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A B S T R A C T

Non-stationary winds are increasingly attracting the attention of the scientific community and, despite not
being explicitly considered in current design practice, they are known to produce important damages. In
particular, the non-stationarity of such events has important consequences with respect to four main aspects
which affect the definition of design wind loads: (i) the design wind speed definition, (ii) the wind profiles, (iii)
the calculation of the structural response and (iv) the insurgence of unsteady aerodynamics effects. While the
first three aspects already received considerable attention, the last one is still largely unclear and its relevance
still to be assessed. In particular, for non-stationary winds such as macro- and micro-downbursts, the ramp-up
time might become so short to trigger unsteady aerodynamic effects in the overall flow arrangement, which
cannot be inferred from results obtained for stationary cases. In this paper, we propose a first investigation
of such matter considering a large stadium roof using Large Eddy Simulations. Results show that, for the
considered case, noticeable unsteady aerodynamic effects, which leads to an amplification of wind loads, can
be triggered when the wind rump-up time is in the order of 30 s, and quickly decrease in importance for
higher rump-up times.
1. Introduction

The role played by non-stationary winds in the definition of design
loads has been well-known for a long time and it is increasingly
attracting the attention of the scientific community. Numerous aspects
distinguish such events from stationary winds, on which currently
available standards and codes are based [1–3].

In particular, it is possible to identify four main aspects which
differentiate such winds from stationary ones: the design wind speed
definition, the wind profiles, the calculation of the structural response
and the insurgence of unsteady aerodynamic effects.

As regard the first aspect, first contributions regarding the neces-
sity to classify meteorological events and provide separate probability
distributions for extreme wind speeds caused by each of them can be
traced back to [4,5]. The problem assumes even more relevance if the
representativeness of the 10 min average wind speed is questioned, on
which numerous standards, Eurocode included, are based [6].

Regarding the second aspect, it is well-known that non-synoptic
winds can be characterized by unusual profiles of the time-averaged
wind speed (as well as other relevant quantities such as turbulent
intensity and length scales) with respect to the logarithmic or power-
law ones, usually adopted to represent the Atmospheric Boundary
Layer, ABL [7–10]. In particular, in the case of downbursts, the vertical

∗ Corresponding author.
E-mail address: luca.patruno@unibo.it (L. Patruno).

distribution of the mean wind speed is well-known to exhibit a nose-
shaped profile, resulting in wind loads which differ from those induced
by stationary winds. The mechanisms underlying the generation of such
nose-like shape is generally clear, but the matter is still the object of
numerous investigations [9,11].

Coming to the calculation of the structural response, for non-
stationary winds, the impulsive nature of the excitation might become
important when the evolution time of the phenomenon [12] is compa-
rable to the lowest structural mode period (see for instance [13,14]).
In such conditions, the assumption of stationary response shall be
abandoned, and appropriate methodologies adopted for the evaluation
of the structural response.

The above summary is extremely limited and not exhaustive, but it
provides an overview of the peculiarities which differentiate stationary
and non-stationary winds, as far as the evaluation of wind loads as-
sessment is concerned. Reference is made to [15,16] for further details
and to [9,17,18] for a comprehensive treatment of such aspects in
the case of high-rise buildings or to [19] for the case of bridge decks
aerodynamics.

As anticipated, in addition to the aforementioned differences, a
fourth aspect shall be added: the role played by unsteady aerodynamic
effects in the overall flow arrangement. In particular, sudden variations
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Fig. 1. The Bologna stadium: (a) overview, (b) the roof subdivision into sectors, (c) the primary structures and (d) the secondary structures.
Source: Adapted from [29].
of the incoming wind speed or incidence angle, might trigger an
unsteady response of the overall flow organization, which cannot be
deduced by inspecting the response to stationary winds. In particular,
shear layers, which are often the dominant feature defining the flow
around bluff bodies, are known to lead to delayed responses, with direct
effects on the generated aerodynamic forces [20–22] and, potentially,
over-shootings [23]. The problem can be summarized as follows: for
stationary (slowly varying) winds, it can be assumed that the maximum
wind speed is reached gradually so that, overall, the flow around
the structure has sufficient time to adjust to the increasing velocity,
so to say, in a quasi-static manner. We remark that the term quasi-
static is here adopted slightly inappropriately, referring exclusively
to the slowly varying modifications of the overall flow arrangement,
excluding its unsteady turbulent components or any unsteady local flow
mechanisms occurring at short time-scales. Conversely, non-stationary
winds might exhibit strong variations in a very limited time, so that the
slowly-varying mean flow varies too quickly to be treated in a quasi-
static way. In the following, despite such consideration, we will keep
denoting it as slowly-varying mean flow.

The topic, similar to well-known problems found, for instance, in
aeroelasticicty [24,25] and accelerating flows [26,27], assumes partic-
ular connotations in the field of non-stationary winds, which remain
largely unexplored [21].

The matter, sometime also denoted as non-stationary (or transient)
aerodynamic wind loading [28], currently represents a strong source
of uncertainty in the evaluation of the wind actions induced by non-
stationary winds.

In this paper, to shed light on such matter, we consider a typical
stadium roof, already studied in stationary wind conditions using Large
Eddy Simulations, LES, in [29]. In fact, based on previous observations,
unsteady aerodynamic effects are expected to become relevant when
the wind ramp-up time becomes comparable to the characteristic time-
scale of the flow, the latter one being proportional to the immersed
structure length-scale. For long-span bridges, while being the overall
length-scale extremely large, the time-scale is actually proportional to
the characteristic dimension of the constitutive elements cross-sections
2

(i.e. deck, towers and cables), resulting in relatively short time-scales.
In contrast, partially open-roof stadia lead to very large vortical struc-
tures, and are classically characterized by a cavity flow which adapts
to changes in the external flow with remarkable retard, making them
potentially prone to develop unsteady aerodynamic effects.

In this study, aiming at isolating unsteady aerodynamic effects
from other aspects, we deliberately neglect other peculiarities of non-
stationary winds, which depend on the particular considered atmo-
spheric phenomenon. In particular, we retain the standard logarithmic
velocity profile and analyse the aerodynamic response of the roof when
subjected to non-stationary winds, characterized by different ramp-
up times. Then, taking as reference the aerodynamic forces measured
in stationary wind conditions, we analyse the uplift acting on the
roof for increasingly more impulsive gusts. The analysed cases, despite
simplified, are representative of loading conditions classically observed
for macro- and micro-bursts.

The paper is organized as follows. Firstly, the description of the
considered structure and the adopted numerical model are reported in
Section 2. Then, the generation of the non-stationary wind fields used
as inflows is discussed in Section 3. The uplift generated on the roof
considering different ramp-up times is compared to the value obtained
in stationary conditions in Section 4 and, finally, conclusions are drawn
in Section 5.

2. Case description

In this study, as a typical example of a large span stadium roof,
we consider the newly designed covering for the Bologna stadium,
Stadio Renato Dall’Ara, Italy. The roof measures 227 m and 160 m
along its longer and shorter sides, respectively, and it is positioned at
approximately 37 m above the ground. The roof is partially-opened,
covering only parts over the stands. An overview of the stadium is
reported in Fig. 1(a). An overview of the roof subdivision into sectors
and the structural system is provided in Fig. 1(b), (c) and (d). Further
details regarding the structural system, not relevant for the present
investigation, can be found in [29].
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Fig. 2. Overview of the computational domain, boundary conditions and mesh.
The stadium has been recently studied using LES in [29], consider-
ing the effect of stationary winds. Briefly, the stadium surrounding have
been reconstructed for a radius of 450 m and the overall adopted com-
putational domain measures 1750, 1300 and 340 m in the along-wind,
cross-wind and vertical directions, respectively.

Simulations have been performed in full-scale, but the fluid viscosity
has been increased of a factor 300 to decrease the Reynolds number,
making it comparable to wind tunnel tests performed on reduced-scaled
models with a length scaling factor equal to 1/300. The Reynolds
number based on the roof height (i.e. 37 m) and the reference velocity
in the stationary case (i.e. 27 m/s) is approximately 2.94 × 105. For the
non-stationary wind whose mean wind speed increases from 13.5 m/s
to 27 m/s, the Reynolds number varies between 1.47×105 and 2.94×105.

Symmetry boundary conditions are employed for the domain sides
and top, while wall boundary conditions are used for the ground,
stadium and surroundings. Rough wall-functions are applied to the
ground with a roughness height of 6 m and roughness constant of 0.5,
while all the others are treated as smooth walls. A pressure outlet is
adopted at the outflow and the inlet condition is further detailed in the
following.

As regard the grid size, cells measure approximately 6 m at the inlet,
corresponding to a reasonably small fraction of the integral length scale
of the approaching flow. In the proximity of the roof, cells measure
0.75m, corresponding to less than 1/200 the stadium overall size. No
boundary layer cells are added to the roof surfaces, considering that
the approaching flow is highly turbulent and thus, the presence of
boundary layers is greatly disturbed by the incoming turbulence (𝑦+
mean/max is around 30/150, consistently with the adoption of wall-
functions). An overview of the adopted mesh is depicted in Fig. 2.
Overall, the mesh counts 8.5 M cells.

The adopted turbulence model is the well-known k-equation. Lim-
ited Gauss linear schemes are used for gradient and laplacian terms
calculation, while LUST is adopted for advective terms appearing in
the momentum conservation equations. Time advancement is obtained
using the Crank–Nicolson scheme, while the PISO algorithm is used for
pressure–velocity coupling. An Eurocode Category III profile is assumed
with base velocity equal to 25 m/s, lading to a reference velocity at
the roof height equal to 27 m/s. Overall, the total cells number is 8.5
million. The adopted time step is 0.012 s and simulations are allowed
to evolve until initialization effect vanish and, then, advanced for 10
mins (for the stationary case). Simulations are performed in OpenFOAM
version 6. The reader is invited to refer to [29] for further details.
3

3. Stationary and non-stationary inflows

3.1. Stationary inflows

When using LES, the first step in the evaluation of wind loads is the
generation of appropriate inflow conditions. In this work, synthetic tur-
bulence representative of that found in the ABL is generated relying on
the PRFG3 method, which allows to control the turbulence intensity of
the three velocity components as well as nine integral length scale [30,
31]. Additionally, the Variationally Based Inflow Correction, VBIC [32],
procedure is adopted to moderate spurious pressure fluctuation gener-
ated due to incompatibility with boundary conditions confining with
the inflow patch. The inflow generation procedure coincides with that
already adopted in [29].

Fig. 3 reports the characterization of the velocity profiles sampled at
the location where the stadium will be positioned, measured in empty
domain conditions. The target wind profiles are reproduced with good
accuracy. The mean wind speed at roof height, taken as 37 m above the
ground, is 27 m/s. Indicating with 𝑢, 𝑣 and 𝑤 the along-wind, cross-
wind and vertical velocity components, turbulence intensities at the
reference height are 𝐼𝑢 = 20%, 𝐼𝑣 = 16% and 𝐼𝑤 = 11%. Regarding
the turbulence integral length scale, the values in the along wind, 𝑥
direction, are 130 m, 60 m, and 40 m for the 𝑢, 𝑣 and 𝑤 components,
respectively.

The spectra of the three velocity components measured in empty
domain conditions at the stadium location are presented in Fig. 4,
showing a good agreement with the target spectra.

A qualitative overview of the flow field obtained in the proximity of
the roof is reported in Fig. 5. In particular, an overview of the flow in
the surroundings can be seen in Fig. 5(a), the cavity flow is well-visible
in Fig. 5(b), while an overview of the small-scale vortical structures
generated by the stadium is reported in 5(c).

3.1.1. Non-stationary inflows
The generation of non-stationary inflows, for the sake of simplicity,

follows as closely as possible the methodology adopted for the station-
ary case, reported in Section 3.1. In particular, in order to introduce
the non-stationarity, the incoming mean velocity is modulated using
a time-varying function, representing the time-evolution of the slowly
varying mean wind speed. In other words, the logarithmic profile is
kept unchanged in shape and equal to the one previously used for the

stationary case, but its intensity is modulated in time.
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Fig. 3. Wind profiles for the stationary inflow conditions: (a) mean wind speed, (b) turbulence intensities and (c) turbulence integral length scales in the along wind direction.

Fig. 4. Spectra of the three velocity components measured at the stadium location: (a) along-wind component, (b) cross-wind component and (c) vertical component.

Fig. 5. Overview of the obtained velocity field in the proximity of the structure for stationary conditions: (a) overview of vorticity iso-surfaces, (b) streamlines and (c) close-up
of vorticity iso-surfaces, coloured by mean velocity magnitude. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 6. Single realization of the non-stationary wind velocity at the stadium location in empty domain conditions (along-wind velocity component): (a) 𝑇𝑟 = 15 s, (b) 𝑇𝑟 = 30 s
nd (c) 𝑇𝑟 = 60 s.
Fig. 7. Realizations of the non-stationary wind time-histories for different ramp-up times: (a) 𝑇𝑟 = 15 s, (b) 𝑇𝑟 = 30 s and (c) 𝑇𝑟 = 60 s.
Numerous are the formulations available in the literature regard-
ng the time evolution of the slowly-varying mean wind speed for
ownbursts and other non-stationary winds [15,33,34]. However, as
ointed out by [35], the actual trends of different downbursts can
ary significantly, with rump-up and decay times usually showing
emarkable differences. A further factor to be taken into consideration
s that usually downbursts superimpose onto standard background ABL
lows.

In the present study, in order to keep the setup as simple as
ossible, the modulation function is chosen to be gaussian, so assuming
qual ramp-up and decay times. Hereafter, we denote such rump-up
nd decay times as 𝑇𝑟, corresponding to 4 standard deviations of the
forementioned gaussian function. In addition, we fix the ratio between
he maximum amplification of the velocity due to non-stationary effects
ith respect to the background ABL velocity and set it equal to 2.0.

n particular, the time modulation function starts with a value equal
o 0.5, reaches a value equal to 1.0 at 𝑇𝑟, and then decays again to

0.5. In such condition, as the peak value is equal to 1.0, the maximum
reference dynamic pressure is equivalent to that of the stationary
case previously discussed. Aiming at exploring non-stationary winds
characterized by varying time-scale, we vary 𝑇𝑟 so that it assumes
values 15, 30 and 60 s.

As regards incoming turbulence, for the sake of simplicity, the same
turbulent fluctuations used for the stationary flow are adopted for
the non-stationary cases. We remark that the choice is deliberately
over-simplified with respect to actual conditions expected during non-
stationary wind events, leading to an overestimation of the turbulence
5

intensity for the background ABL flow. Such aspect, despite being
worth further investigation, is not expected to change substantially
the outcome of the following analyses, in which the sudden change of
the slowly varying mean wind speed dominates the response. A single
realization of the non-stationary wind velocity at the stadium location
for 𝑇𝑟 = 15 s, 30 s, 60 s in empty domain conditions is shown in Fig. 6,
together with the target slowly varying mean. As it can be noticed,
a remarkable complication in the study of non-stationary flows using
both experimental and numerical techniques is the impossibility to use
time-averaging and ensemble-averaging in an interchangeable way, as
the process is not ergodic.

We thus proceed to repeat the simulations multiple times, consid-
ering different realizations of the turbulent fluctuations. The different
realizations are obtained varying the phases of the velocity-waves
which compose the inflow, so providing different realizations while
preserving the spectral content. Fig. 7 reports the along-wind velocity
component in empty domain conditions for five realizations of the
non-stationary flow at the stadium location.

Then, we extract the slowly varying mean calculating the ensemble
average of the five realizations. The obtained results are presented in
Fig. 8. It can be seen that overall, a reasonably good agreement is
obtained between the recorded velocity and the target value, although
some discrepancies between them can be clearly observed.

It is at this point important to notice that, due to the incompress-
ibility constraint, differently from the real case, the velocity variations
applied at the inflow are transmitted without delays to the roof loca-
tion, see Fig. 6 (the time modulation function is applied at the inlet
and effects are immediately transmitted at the stadium location). As

a drawback, in the adopted setup, strong pressure variations develop
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Fig. 8. Ensemble average of the 5 random realizations of the inflow for each 𝑇𝑟: (a) 𝑇𝑟 = 15 s, (b) 𝑇𝑟 = 30 s and (c) 𝑇𝑟 = 60 s.
Fig. 9. Pressure time-histories at the stadium location: (a) 𝑇𝑟 = 15 s, (b) 𝑇𝑟 = 30 s and (c) 𝑇𝑟 = 60 s.
Fig. 10. Instantaneous pressure distributions: (a) 𝑇𝑟 = 30 s and (b) 𝑇𝑟 = 60 s.
during the rump-up and decay time, needed to accelerate and deceler-
ate the flow. Such pressure variations superimpose to those induced
by the incoming turbulence and induced by the structure itself and
the surroundings. Fig. 9 reports such pressure variations, measured in
empty domain conditions at the stadium location. As expected, the
amplitude of the pressure variations increases with decreasing 𝑇𝑟. As
it can be noticed in Fig. 10, such pressure variations are maximum at
the inflow patch and vanish at the outflow, due to the zero pressure
value boundary condition there imposed. More importantly, such static
pressure fluctuations are coherent within the computational domain, so
that their effect on the net pressure over immersed surfaces (like those
composing the considered roof) is negligible.

We finally notice that, despite being eliminated in the calculation
of net pressure, such fluctuation of the static pressure represent an
undesirable feature of the adopted computational setup, based on
6

confined flow conditions. Alternatives are represented by simulations of
the downburst as a jet impinging on the ground [36,37] and the use of
computational domains with an open-top, eventually using cylindrical
periodicity for the side patches (to be better representative of the flow
near the downburst centre). The authors experimented open-top and
partially open-top boundary conditions, whose results are not here
reported for the sake of brevity, concluding that pressure fluctuations
could be only partially moderated. As a drawback such boundary
conditions led to heavy modifications of the slowly varying mean wind
speed applied at the inflow when proceeding towards the outflow (with
a substantial portion of the volume injected at the inflow leaving the
computational domain from the top patch in the proximity of the
inflow). Such undesired modifications intensify with decreasing 𝑇𝑟, so

that the inflow characterized by 𝑇𝑟 = 15 was completely altered when
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Fig. 11. The force coefficients time-histories for stationary and non-stationary cases.
reaching the stadium location. Due to such reasons, confined conditions
have been retained for the present study.

4. Wind loads

We now consider the forces exerted over the stadium roof during the
non-stationary wind event, and compare them to results obtained in the
stationary case. In particular, the vertical wind force (𝐹𝑧) is calculated
by integrating the net pressure acting on the roof and it is considered to
be positive upward. We thus have 𝐶𝐹𝑧 = 𝐹𝑧∕(0.5𝜌�̄�2

𝑟𝑒𝑓𝐴𝑟𝑒𝑓 ) where 𝐶𝐹𝑧
is the vertical force coefficient, 𝐴𝑟𝑒𝑓 is the reference area of each roof
ector, 𝜌 is the air density and 𝑈𝑟𝑒𝑓 is the reference velocity measured

at roof height at the stadium location in empty domain conditions. 𝑈𝑟𝑒𝑓
is taken as the time-averaged velocity for the stationary case and as the
maximum (in time) of the ensemble-averaged wind speed reported in
Fig. 8 for the non-stationary case, in order to allow for a fair comparison
of the results.

In particular, Fig. 11 reports 𝐶𝐹𝑧 time histories, for each sector of
the stadium roof (as reported in Fig. 1(b)), aerodynamic coefficients
7

related to the vertical force. Note that, as expected, 𝐶𝐹𝑧 reaches a peak
value in correspondence of the peak of the slowly-varying mean wind
speed and, then, decreases to much lower values. Turbulent fluctua-
tions render the inspection of the obtained results not straightforward.
Nevertheless, clear trends emerge: for Sectors 3 and 4 it appears that
the extreme values reached in the non-stationary simulations are well-
comparable to those found in the stationary case. This also confirms,
as expected, that the calculation of the net pressure is not influenced
by the variability of the static pressure discussed in Section 3.1.1. For
Sector 2, which is the one located upstream, a trend is noticed, with
unsteady aerodynamic effects leading to stronger aerodynamic forces
as 𝑇𝑟 is decreased. Despite such trend, aerodynamic forces are anyway
well-comparable to those measured in stationary conditions. Finally,
for Sector 1, corresponding to the downstream sector of the roof, we
notice a remarkable and systematic increase of the aerodynamic forces
as 𝑇𝑟 is decreased, reaching values well-above the extremes found in the
stationary case. Such increase appears to be noticeable, but relatively
small for 𝑇𝑟 = 60, and becomes relevant for 𝑇𝑟 = 15.

To further emphasize the result, the running mean of the signals
shown in Fig. 11 is reported in Fig. 12, using a time window of 3 s
to eliminate short-time-scale oscillations. In the figure, we also report

the mean and 99.7% gaussian confidence interval for the stationary
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Fig. 12. The running mean of the force coefficients time-histories for stationary and non-stationary cases.
ase (i.e. three standard deviations, no running mean applied). We
emark that such confidence intervals shall be taken with a grain of
alt as, in general 𝐶𝐹𝑧 is not expected to follow a gaussian distribution.
espite such limitations, it clearly emerges that for Sectors 3 and 4,

he obtained results do not deviate from the extremes measured in the
tationary case in a remarkable way. For such cases the simple analyses
ere performed do not allow to draw final conclusions on the role of
nsteady aerodynamic effects.

Also for Sector 2 the presented simple analyses do not allow to reach
inal conclusions, but clear trends can be identified with varying 𝑇𝑟.
he aerodynamic response appears to be characterized by an initial
ecrease of the uplift force, followed by a robust increase, with extreme
alues inversely proportional to 𝑇𝑟.

Finally, for Sector 1, a clear trend can be identified with varying 𝑇𝑟:
he aerodynamic response is initially characterized by a strong uplift,
ollowed by a rapid decrease in the wind force. The intensity of the
esponse is clearly inversely proportional to 𝑇𝑟, and for 𝑇𝑟 = 15 forces

exceed the confidence interval on both the positive and negative sides,
pointing to the presence of unsteady aerodynamic effects. As the sector
affected by such increase in aerodynamic load is the downstream one,
8

is can be expected that the behaviour is governed by the shedding of a
large vortices from the upstream part or by a dynamic excitation of the
shear layers detached by the upstream sector.

In particular, the instantaneous net pressure distribution over the
roof at the maximum lift condition is reported in Fig. 13. It shall
be recalled that, for the stationary case (reported in Fig. 13(a)), a
time history of 10 min has been simulated and the reported pressure
distribution is the one corresponding to the maximum lift within such
interval. For the non-stationary cases instead, the maximum lift is
always recorded in proximity of the maximum gust speed. It can be
clearly seen that the net pressure values are well-comparable between
the four cases, confirming the fact that net pressures can be safely
measured also in presence of strong static pressure fluctuations, with-
out introducing undesirable effects. The maximum suctions for the
stationary case appears to be the strongest recorded within all the
four presented cases and the corresponding pressure distribution shows
to be clearly non-symmetric (here intending the overall distribution,
disregarding small-scale fluctuations), which is expected considering
that gusts generated by the incoming flow and the surroundings control
the lift generation and those are generally not aligned with the mean
flow. The non-stationary cases characterized by 𝑇𝑟 = 30 and 𝑇𝑟 = 60

re qualitatively similar to the stationary case, with comparable or
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Fig. 13. Instantaneous net pressure coefficient distributions over the roos at the maximum uplift condition: (a) stationary, (b) 𝑇𝑟 = 15 s, (c) 𝑇𝑟 = 30 s, (d) 𝑇𝑟 = 60 s (values have
been clipped to the range [−2.50, 1.00] to enhance readability, actual values are in the range [−3.39, 1.04]).
Fig. 14. Cumulative Density Function of the net pressure coefficient over Sector 1: (a) 𝑇𝑟 = 15 s and (b) 𝑇𝑟 = 30 s and (c) 𝑇𝑟 = 60 s.
weaker negative and positive pressures. Finally, 𝑇𝑟 = 15 appear to have
a slightly more symmetric distribution (which is expected as the flow
is controlled by the mean flow variation), with peak suctions weaker
than the stationary case but a more uniform distribution over Sector
1. Fig. 14 shows the Cumulative Density Function, CDF, of the net
pressure over Sector 1 at the maximum lift instant (the same depicted
in Fig. 13). It can be noticed that only for 𝑇𝑟 = 15 the CDF of the non-
stationary case is significantly higher than the stationary one, showing
a hump in the zone characterized by 𝐶𝑝 in the range [−1.0,−0.5].
Overall, it can be concluded that while 𝑇𝑟 = 30 and 𝑇𝑟 = 60 lead to
conditions which are comparable to the worst one measured in the
stationary case, 𝑇𝑟 = 15 shows an increase of the average suctions in
the downstream sector, so leading to an overall larger lift value.

For the sake of completeness, in Fig. 15 we report the time-averaged
net pressure distribution over the roof for the stationary case, as well
as its CDF for Sector 1 and the CDF previously presented for 𝑇 = 15 s.
9

𝑟

As expected, the two CDFs show a remarkable qualitative difference
(they cannot be matched by an appropriate re-scaling), indicating that
the previously observed lift overshooting cannot be reproduced by
the introduction of a properly calibrated gust factor. This evidence
further confirms that the observed lift overshooting is related to the
unsteady aerodynamic behaviour of the flow and is controlled by the
non-stationary character of the slowly varying mean flow.

We finally notice that, in the proposed simulations, due to the
incompressibility constraint, the gust invests the whole structure in-
stantaneously, which might be not completely representative of real
operating conditions. The difference is similar to that between the
well-known Kussner and Wagner functions [24], appearing in airfoil
theory. Despite such limitations, results show clear evidence of an
intensification of the aerodynamic loads on the downstream sector of
the roof, mainly limited to cases in which 𝑇𝑟 < 30 s. It should be noticed
that, despite being the present study focused on ABL flow conditions,
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Fig. 15. Time-averaged net pressure for the stationary case: (a) distribution and (b) Cumulative Density Function over Sector 1.
given the short 𝑇𝑟 needed to observe the phenomenon, the role of
turbulence in the incoming flow is expected to be marginal for its
development.

5. Conclusions

In the present paper, an evaluation of the role played by unsteady
aerodynamic effects in the definition of wind loads for large-span
partially-open roofs has been provided. The goal was to isolate un-
steady aerodynamic effects from other factors, which typically char-
acterize non-stationary winds such as, for instance, modifications of
the standard ABL velocity profiles and the impulsive nature of the
structural response. Numerical simulations performed with LES high-
lighted difficulties in controlling the shape and intensity of the velocity
field impinging on the roof, due to modifications of the velocity field
applied at the inflow during its transmission within the computa-
tional domain. In order to minimize such undesired modifications,
simulations have been performed in confined flow conditions which,
however, inevitably leads to strong variations of the static pressure
within the computational domain. Despite undesirable, such aspects did
not appear to be critical for the present investigation. Results indicate
that unsteady aerodynamic effects might lead to load intensifications
on the downstream sectors of large-span partially-open stadium roofs
for non-stationary wind events with rump-up/decay time shorter than
approximately 30 s. Inspecting the pressure distribution, it has been
shown that the phenomenon is related to an overall increase of the
suctions over the sector, rather than localized strong depressions. As
expected, evidences point to the impossibility to explain such increase
in the lift coefficient to the quasi-static behaviour of the roof, indicating
the necessity to consider unsteady aerodynamic effects to account
for such effects. Further research shall individuate the aerodynamic
mechanisms underlying such result, possibly relying on simpler models
with respect to the one used in this study. Research on the matter
is still extremely scarce and further efforts are needed in order to
confirm the results of the present study as well as evaluating the actual
importance of such results in terms of design wind loads, which requires
to enlarge the number of studied configurations and properly account
for all peculiarities of non-stationary wind events.
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