (33) 

the LB and UB of the interval TGRF and maximum response can be 

expressed as follows: 

Gq = min
x̂∈x̂I

{
Gq

(
T, Iv, ξ, γ∗, Lv, zm, n1

)}
;

Gq = max
x̂∈x̂I

{

Gq

(

T, Iv, ξ, γ∗, Lv, zm, n1

)} (34) 

q
max

= min
x̂∈x̂I

{
qmax

(
T, Iv, ξ, γ∗, Lv, zm, n1

)}
;

qmax = max
x̂∈x̂I

{

qmax

(

T, Iv, ξ, γ∗, Lv, zm, n1

)} (35) 

where the number of optimization variables is reduced i.e., γ∗I, LI
v, zI

m 
and nI

1. It is worth noticing that the TGRF and maximum response also 
exhibit a monotonic dependence on the parameter γ*, except for limited 
cases of stiff and highly-damped systems, as shown in [25]. Specifically, 
numerical investigations have shown that for very stiff and damped 
structures, the equivalent standard deviation C (Eq. (41), Appendix 1) 
has a decreasing trend up to values of γ∗I in a neighbourhood of 0.85, and 
increases afterwards. Concerning the parameters LI

v and zI
m, the way they 

affect the TGRF and maximum response can be different depending on 
the height of the structure and its mechanical properties, as will be 
shown in the next section.

4. Interval bounds of the thunderstorm wind speed model and 
response sensitivity based on recorded time histories

In this section, the bounds of the parameters of the thunderstorm 
wind speed model are derived starting from the full-scale measurements 
of thunderstorm events (Section 4.1). Based on the bounds estimated, 
the interval EPSD of the nonstationary turbulence is modelled (Section 
4.2) as well as the interval maximum dynamic response, for which a 
sensitivity analysis is performed to assess the influence of the interval 
parameters (Section 4.3).

4.1. Bounds of the interval wind speed parameters

In order to estimate the uncertain parameters of the EPSD function in 
Eq. (22), recorded thunderstorm wind speed time histories available at 
the Department of Civil, Chemical and Environmental Engineering 
(DICCA) of the University of Genoa are considered. Specifically, a set of 
126 time histories recorded by the anemometer network in the High- 
Tyrrhenian Sea [12,70–72] is analysed, accounting for a temporal 
window of 10 min. The anemometers are installed in the ports of Gen
ova, La Spezia, Savona and Livorno and are located at different heights, 
no lower than 10 m above the ground. More details on the character
istics of the anemometer network can be found in [24]. From this set of 
data, the relevant parameters – i.e. γ∗, T, Lv, Iv– are extracted and ana
lysed. Each record of the wind speed is decomposed as shown in Eqs. (1)
and (2). The reduced turbulent fluctuation ṽ́ , treated as a stationary 
Gaussian random process, is in turn extracted from the nonstationary 
turbulent fluctuation v́ .

As a first step, the model of slowly-varying mean in Eqs. (2)–(4) is 
employed to fit the one extracted from the records and to derive the 
parameters γ∗ and T. Among the 126 time histories, only 109 reasonable 
values of the parameters γ∗ and T are extracted, while the remaining 
values were discarded because of the inaccurate fitting of the model.

Successively, from the time-varying turbulence intensity, the 
average value over 10 min is derived, while the integral length scale is 
estimated through the approach adopted in [73], which integrates the 
auto-correlation function and invokes the Taylor hypothesis. For each of 
the parameters Lv and Iv, 126 values are extracted.

In the context of statistical analysis of experimental data, the initial 
step is to identify and eliminate outliers, which are defined as those 
observations that significantly deviate from the other values in the data 
set. To achieve this, Chauvenet’s criterion [60,61] was applied to the 
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data extracted from the thunderstorm time histories. According to 
Chauvenet’s criterion, the data that did not comply with the assumed 
criterion were discarded. As a result of the application of the Chauve
net’s criterion, 3 values of the parameters T and Iv were discarded. The 
flow chart in Fig. 3 summarizes the steps of this procedure.

Starting from the available experimental data, different approaches 
have been proposed in the literature to select the range of variability of 
the uncertain parameters [74–76]. Considering the worst-case scenario, 
that is, assuming the full range of measured values would result in 
excessive variability in the uncertain wind speed parameters and overly 
conservative estimates of the response, even after removing the outliers. 
To obtain tighter ranges of variability, in this paper, the LB and UB of the 
thunderstorm parameters are defined considering the respective per
centiles of 10% and 90% of the measured data.

Fig. 4 shows the values of the parameters γ∗, T, Lv, and Iv extracted 
from the thunderstorm dataset together with their respective ranges 
(light grey) between the lower and upper bounds.

It is worth emphasizing that, even after removing the outliers and 
considering the 10% and 90% percentiles of the data, the ranges of 
variability of the parameters remain very wide (Table 1).

Concerning the height of the tip of the nose-shape profile zm [77,78], 
this parameter is quite uncertain due to the lack of data regarding the 

thunderstorm mean wind speed vertical profile. Studies carried out from 
LiDAR measurements confirmed the significant variation of this 
parameter, pointing out that the nose shape of the profile lasts only 
during the intense phase of the outflow [79]. In previous studies, 
focused on the dynamic response of structures to thunderstorm winds, a 
range of values zm ∈ [25,100]m is assumed [80]. Since no information is 
available from the considered anemometric data, the range specified in 
[80] is assumed in the present study.

Table 1 reports the quantities associated with the uncertain loading 
parameters extracted from the thunderstorm dataset and treated with 
Chauvenet’s criterion: LB xk; UB xk; midpoint or nominal value xk,0 (Eq. 
(12)); deviation amplitude Δxk (Eq. (13)), and normalized deviation 
amplitude Δχk (Eq. (14)) [34].

Table 1 demonstrates a significant variation in the selected param
eters, indicating a substantial change in the associated EPSD function of 
the thunderstorm wind speed. Clearly, the main parameters in Table 1
which characterize the EPSD of the thunderstorm wind speed, should be 
suitably modelled as nondeterministic quantities. In Fig. 5, some re
alizations of the interval modulating function γI(t) (Eq. (3)) are plotted, 
setting the interval parameters γ∗I (Fig. 5a) and TI (Fig. 5b) equal to their 
LB, UB and midpoint.

Fig. 5 shows how the uncertainties in the parameters γ∗I and TI affect 

Fig. 3. Flow chart summarizing the analysis of recorded thunderstorm wind speed time histories.
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the modulating function γ(t), by increasing its constant parts and width, 
respectively. Fig. 6 plots the realizations of the interval vertical profiles 
αI(z) (Eq. (4)) and θI(z) (Eq. (6)) obtained by fixing the interval 
parameter zI

m equal to its LB, UB, and midpoint.
Clearly, the uncertainty associated with zI

m affects the profiles mainly 
at higher heights, while its effect at lower elevations is less evident.

Fig. 7 plots the interval PSD of the reduced fluctuations SI
ṽ
ʹ(z, n) (Eq. 

(7)) evaluated at z = zm (where the larger discrepancies among the 
profiles are observed in Fig. 6) and fixing the interval parameters zI

m and 
LI

v at their LB, UB, and midpoint.
Fig. 7 shows how changes in parameters zI

m and LI
v lead to a shift in 

the PSD harmonic content. In particular, moving from the lower to the 
upper bound of the parameters zI

m (Fig. 7a) and LI
v (Fig. 7b), the PSD 

harmonic content moves towards higher frequencies and lower fre
quencies, respectively.

4.2. Bounds of the interval EPSD model

Based on the bounds of the interval parameters outlined in Section 
4.1, the bounds of the interval EPSD model in Eq. (22) can be derived. As 
an example, Fig. 8 plots the interval EPSD of the nonstationary turbu
lence v́ , SI

vʹ(z, t, n), (Eq. (22)), for the lower and upper bounds of the 
parameters γ∗I , TI, zI

m, II
v and LI

v (see Eq. (21)), and their midpoint.
Fig. 8 shows that on moving from the lower to the upper bounds of 

the parameters γ∗I, TI, and II
v, the interval EPSD significantly increases. 

According to the analytical models outlined in Section 2.1, it is evident 
that the EPSD is a monotonic increasing function of γ∗I, TI and II

v. Thus, 
the bounds of the EPSD can be expressed as follows: 

Svʹ(z, t, n) = min
Lv∈LI

v ,zm∈zI
m

{

Svʹ

(

z, t, n; γ∗,T, Iv, Lv, zm

)}

(36) 

Svʹ(z, t, n) = max
Lv∈LI

v ,zm∈zI
m

{Svʹ(z, t, n; γ∗,T, Iv, Lv, zm)}. (37) 

Nevertheless, the parameters affect the EPSD in different ways and 
magnitudes. Appendix 2 outlines the effects of each parameter on the 
EPSD, letting it vary between its lower and upper bounds and fixing the 
remaining parameters at their midpoint.

4.3. Response sensitivity analysis

In order to investigate the role of the uncertain parameters zI
m and LI

v, 
the TGRF and maximum response, together with their derivatives with 
respect to these parameters, are plotted for different structural cases 
with H > h and H < h, fixing ξ = 0.2% and varying the natural fre

Fig. 4. Values of the parameters (a) γ∗, (b) T, (c) Iv, and (d) Lv, and their respective ranges (light grey) between the lower and upper bounds.

Table 1 
Lower and upper bounds, midpoint, deviation amplitude, and normalized de
viation amplitude of the interval variables associated with the wind speed.

Parameter xk xk xk,0 Δxk Δχk

γ ∗ 0.371 0.655 0.513 0.142 0.277
T[s] 97.073 329.464 213.269 116.196 0.549
Iv 0.068 0.172 0.120 0.052 0.433
Lv[m] 20.261 34.732 27.496 7.236 0.263
zm[m] 25 100 62.5 37.5 0.60
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quency 0.05 ≤ n1 ≤ 1. Moreover, in view of the non-monotonic behav
iour of the TGRF with the fundamental frequency [21,25], its derivatives 
with respect to n1 are also investigated. It is worth pointing out that the 
analytical formulation of the TGRF and maximum response allows for an 

analytical expression of their derivatives with respect to all the uncer
tain parameters involved. However, due to their lengthy and complex 
formulations, these analytical expressions are omitted, and only their 
plots are reported.

Fig. 5. Interval modulating function of the mean wind speed for different values of the interval variables: (a) TI = T0, γ∗I = γ∗, γ∗0, γ∗; (b) γ∗I = γ∗0, TI = T,T0,T.

Fig. 6. (a) Interval vertical profile of the mean wind speed αI(z) and (b) turbulent intensity θI(z) for zI
m = zm, zm,0, zm.

Fig. 7. Interval PSD function of the reduced fluctuations for different values of the interval variables: (a) LI
v = Lv,0, zI

m = zm,zm,0,zm; (b) zI
m = zm,0, LI

v = Lv,Lv,0,Lv.
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Fig. 9 plots the TGRF (Fig. 9a) and the maximum dynamic response 
(Fig. 9b) for a structure with H < h as functions of zm ∈ zI

m and n1 ∈

[0.05, 1] Hz. In addition, to better analyse the sensitivity of these 
quantities with respect to the two parameters, their derivatives with 
respect to zm and n1 are plotted in Fig. 9c–f. Fig. 9a shows the non- 
monotonic behaviour of the TGRF with n1 and the small influence of 
zm on the TGRF, which is observed to slightly increase on increasing zm, 
being the derivative small but positive (Fig. 9c). Indeed, the TGRF is very 
sensitive to n1, with the respective derivative that changes the sign from 
positive to negative (Fig. 9e). Focusing on the maximum response, no 
change of sign in the derivatives is observed (Fig. 9d, f), assessing a 
monotonic behaviour with both the parameters. However, it is worth 
noticing that, differently from the TGRF case, the derivative with respect 
to zm is negative. Moreover, the magnitude of the derivatives reduces on 
increasing zm and n1, tending to zero. This result suggests that the impact 
of the uncertainties of these two parameters on the TGRF and maximum 
response reduces for higher values of zm when dealing with a low-rise 
and stiff structure.

Similar plots are shown in Fig. 10 considering a structure with H > h. 
Differently from the previous case, the non-monotonic behaviour of the 
TGRF with n1 is now confined to very low frequencies (Fig. 10a and e). 
The major difference from the previous case lies in the sign of the de
rivatives with respect to zm. Indeed, now the TGRF reduces on increasing 
zm and the maximum response increases (Fig. 10c and d), especially for 
flexible systems. It is worth pointing out that, as observed in Fig. 9, the 
magnitude of the derivatives with respect to zm remains small, especially 
for the maximum response.

Fig. 11 plots the TGRF (Fig. 11a) and the maximum dynamic 
response (Fig. 11b) as functions of Lv ∈ LI

v and n1 ∈ [0.05, 1] Hz for a 
structure with H < h. Furthermore, Fig. 11 plots the derivatives of the 
TGRF and maximum dynamic response with respect to Lv and n1.

Besides the non-monotonicity of the TGRF with respect to n1, 
Fig. 11a shows that its dependence on the parameter Lv is not particu
larly significant, although it varies according to the fundamental fre
quency, as shown in Fig. 11c. In particular, this figure suggests that the 
TGRF decreases with increasing Lv except for very low values of n1. 
Focusing on the maximum response, a dependence on the parameter Lv 
is observable only at very low values of the fundamental frequency ac
cording to the derivative in Fig. 11d, even though the magnitude is very 
low compared to the case of the TGRF in Fig. 11c. In particular, Fig. 11d 
suggests that the maximum response decreases with increasing Lv except 
for very low values of n1. Concerning the fundamental frequency, the 
trends observed in Fig. 11 are substantially similar to those in Fig. 9. The 
results outlined for H < h are also valid for structures with H > h, as 
illustrated in Fig. 12.

Based on these results, it is possible to derive some general consid
erations. Focusing on the TGRF, it can be argued that it is more affected 
by the uncertainties related to the interval parameter LI

v than the ones 
related to zI

m. Nevertheless, while a change of sign in the derivatives with 
respect to Lv is observed moving from a stiff system to a more flexible 
one, a similar condition associated with zm can only happen when 
moving from a low-rise to a high-rise structure. Moreover, while the 
uncertainties associated with the interval parameter LI

v affect the 
maximum response the same way they affect the TGRF, the uncertainties 

Fig. 8. Interval EPSD of the nonstationary turbulence v́  evaluated for different values of the interval variables: (a) xI
L = xL; (b) xI

L = xL,0; (c) xI
L = xL.
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on the interval parameter zI
m affect differently the TGRF and maximum 

response due to the role of this quantity in the mean part of the response 
(Eq. (9)).

5. Numerical application

In this section, interval uncertainty propagation is performed for two 
real structural systems subjected to the imprecise thunderstorm wind 
speed presented in Section 3. The main goal is to estimate how uncer
tainty in the parameters affects the TGRF and the maximum response. 

First, the structural cases are described, outlining their geometrical and 
mechanical properties (Section 5.1). Then, the lower and upper bounds 
of the TGRF and maximum dynamic response are determined, investi
gating separately the effects of the loading and structural uncertainties 
(Section 5.2).

5.1. Structures case studies

Two slender vertical structures are considered as case studies: a steel 
lighting pole (case study 1, Fig. 13a) and a reinforced concrete 

Fig. 9. Structural case study with H < h: trends of the (a) TGRF and (b) maximum response and their derivatives with respect to (c),(d) zm and (e),(f) n1.
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telecommunications tower (case study 2, Fig. 13b), both clamped at the 
base and schematized as cantilever beams. A detailed description of the 
two structural cases is reported in [18], while in this section, their main 
geometrical and structural properties are specified. Fig. 13 shows the 
two structures and their static scheme.

The lighting pole (Fig. 13a) features a shaft with a truncated conical 
shape and tubular octagonal cross-section, topped with a lighting 
fixture. The total height above ground is 14 m, and the base and top 
diameters are 280 mm and 80 mm, respectively. Including the top 

portion, the structure reaches an overall height of 15.76 m. Given its 
relatively short height, the pole is classified as a low-rise structure.

The telecommunications tower (Fig. 13b) consists of three stacked 
shafts for a total height of 98.00 m. The first shaft, extending up to 3.90 
m above ground level, is composed of two concentric tubular circular 
sections connected by six radial walls. The second shaft, ranging from 
3.90 to 80.50 m, has a circular tubular cross-section with an outer 
diameter of 6.50 m and a thickness of 0.50 m. This section features seven 
steel platforms between 59.50 and 80.50 m supporting transmission 

Fig. 10. Structural case study H > h: trends of the (a) TGRF and (b) maximum response and their derivatives with respect to (c), (d) zm and (e),(f) n1.
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parabolas. The third shaft, from 80.50 to 98.00 m, also has a circular 
tubular cross-section, with an outer diameter of 3.00 m and a thickness 
of 0.25 m. In view of its height, the telecommunications tower is cate
gorized as a mid-height structure.

Fig. 14 and Fig. 15 outline the main geometrical and aerodynamic 
properties of the lighting pole and telecommunications tower, respec
tively, specifically the mode shape, width and drag coefficient.

It is worth pointing out that the drag coefficient assumed corre
sponds to a stationary wind field. While appropriate aerodynamic co
efficients that account for the transient nature of thunderstorm outflows 

remain an active area of research, recent studies have indicated that 
these effects are negligible [81,82].

Table 2 presents the characteristics of both structures, detailing 
height, the first fundamental frequency, modal mass, and damping ratio 
[18].

It is worth noticing that the values of the damping ratio, as reported 
in [18], are assumed according to the material of the structure, 
respectively, steel for the lighting pole and reinforced concrete for the 
telecommunications tower. In order to investigate the propagation of 
uncertainties related to the structural parameters on the TGRF and 

Fig. 11. Structural case study with H < h: trends of the (a) TGRF and (b) maximum response and their derivatives with respect to (c),(d) Lv and (e), (f) n1.
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maximum response, a certain level of uncertainty is assumed for the first 
modal frequency and damping ratio of the two structures. For the latter 
in particular, an uncertainty of 30% on the actual value is estimated 
starting from previous studies carried out by [68,69]. Instead, for the 
fundamental frequency, an error of 5% is assumed a priori, based on the 

discrepancies outlined in a previous study between values of funda
mental frequencies obtained from numerical and experimental analyses 
[67]. By treating these two parameters as interval variables, their lower 
and upper bounds as well as their midpoints, deviation amplitude, and 
normalized deviation amplitude are summarized in Table 3.

Fig. 12. Structural case study with H > h: trends of the (a) TGRF and (b) maximum response and their derivatives with respect to (c),(d)Lv and (e),(f)n1.
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5.2. Intervals of TGRF and maximum dynamic response

In this section, the lower and upper bounds of the TGRF and 
maximum dynamic response are estimated based on the intervals of the 
uncertain parameters outlined in Tables 1 and 3. The bounds are first 
estimated focusing on one interval parameter at a time while fixing the 
others at their midpoints, to investigate the effect of each uncertain 
parameter. Successively, only the wind loading parameters are modelled 
as interval variables, keeping the structural ones fixed at their nominal 

Fig. 13. Structural case study and discretization: Lighting pole (a); Telecommunications tower (b).

Fig. 14. Properties of the lighting pole: (a) mode shape, (b) width, and (c) drag coefficient.

Fig. 15. Properties of the telecommunications tower: mode shape (a), width (b) and drag coefficient (c).

Table 2 
Structural properties of the case studies considered.

Structural case study H [m] n1 [Hz] m1 [kg] ξ

Case 1: Lighting pole 15.76 0.528 164.37 0.002
Case 2: Telecommunications tower 98 0.494 482989.76 0.005
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values. This case is named Loading Uncertainties (LU). Then, only the 
structural parameters are let to vary in their range with the wind loading 
parameters fixed at their midpoint. This case is referred to as Structural 
Uncertainties (SU). Finally, all the parameters are considered uncertain, 
referring to this case as Full Uncertainty (FU). By operating in this way, 
the influence of the parameters in determining the uncertainties on the 
TGRF and maximum response is explored. Moreover, the lower and 
upper bounds are determined by considering an increasing degree of 
uncertainty on the involved parameters, according to the following 
definition of interval variable (Eq. (11)) 

xI
k = xk,0

(
1+ μΔχk êI

k

)
(38) 

where the coefficient μ ∈ [0,1] measures the degree of uncertainty.
Specifically, for each value of the coefficient μ, the lower and upper 

bounds of the TGRF and maximum response in Eqs. (29) and (28) are 
estimated numerically through an optimization procedure with respect 
to the uncertain parameters, constrained to belong to their prescribed 
intervals (see Eqs. (31) and (32)).

It is worth noticing that the realizations of the interval variables TI, II
v 

and ξI which yield the bounds of the TGRF and maximum response are 
indicated in Eqs. (34) and (35). Instead, the role of the parameters γ∗I, LI

v, 
zI

m and nI
1 is case-dependent according to the structural properties, as 

shown in Section 4. Specifically, concerning the parameter γ∗I, based on 
the results outlined in [25], usually the LB (UB) of the TGRF and 
maximum response are achieved in conjunction with the LB (UB) of this 
parameter. Focusing on the parameters LI

v and nI
1, based on the trends 

outlined in Section 4 for the selected case studies, it can be stated that 
the LB (UB) of the TGRF and maximum response are obtained for the UB 
(LB) of these quantities. Finally, concerning the parameter zI

m and taking 
into account that case study 1 can be considered a low-rise structure and 
case study 2 a high-rise structure, it can be stated that the LB (UB) of the 
TGRF are obtained for the LB (UB) of zI

m for case study 1 and its UB (LB) 
for case study 2; instead the LB (UB) of the maximum response corre
sponds to the UB (LB) of zI

m for case study 1 and to its LB(UB) for case 

study 2. Based on these observations, for the selected case studies, Eqs. 
(34) and (35) provide the following analytical expressions of the bounds 
of the TGRF and maximum dynamic response under FU: 

Gq,1 = Gq,1

(

γ∗,T, Iv, Lv, zm, ξ, n1

)

;

Gq,1 = Gq,1

(

γ∗,T, Iv, Lv, zm, ξ, n1

)

;

q
max,1

= qmax,1

(

γ∗,T, Iv, Lv, zm, ξ, n1

)

;

qmax,1 = qmax,1

(

γ∗,T, Iv, Lv, zm, ξ, n1

)

(39) 

Gq,2 = Gq,2

(

γ∗,T, Iv, Lv, zm, ξ, n1

)

;

Gq,2 = Gq,2

(

γ∗,T, Iv, Lv, zm, ξ, n1

)

;

q
max,2

= qmax,2

(

γ∗,T, Iv, Lv, zm, ξ, n1

)

;

qmax,2 = qmax,2

(

γ∗,T, Iv, Lv, zm, ξ, n1

)

(40) 

where the subscripts 1 and 2 relate to the case study considered. It is 
worth emphasizing that the bounds are achieved for suitable combina
tions of the endpoints of the interval parameters, due to the monotonic 
behaviour of the TGRF and maximum dynamic response in both case 
studies. Furthermore, the analytical estimates of the bounds in Eqs. (39)
and (40) are in perfect agreement with the results of the numerical 
optimization.

Figs. 16 and 17 plot the trends of the LB and UB of the TGRF 
(Figs. 16a and 17a) and maximum dynamic response (Figs. 16b and 17b) 
for each case study, considering only one interval parameter at a time 
and fixing the others at their respective nominal values, on varying the 
degree of uncertainty.

It can be deduced that, for both the case studies considered, the 
major contribution to the LB and UB of the TGRF is given by the tur
bulence intensity II

v. A non-negligible impact is also observed for the 
parameter TI, which implies an uncertainty comparable to the one of the 
damping ratio for the UB, while a greater contribution is observed for 
the LB. Focusing on case 1 (Fig. 16a), it is observed that the LB and UB of 
the TGRF are similarly affected by the parameters γ∗I, LI

v and ξI, while the 
smallest contribution to the uncertainty is given by the parameters zI

m 
and nI

1. Concerning case 2 (Fig. 16b), the parameter LI
v appears to be less 

impactful on the TGRF compared to case 1, consistent with the result 
shown in Fig. 12. As a general consideration, it is worth noticing the 
impact that some uncertain parameters have on the global output un
certainty relative to their normalized deviation amplitude (Table 1). 

Table 3 
Lower and upper bounds, midpoint, deviation amplitude, and normalized de
viation amplitude of the interval variables associated with structural case 
studies.

Case study Parameter xk xk xk,0 Δxk Δχk

1 n1 [Hz] 0.502 0.554 0.528 0.026 0.05
ξ 0.0016 0.0024 0.002 0.0004 0.30

2 n1 [Hz] 0.469 0.519 0.494 0.025 0.05
ξ 0.004 0.006 0.005 0.001 0.30

Fig. 16. LB and UB of the TGRF estimated considering one interval parameter at a time: (a) case study 1; (b) case study 2.
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Indeed, despite the parameters TI and zI
m are those with the greatest 

normalized deviation amplitude, their impact on the uncertainty of the 
TGRF is lower than that of other parameters, such as II

v. This is partic
ularly significant in case 2 (Fig. 16b) where the influence of zI

m is very 
small if compared with its normalized deviation amplitude in Table 1.

Fig. 17 shows that the role of the turbulence intensity II
v is still pre

dominant also in determining the LB and UB of the maximum response, 
with the exception of case 2 where the LB is significantly affected by the 
parameter zI

m. In particular, the role of this latter parameter changes 
considerably from case 1 to 2, becoming more influential for the taller 
structure (Fig. 17b) in accordance with the magnitude of its derivatives 
plotted in Figs. 9d and 10d. It can also be observed that the fundamental 
frequency nI

1 affects the maximum response more than the damping 
ratio, with trends of the LB close to those given by TI in case 1 (Fig. 17a) 
and trends of the UB similar to those found for the parameter zI

m in case 2 
(Fig. 17b). Finally, the interval parameters γ∗I, LI

v and ξI show a similar 
influence on the LB and UB, with a more significant role for case 1 
compared to case 2. Similarly to Fig. 16, the impact of the parameters TI 

and zI
m, characterized by a large normalized deviation amplitude, is 

actually low for the maximum response. The only difference is observed 
for case 2 (Fig. 17b) where zI

m has a larger impact on the uncertainties of 
the maximum response with respect to the TGRF in Fig. 16b but still 
smaller than the uncertainties provided by II

v. Instead, it can be observed 
that despite the larger normalized deviation amplitude of the damping 
ratio with respect to the fundamental frequency (Table 1), the 

uncertainty of the maximum response is largely affected by this latter.
Figs. 18 and 19 plot the trends of the LB and UB of the TGRF and 

maximum response obtained considering only the LU, the SU and finally 
all the uncertain parameters together (FU).

It can be observed that both the TGRF and maximum dynamic 
response are more affected by the uncertainties associated with the wind 
loading parameters in both the structural cases considered. This is 
evident for the TGRF (Fig. 18), and it is mainly due to the uncertainties 
on the turbulence intensity, as shown in Fig. 16. Focusing on the 
maximum response (Fig. 19), it can be noticed that the impact of the 
uncertainties associated with the wind loading is still crucial compared 
to those of the structural parameters. However, the uncertainties related 
to the structural parameters have a more significant impact than those 
observed for the TGRF. This result can be related to the more impactful 
role of the fundamental frequency as shown in Fig. 17. Finally, the 
trends of the LB and UB associated with the FU suggest that the com
bined effects of the LU and SU can lead to a maximum response up to 
twice the nominal value (Fig. 19a), and the main contribution is given by 
the LU. Thus, neglecting uncertainties may lead to a significant under
estimation of the maximum response compared to the worst-case sce
nario (UB). This result highlights the importance of accurately 
estimating the wind loading parameters in engineering practice, espe
cially those which majorly affect the LB and UB of the TGRF and 
maximum response.

For comparison purposes, the influence of uncertainties on the TGRF 
and maximum response is also investigated by modelling the uncertain 
structural and loading parameters xk (k = 1, …, 7) as independent 

Fig. 17. LB and UB of the maximum response estimated considering one interval parameter at a time: (a) case study 1; (b) case study 2.

Fig. 18. Bounds of the TGRF for the (a) lighting pole and (b) telecommunications tower.
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random variables characterized by a uniform distribution over the 
pertinent intervals [xk, xk] (see Tables 1 and 3). The mean values, μGq 

and 
μqmax

, and standard deviations, σGq and σqmax , of the TGRF and maximum 
response are estimated by applying Monte Carlo Simulations employing 
N = 106 samples of the random parameters. Figs. 20 and 21 show the 
comparison between the LB and UB of the interval TGRF and maximum 
response obtained assuming FU and the statistical confidence intervals 
μGq

± 3σGq and μqmax
± 3σqmax provided by probabilistic analysis.

For both case studies, it can be observed that the interval approach 
generally provides more conservative estimates compared to the statis
tical confidence interval associated with uniformly distributed uncertain 
parameters, especially concerning the worst-case scenario (UB). Obvi
ously, the difference between the results obtained using the interval 
model and the probabilistic approach is affected by the assumed prob
abilistic distribution, which relies on subjective assumptions when only 
limited data are available.

6. Conclusions

This study introduced an interval model for thunderstorm wind 
speed to analyse the propagation of uncertainties characterizing both 
wind speed and structural parameters on the Thunderstorm Gust 
Response Factor (TGRF) and maximum dynamic response.

The lower and upper bounds of the wind speed parameters were 
derived from statistical analyses of a dataset of thunderstorm wind speed 

records, while the degree of uncertainty of the structural parameters was 
assumed according to the existing literature.

Relying on the availability of closed-form expressions for the TGRF 
and maximum dynamic response, an analytical sensitivity analysis was 
carried out to investigate the relative importance of the uncertain pa
rameters. It was observed that most of the wind and structural param
eters are responsible for a monotonic behaviour of the TGRF and 
maximum response. The results show a significant dependence on the 
turbulence intensity, the duration of the intense phase of the thunder
storm outflow, and the background wind speed. Moreover, on increasing 
the duration of the intense phase of the thunderstorm outflow, the 
background wind speed and the turbulence intensity, the TGRF and 
maximum response increase.

The sensitivity analysis carried out on two ideal sets of structures 
showed that the impact of some uncertain parameters, such as the in
tegral length scale and height of the nose profile, changes depending on 
the fundamental frequency and height of the structure considered. The 
analyses showed non-monotonic trends for the TGRF on varying the 
fundamental frequency. Moreover, the magnitude of the derivatives of 
the TGRF and maximum response allowed us to quantify the sensitivity 
to the parameters.

To further investigate the effects that each uncertain parameter 
produces on the TGRF and maximum response, two real structural case 
studies were considered. Analytical expressions of the bounds of the 
TGRF and maximum response were derived relying on preliminary in
vestigations on their dependency on the uncertain parameters. The 

Fig. 19. Bounds of the maximum dynamic response for the (a) lighting pole and (b) telecommunications tower.

Fig. 20. Comparison between the bounds of the TGRF and the statistical confidence interval provided by probabilistic analysis for the (a) lighting pole and (b) 
telecommunications tower (FU).
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analyses of the bounds of the TGRF and maximum response allowed us 
to identify the parameters that mainly affect their uncertainty. It was 
pointed out that the uncertainties associated with the turbulence in
tensity have the greatest influence on the uncertainty of both the TGRF 
and maximum response, even though its normalized deviation ampli
tude is lower than the one derived for other parameters, such as the 
duration of the intense phase and height of the nose profile. This latter 
parameter has a greater impact on the maximum response, as well as the 
fundamental frequency, while the damping ratio is more significant on 
the TGRF. Moreover, the uncertainties associated with the height of the 
nose were observed to have a different influence on low-rise and high- 
rise structures. In the former case, the bounds of the maximum 
response are not so sensitive to the uncertainties associated with the 
height of the nose, while a greater sensitivity is observed for the case of 
the high-rise structure.

More in general, the uncertainties associated with the wind speed 
parameters were shown to be crucial in determining the bounds of the 
TGRF and maximum response, while the role of the mechanical pa
rameters was shown to be less impactful. This result highlights the 
importance of accurately estimating the wind speed parameters associ
ated with thunderstorm outflows, which are difficult to predict because 
of the lack of data available for these phenomena.

The proposed extension of the TGRF technique to the interval 
framework offers a novel and handy method for performing engineering 
calculations while accounting for imprecision in the thunderstorm wind 
speed model. Since a limited number of thunderstorm wind speed time 
histories is typically available, the use of the interval model is advisable 
for engineering decision-making. In the absence of sufficient data, the 
classical probabilistic approach should rely on subjective assumptions 
about the probability density function of the uncertain wind speed pa
rameters, which may lead to unreliable predictions of structural 
behaviour at the expense of intensive computations. Conversely, the 
interval model does not provide information about the likelihood of 
response values between the pertinent bounds and can yield quite 
conservative results due to its reliance on worst-case uncertain param
eter values. Nevertheless, as long as limited information is available, the 
proposed incorporation of the interval model into the traditional sto
chastic process description of the thunderstorm wind speed may provide 
a rational basis for the definition of appropriate safety factors relying on 

the bounds of the interval maximum response. Should future recordings 
of thunderstorm events yield a richer dataset, a full probabilistic char
acterization of the uncertain parameters can be pursued to make suitable 
engineering decisions. It is also important to highlight a notable gap in 
the literature regarding the modelling of vertical profiles for wind ve
locity parameters, such as turbulence intensity and turbulence integral 
length scale, associated with downbursts. The impact of these profiles on 
the uncertainty level of structural response is an aspect that deserves 
further investigation. Moreover, it is important to emphasize that in the 
present study, the structural uncertainties are accounted for in terms of 
fundamental frequency and damping ratio. However, uncertainties in 
the fundamental frequency may stem from variations in the Young’s 
modulus of the material and/or the local geometry of the structure. 
Therefore, the influence of the structural parameters may be further 
studied through time-domain analyses on a detailed finite element 
model involving uncertain material and/or geometrical properties.
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Appendix 1

The parameters involved in the gust response factor in Eq. (10) can be derived in closed form.
The equivalent variance and period in Eq. (10) read [22]: 

C
2
=

γ∗20
(

Tmax
Ttot

− 1
)

+ Λ5 − 5
2Λ4Φ + 10

3 Λ3Φ2 − 5
2Λ2Φ3 + ΛΦ4 − 1

6Φ5

γ∗16

(
Tmax
Ttot

− 1
)

+ Λ4 − 2Λ3Φ + 2Λ2Φ2 − ΛΦ3 + 1
5Φ4

(41) 

Teq =

γ∗16(Tmax − Ttot) + T̃tot

(

Λ4 − 2Λ3Φ + 2Λ2Φ2 − ΛΦ3 + 1
5Φ4

)

[
C

2]4 (42) 

with Tmax = 600s and 

Ttot = T1 + TN; T1 =
T
2
; T2 = T1

(

1 +
1

2ξTn1

)

; TN =

{
T2, T2 ≤ Tmax/2

Tmax/2, otherwise

Λ = γ∗4 + Φ; Φ = β
(
1 + γ∗4); β =

1

1 +
1

4ξTn1

.

(43) 

A closed-form solution is also available for the Davenport peak factor: 

gq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2ln
(
νqTeq

)√

+
0.5772
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2ln
(
νqTeq

)√ (44) 

with 

νq = n1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R2

B2 + R2

√

. (45) 

The background and resonance factors in Eqs. (10) and (45) can be estimated in closed form as follows [15,83] 

B2 =
1

1 + 0.9
[

b(ze)+H
Lv(ze)

]0.63 (46) 

R2 =
π
4ξ

S
ṽ
ʹ(ze, n1)ηbηH (47) 

where ze = 0.6H and 

ηε =
4n1ε(ze)

vmα(ze)
(48) 

with ε = b,H.

Appendix 2

To investigate the influence of each uncertain parameter, this appendix presents the plots of EPSD obtained by setting a single uncertain parameter 
at its LB and UB while fixing the others at their midpoint. Fig. 22 and Fig. 23 plot the interval EPSD associated with the LB (Fig. 22a, Fig. 23a) and UB 
(Fig. 22b, Fig. 23b) of the parameters γ∗I and TI, respectively. 
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Fig. 22. Interval EPSD of the nonstationary turbulence v́  evaluated for different values of the interval variables: (a) γ∗I = γ∗, TI = T0, zI
m = zm,0, II

v = Iv,0, LI
v = Lv,0; 

(b) γ∗I = γ∗, TI = T0, zI
m = zm,0, II

v = Iv,0, LI
v = Lv,0.

Fig. 23. Interval EPSD of the nonstationary turbulence v́  evaluated for different values of the interval variables: (a) TI = T, γ∗I = γ∗0, zI
m = zm,0, II

v = Iv,0, LI
v = Lv,0; (b) 

TI = T, γ∗I = γ∗0, zI
m = zm,0, II

v = Iv,0, LI
v = Lv,0.

In agreement with Fig. 5, it is shown that the uncertainty on the parameter TI in Fig. 23 affects the EPSD, especially in the neighbourhood of t = 0s. 
Instead, Fig. 22 shows that the uncertainty on the parameter γ∗I affects the EPSD significantly, causing a change in the height of the peak for |t| > TI

2 . It 
is worth noting, however, that the main peak of the interval EPSD is not affected by the uncertainties associated with the interval parameters γ∗I and TI.

Fig. 24 and Fig. 25 plot the interval EPSD associated with the LB (Fig. 24a, Fig. 25a) and UB (Fig. 24b, Fig. 25b) of the parameters zI
m and LI

v, 
respectively. 
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Fig. 24. Interval EPSD of the nonstationary turbulence v́  evaluated for different values of the interval variables: (a) zI
m = zm, γ∗I = γ∗0, TI = T0, II

v = Iv,0, LI
v = Lv,0; (b) 

zI
m = zm, γ∗I = γ∗0, TI = T0, II

v = Iv,0, LI
v = Lv,0.

Fig. 25. Interval EPSD of the nonstationary turbulence v́  evaluated for different values of the interval variables: (a) LI
v = Lv, γ∗I = γ∗0, TI = T0, zI

m = zm,0, II
v = Iv,0; (b) 

LI
v = Lv, γ∗I = γ∗0, TI = T0, zI

m = zm,0, II
v = Iv,0.

As observed in Fig. 7, the uncertainties associated with the parameters zI
m and LI

v affect the interval EPSD, shifting the peak towards higher or lower 
frequencies without changing its shape. As previously observed for the interval parameters γ∗I and TI, also in these cases, the main peak of the interval 
EPSD is not affected by the uncertainties associated with zI

m and LI
v.

For the sake of completeness, Fig. 26 plots the interval EPSD associated with the LB (Fig. 26a) and UB (Fig. 26b) of the parameter II
v.

Fig. 26. Interval EPSD of the nonstationary turbulence v́  evaluated for different values of the interval variables: (a) II
v = Iv, γ∗I = γ∗0, TI = T0, zI

m = zm,0, LI
v = Lv,0; (b) 

II
v = Iv, γ∗I = γ∗0, TI = T0, zI

m = zm,0, LI
v = Lv,0.
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Differently from what is observed in Figs. 22–25, the uncertainties associated with the parameter II
v affect the interval EPSD exclusively in terms of 

magnitude, as can be easily inferred from Eq. (22).

Data availability

Data will be made available on request.
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