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A B S T R A C T

The use of Computational Fluid Dynamics (CFD) is rapidly expanding, allowing to complement traditional
wind tunnel tests even in the case of extremely complex geometries at reasonable computational costs. In
this contribution, we report the experience gained in the preliminary study of the new roof over the Bologna
Stadium. The study, performed prior to wind tunnel tests, is meant to provide the designer a first evaluation of
wind loads in early design stages, with classical wind tunnel tests planned at the final design stage. The most
critical loading conditions are identified and the structural response evaluated. Finally, the structural response
sensitivity to damping, which is difficult to be accurately evaluated a priori, is assessed. The study shows how
early CFD simulations can effectively complement traditional wind tunnel tests in the project development.
1. Introduction

As it is well-known wind-induced dynamic loading plays a crucial
role in the design of large-span structures such as stadia [1,2]. How-
ever, in modern architecture, the shape of the roof is characterized by
high variability and providing general guidelines for the evaluation of
wind loads acting on sub-horizontal surfaces is far from being an easy
task. As a result, only a few standardized geometries are considered in
codes and standards (see for instance [3,4]), and extrapolating the case
of interest starting from these known cases usually comes with great
uncertainties.

For this reason, long-span roofs are usually tested by means of
Wind Tunnel Test, WTT, from which the time-varying pressure field
acting on the roof is measured at several hundreds of points [5,6].
Usually, based on the WTT output, the structural dynamic response
is numerically calculated [7–9]. With the structural responses for all
wind attack angles, the extreme values of the response are calculated
for each structural element, leading to the definition of the so called
design envelope. Finally, Equivalent Static Wind Loads, ESWLs, might
be calculated for design purposes [10,11].

Although WTTs are well-established and widely adopted, their
preparation is cumbersome and requires expensive infrastructures, so
that great advantages might be obtained by using numerical simula-
tions. In this context, the use of CFD is rapidly spreading, leading to
the so called Computational Wind Engineering, CWE.
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E-mail address: luca.patruno@unibo.it (L. Patruno).

Nowadays CWE is routinely adopted in many applications such
as pedestrian level wind comfort and pollutant dispersion [12], but
its use in the field of wind loads evaluation is still debated, at least
from the point of view of codification. In particular, at the time of
writing, the approach used by standards to regulate the use of CWE is
extremely variable. The Japanese guidelines [13] provide a remarkable
amount of details regarding the use of CWE, also proposing validation
cases. On the contrary, Eurocode [3] and ASCE [14] substantially
ignore CWE, but updates are expected to appear soon. Finally, the
Italian guidelines [4] consider CWE in a dedicated informative annex.
Despite such differences, which mainly arise due to some skepticism in
using CWE for the final design, there is little doubt that CWE analyses
can be extremely useful in the preliminary design stage, providing an
intermediate step between the use of standard cases found on codes of
practice and detailed WTTs.

Nevertheless, even in such context, the use of CWE for complex
cases such as the analysis of a stadium roof is still uncommon. This
is, at least partially, due to the fact that the use of computationally
demanding scale resolving models is necessary for the assessment of
structural vibrations [15,16] and, thus, substantially mandatory even
at the preliminary design stage for light structures.

In this paper, we present the preliminary study performed on the
new roof of the Bologna Stadium, aimed at providing the designer a
first evaluation of the structural response in the early stage of the design
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process, prior to the final design stage for which WTT are planned.
The study makes use of Large Eddy Simulation, LES, as well as various
techniques developed by the authors in recent years, which provide a
smooth and comprehensive procedure for wind loading assessment. The
combined use of such techniques proves essential in order to allow for
an efficient and robust methodology without excessive overheads for
the structural engineer, which is of great importance for preliminary
analyses.

In particular, the structural response is calculated relying on the
structural modes, but quasi-static corrections [17] are adopted in order
to compensate for the truncation of the modal base. Such corrections
are calculated relying on Proper Skin Modes, PSMs, which can be
seen as a modal version of the standard approach based on influence
coefficients, evaluated applying unitary forces [18].

As it will be seen, even for preliminary analyses, relatively high
fidelity simulations are adopted and the structural response is calcu-
lated up to evaluating design values for each structural member. The
analyses allow to make an early assessment, for instance, of locations
showing particularly high peak pressures which can be used to guide
the disposition of pressure taps in subsequent WTT, to individuate the
most critical wind directions and study the effect of structural damping.
In particular, such last aspect might be used in order to evaluate the
opportunity to perform dedicated studies aimed at providing a more
precise evaluation of such parameter and/or to guide the design of
mitigation systems.

Finally, we also comment on the extraction of ESWLs which can be
easily used for design purpose. In particular, ESWLs are here extracted
by means of a slightly modified procedure with respect to that already
presented by the authors [19] and they are used in order to provide to
the designer static loads which can be used to refine predictions based
on codes of practice.

We would like to stress that it is not the aim of this paper to
provide an evaluation of LES models accuracy for large-roof structures,
which would be impossible for the investigated case, as WTT have not
been planned at the time of writing. What we aim to do here is to
provide a description and assess the potential of numerical simulations
as a complementary tool with respect to WTT, showing its practical
application in a complex case.

The paper is organized as follows: in Section 2 the numerical
settings of the LES analyses are outlined. The qualitative descriptions
of the obtained flow fields are reported in Section 3. Subsequently, the
calculation of the structural response and the extraction of ESWLs is
discussed in Section 4. Finally, conclusions are drawn in Section 5.

2. Numerical model

In this section, the setup adopted for the CFD analyses is discussed.
The geometry of the roof and the surroundings are described in Sec-
tion 2.1, the adopted mesh and the numerical schemes are outlined in
Section 2.2. Finally, in Section 2.3 the generation of turbulent inflow
conditions is addressed.
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2.1. Description of the stadium

The stadium, Stadio Renato Dall’Ara, was built approximately a
century ago and later deeply renovated for the 1990 FIFA World Cup.
It currently has a capacity of more than 38000 people, as the home
of the Bologna football club. The proposed project is to renovate the
stadium and add a semi-closed large-span roof, designed by MJW
structures [20]. The outline of the structure is depicted in Fig. 1 and its
dimensions are planned to be 227 m in length and 160 m in width. The
roof is located at a height of approximately 35 m and it is composed
by an outer open-ring-like structure covered by opaque membranes
and an inner translucent ring-like structure. The two are separated
by a gap which allows the air flow and are supported by primary
reticular structures (Fig. 1(b)) and secondary curved beams (Fig. 1(c))
surmounting them. The stadium roof is composed of approximately
4000 beams/trusses elements and it is subdivided into four sectors,
shown in Fig. 1(c). To be noticed is also the presence of a structure
of height 42 m denoted Torre di Maradona, located at the middle of
one of the long stadium sides.

2.2. Numerical model for the wind flow simulation

We proceed at simulating the structure by means of Large Eddy
Simulation, LES, in full-scale, but the Reynolds number is decreased
by increasing the air viscosity of a factor 300 in order to increase
the stability of the computations, i.e. by decreasing the cell Reynolds
number [21]. This amounts to the fact that the simulated Reynolds
number is comparable to that of a 1:300 scaled model, which is a quite
standard scale for WTT. While numerical simulations are theoretically
able to simulate full-scale conditions, this can hardly be obtained in
practice if not for very simple cases or at high computational costs,
which in this context appears unjustified due to the aforementioned
consolidated WTT practice. The Reynolds number based on the roof
height is approximately 2.94 × 105. The computational domain mea-
sures 1750 m, 1300 m and 340 m in length (streamwise direction),
width and height, respectively, as shown in Fig. 2. The distance from
the inlet to the stadium is 750 m. The origin of the reference system
is located on the ground at the centre of the stadium. Neighbouring
buildings within a distance of 450 m are explicitly simulated (see
Fig. 3). The first problem to be solved is that the stadium lies at the foot
of the Apennines, so that the terrain varies remarkably in height within
the area for which surroundings are explicitly reproduced. We decide
to proceed with a rotor–stator approach as in standard WTT to avoid
the need to re-mesh for each angle of attack (as all attack angles are
obtained simply by rotating the rotor part). It is thus necessary, again in
agreement with common WTT practice [4], to build a model in which
the geometry of the hilly terrain is trimmed and smoothly connected to
a flat surface representing the level imposed by the stator. The blockage
ratio of the model is lower than 1%. All structural elements composing
the roof have been removed (both main reticular beams, cables and
secondary beams), so leaving only the main surfaces.

The mesh size in the zone spanning from the inlet to the rotor has
a maximum size of 6 m, in order to allow for the transport of the
turbulence generated at the inflow up to the stadium without excessive
dissipation. In the proximity of the stadium the mesh size is decreased
up to approximately 1.5 m while in the proximity of the roof edges it is
kept at approximately 0.75 m. The mesh is then coarsened downstream
the rotor reaching a maximum size of 12 m. The total cell count is
approximately 8.5 𝑀 .

The ground, the surroundings and the stadium surfaces are modelled
as walls. The stadium roof is modelled considering the minimum thick-
ness (0.2 m) which allowed to obtain a good result in terms of meshing.
Roughness has been added using rough wall-functions in the zones
outside the rotor (where surroundings are not explicitly modelled) in
other to match a Category III Eurocode terrain [3], while Van Driest
damping is used for the stadium and the surroundings. Symmetry
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Fig. 1. The Bologna Stadium: (a) the view of the roof, (b) the primary (red) and secondary (blue) structures, (c) the roof subdivision into sectors, (d) plane view of the structural
system and (e) vertical sections. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 2. The computational domain: (a) overview and (b) the rotor with indication of wind attack angles.
conditions are used on the top, front and the back surfaces of the
domain, which are commonly used to model wind tunnel walls. The
rotor and the stator are coupled by means of non-conforming interfaces,
i.e. at the interface the mesh used for the rotor does not need to be
the same as that used for the stator. The inlet boundary condition is
generated using the synthetic turbulence generator, PRFG3, discussed
later in Section 2.3. A k-equation subgrid model is adopted [22].

Gradients and Laplacians are calculated using the Gauss linear
scheme while advective terms are approximated using the bounded
linear scheme for 𝑘 and the LUST scheme for the velocity field [23].
Pressure–velocity coupling is obtained with the well-known PISO algo-
rithm [24] and time advancement is obtained using a Crank–Nicolson
scheme blended with 10% backward Euler scheme. The pressure field
is solved using the GAMG solver, while the velocity field is solved
using the Gauss–Seidel smoother. Simulations are performed using
OpenFoam 6.
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To evaluate the wind effects on the stadium roof and predict the ex-
treme wind loads, the simulation time should last for at least 700 s (600
s, i.e., 10 min, for simulation and 100 s for model initialization). Notice
that this is truly a minimum requirement as the extraction of extreme
values would require multiple samples of 10 min each. However, this
would strongly increase computational costs so that, for preliminary
analyses, we here proceed considering only 1 sample of 10 min for
each angle of attack and consider a total of 12 wind attack angles,
uniformly spaced every 30◦, as indicated in Fig. 2(b). The time step
is 0.012 s, which leads to stable computations and to average Courant
numbers around the stadium well-below 1 with extremes around 5 only
in few small-size cells. To ensure the computational stability, the inflow
velocity is ramped up from null value to the final value in 10 s. Each
angle of attack is run on 192 CPUs and requires approximately 2800
CPUh.
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Fig. 3. The adopted mesh: (a) overview and (b) details of the stadium (b).
Fig. 4. The distribution of the pressure probes on the stadium roof (a) and the velocity probes in the empty domain (b).
The roof of the stadium is equipped with 3820 pressure taps,
organized in 1910 pairs, i.e., on both upper and lower surfaces, to allow
the measurement of net pressure, as indicated in Fig. 4(a).

2.3. Synthetic turbulence inflow generation

According to the local wind climate, site roughness and code pre-
scriptions, the inflow turbulence is generated based on the Category III
Eurocode (EC) profile [3], assuming a base velocity of 25 m/s from all
directions [4]. The reference height, 𝐻𝑟, is 40 m, so that the reference
velocity there measured, 𝑈𝑟, is 27 m/s.

Firstly, a wind field in an empty domain is simulated to evaluate
the wind profiles at the stadium location. Simulations have been run
on both a completely empty domain and a domain in which the to-
pography of the surroundings (without buildings) are considered, with
the hilly part downstream the stadium to minimize its effect (Fig. 4(b)).
This is done in order to make sure that the irregularity of the mesh close
to the ground caused by the presence of the orographic elements does
not cause excessive modifications of the profiles with respect to the
completely empty case (which has a regular mesh close to the ground).
The comparison between the two solutions, not here reported for the
sake of brevity, did not highlight discrepancies between the two.

The turbulent inflow is generated through a turbulence synthesizer
recently proposed by the authors, PRFG3 and applied to the inflow
patch using the VBIC technique, able to moderate pressure fluctuations
induced by synthetic inflows. Readers are invited to refer to [25–27]
for details. The comparison between the target and the simulated wind
profiles are shown in Fig. 5. As can be observed, a good agreement can
be obtained through the implemented turbulence synthetic generation
procedure. The turbulence intensity of all three velocity components,
𝑢, 𝑣 and 𝑤, at 𝐻𝑟 is around 20%, 19% and 10%. Integral length scales
reported in Fig. 5(c) have been calculated using Taylor hypothesis of
frozen turbulence from time-histories and are found in agreement with
usual prescriptions. Notice that this is a parameter for which target
1915
values are known only very approximately, as large scatters are present
in available site measurements.

As for the spectra at 𝐻𝑟, the results are presented in Fig. 6. The
simulated results agree well with the targeted spectrum in the low-
frequency region and show the classical cut-off frequency at approx-
imately 0.6 Hz. In order to obtain such results, the turbulence intensity
of all velocity components has been increased at the inflow of about
20% to compensate for the dissipation registered between the inflow
and the stadium location. Avoiding such problem by refining the mesh,
although surely preferable, would increase the computational cost sub-
stantially and, thus, such approach was not here followed. It shall be
noticed that, aiming at calculating the structural response, the cut-off
frequency shall be chosen in order to be higher than the structural
vibration modes of interest, which in this case are in the order of
1 Hz (see Section 4.1). Although not optimal, the present result is
retained considering that the model in which the surroundings and
the stadium are placed is characterized by mesh size 2 to 4 times
finer than empty domain conditions, leading to a cut-off frequency of
1.2 to 2.4 Hz. Indeed, small scale structures will be produced by the
explicitly simulated obstacles to a large extent, so that for preliminary
simulations the obtained results appear to be acceptable.

3. Characterization of the flow field

In this section, the simulated flow fields and the pressure distribu-
tion acting on the stadium roof are described. Firstly, in Section 3.1, the
instantaneous flow fields obtained from the LES are presented. Then,
the recorded pressure field is characterized in Sections 3.2 and 3.3.
Finally, global forces and moments are analysed considering all wind
attack angles.

3.1. Instantaneous flow field

Fig. 7 reports the instantaneous flow fields represented by Q-
criterion isosurfaces coloured by 𝑈∕𝑈 over the computational domain
𝑟
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Fig. 5. Velocity profiles obtained from the empty domain test: (a) mean velocity profiles, (b) turbulence intensity profiles and (c) turbulence length scale profiles.
Fig. 6. Spectra of the velocity components measured at 𝐻𝑟: along-wind component (a), cross-wind component (b) and vertical component (c).
Fig. 7. Overview of the flow field by means of instantaneous Q-criterion iso-surfaces coloured by 𝑈∕𝑈𝑟: (a) overall domain (𝑄 = 0) and (b) around the stadium at 120◦ (𝑄 = 2).
and the stadium, being 𝑈 the instantaneous velocity magnitude. The
turbulent structures produced by the stadium itself and the surrounding
structures can be clearly seen, with the presence of large size vortices
impinging on the roof oppositely to the side/corner they detach from.

Fig. 8 shows two scenarios, with wind coming from the flat terrain
part (30◦) and the hilly terrain part (210◦), respectively. In particular,
the figure reports the value of the turbulent kinetic energy (not to be
confused with the subgrid turbulent kinetic energy).

It can be seen that, as expected, while having a shielding effect on
the stadium, the wind coming from the hill is expected to have stronger
gusts compared to that coming from the flat terrain, so potentially
leading to a larger dynamic response of the roof.
1916
3.2. Proper Orthogonal Decomposition

In order to characterize the pressure field acting on the stadium roof
from different angles of attack, we here consider the well-known Proper
Orthogonal Decomposition (POD). Readers interested in a methodolog-
ical review of POD in wind pressure analysis can refer to [28]. In this
context, we use POD decomposition mainly for two reasons. The first
one is that it allows to obtain a synthetic characterization of the fluctu-
ating pressure fields and make qualitative judgements relatively to the
induced structural response. In fact, energy concentration in a few POD
modes and their similarity to the structural modes shall be regarded as a
situation prone to lead to large structural responses. Secondly, and even
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Fig. 8. Flow visualization of the wind coming from different terrains, coloured by (|𝑈 ′
|∕�̄� )2: (a) 30◦ and (b) 210◦.
Fig. 9. Proper Orthogonal Decomposition, an overview of the first mode for angles up to 150◦ (colorbar not reported as the POD modes are not defined in amplitude). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
more importantly, numerical instabilities in the CFD models might lead
to unexpected concentrated pressure fluctuations, easily identifiable
observing the POD decomposition. In the best cases such instabilities
lead to large fluctuations of the Courant number and, finally, to global
instability of the simulation. Nevertheless, in some cases, they are more
insidious and thus, a preliminary POD decomposition of the obtained
results is always advisable.

Fig. 9 shows the first POD mode of the pressure field when wind
attack angles are 0◦, 30◦, 60◦, 90◦, 120◦ and 150◦. As expected, for all
considered wind attack angles, the highest pressure variations occur at
the inner edge downstream the incoming wind direction. It can be seen
that pressure fluctuations are concentrated on narrow stripes close to
the edge for 90◦ angle of attack, so that it can be expected that such
angles might be more relevant for the definition of local peak pressures
than for the response of the primary structure. Contrarily, skew angles
such as 60◦ lead to high levels of pressure fluctuations over all the
longest span of the roof, so anticipating that they might be the more
relevant incidence angle for the global structural response evaluation.

For each case, the percentage of the total variance produced by the
first POD mode is reported in Fig. 10(a), while the number of POD
modes necessary to cumulatively represent 25% and 75% of the total
variance are shown in Fig. 10(b) and (c).

Looking at Fig. 10(a), we notice that the angles of attack showing
the highest variance explained by only the first POD mode are those
with the wind approaching from a short side (i.e., 0◦ and 180◦).
Conversely, those for which the explained variance is lower, corre-
spond to the wind approaching orthogonal to the long side of the
stadium. Looking now at Fig. 10(b), in order to reach 25% of the
total variance it is necessary to consider only 3 POD modes when
the wind is approaching from a short side, while it takes up to 5
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POD modes when the wind approaches from the long sides. Finally,
considering Fig. 10(c), we see that 40 to 50 POD modes are necessary
to explain 75% of the total variance. Overall, data indicate that when
the wind approaches orthogonal to the short sides, the aerodynamic
excitation concentrates in a low number of modes and mainly affects
the corresponding downstream sector. However, the excitation of the
shorter sides is less demanding from the structural point of view with
respect to the long ones, so that the balance between such two aspects
must be further analysed by calculating the structural response, as later
reported.

3.3. Peak pressure distribution

The peak pressure (i.e., minimum and maximum) distributions are
presented in Fig. 11. Notice that we here always speak about the net
pressure, difference between the top and bottom surfaces composing
the roof. The extreme values are extracted for each monitor pair assum-
ing a Gumbel distribution for the 10 min peaks and calculating quantiles
with non-exceedance probability equal to 80%, following the well-
known Cook and Mayne approach [29]. It shall be noted that, as the
duration of the simulated time series is 10 min, it is necessary to extract
quantiles related to 2 min extremes and, then, shift them according to
the well-known shifting property of the Gumbel distribution in order
to recover the 10 min peaks quantiles [30]. In essence, the approach
assumes that the Gumbel distribution can fit the data with reason-
able accuracy and that successive 2 min extremes are independent.
Notice that alternative solutions able to extract peak values from short
time-histories have been recently proposed for instance in [31].

As expected, strong suctions and overpressures are predicted along
the whole inner ring. The analyses suggest the presence of relatively
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Fig. 10. Proper Orthogonal Decomposition of the pressure field: (a) energy of the first mode (percentage), (b) number of modes required to obtain 25% of total energy and (c)
number of modes required to obtain 75% of total energy.
Fig. 11. Peak pressures evaluated following Gumbel procedure with non-exceedance probability equal to 80% considering all attack angles: (a) minima and (b) maxima. The
values are limited to the range −1.5 to 1.5 [kPa] in order to allow an easier visualization of the distribution.
high local pressures also in the proximity of the gap between the
opaque and the translucent portions of the roof, which might be better
investigated in WTT.

3.4. Global forces

Before proceeding to the evaluation of the structural response,
we here consider the global forces acting on each roof sector (see
Fig. 1(c)). The time-averaged and the peak values of the global forces
in the 𝑧 direction, 𝐹𝑧, are show in Fig. 12. In particular, we re-
port the time-averaged values, the gaussian envelopes (obtained by
adding/subtracting to the mean 3 standard deviations) and the actually
observed extreme values. Again, it can be clearly seen that for each
sector the worst case condition is represented by the detachment of
vortices from an upstream located sector. In some conditions (see for
instance Sector 4 at 60◦), the response is strongly non-gaussian, so that
the recorded extreme values fall outside the gaussian envelope. We
notice that Sector 3, probably due to the particular curved shape which
makes it stand at a lower height on average, does not appear to interact
with vortices detached from Sector 4. Its response is generally gaussian
with good approximation and more evenly distributed with the attack
angle.

For the sake of completeness, we now provide a rough compari-
son between the obtained results and that which might be deduced
applying codes and standards. In particular, the peak dynamic pressure
coefficient, 𝑐𝑞 can be evaluated as 𝑐𝑞 = 1 + 2 𝑔𝐼𝑢, being 𝑔 a peak factor
usually equal to 3.5. Considering that 𝐼𝑢 ≈ 0.2 at roof height according
to the present profile (see Fig. 5), 𝑐𝑞 = 2.4. Comparing such value to
the peak pressure coefficients reported in Fig. 12, suggests that: (a)
the gaussain envelope, whose uplift maximum value is approximately
1.0 (Sector 2) suggests a pressure coefficient 𝑐𝑝 = 1.0∕2.4 = 0.41,
(b) the actually measured maximum uplift value is 1.6 (still Sector
2) suggesting a pressure coefficient 𝑐 = 1.6∕2.4 = 0.66. Such values
1918

𝑝

are well-comparable to those usually found for sub-horizontal struc-
tures in codes of practice (see for instance [4]), being a more precise
comparison not possible due to the peculiarity of the considered shape.

Finally, Fig. 13 reports some meaningful statistics of the pressure
field at 60◦, which can be seen from Fig. 12 to be one of the critical
angles for Sector 4. The figures highlight that very high values are
observed at the roof edge, as expected, and that, due to the flow
skewness, both 𝐶𝑝, 𝐶 ′

𝑝 are slightly asymmetric, so also triggering an
asymmetric structural response. Notice that extreme values reported in
the figure are the extreme punctual unfiltered values measured during
the analysis, so explaining the high recorded suction values.

4. Characterization of the structural response

In this section, we provide a description of the model used to
evaluate the wind action over the roof. In particular, in Section 4.1,
the mechanical behaviour of the structure is characterized by means
of classical structural modes, complemented by the recently proposed
Proper Skin Modes (PSMs). Then, in Section 4.2, we investigate the
sensitivity of the results on the extreme value extraction method and
the damping ratio (𝜉). Finally, the extraction of ESWLs is discussed in
Section 4.3.

4.1. Mechanical model

Characterizing the structural response with the purpose of assessing
wind loading is relatively straightforward for simple idealized cases but
it becomes often cumbersome in applications. The problem lies in the
fact that the calculation of the structural response to wind excitation
is usually performed by wind engineers outside the structural model
software used by the designer. It is thus necessary to build a Reduced
Order Model, ROM, of the structure in such a way that the required

information can be easily extracted by general purpose commercial



Structures 47 (2023) 1912–1926J. Xing et al.

𝑞

s
t
a
i
o
e
r

b
R
c
a
a
c
a
s
c
t
d
t
e
a
s

(
s
(
s
t

Fig. 12. Vertical force acting on each sector: (a) Sector 1, (b) Sector 2, (c) Sector 3 and (d) Sector 4. Forces are made non-dimensional with respect to the reference pressure,
= 0.5𝜌𝑈𝑟

2, and the corresponding reference area, 𝐴.
b
p
m
d
t
l
t
t
i
b

o
s
F
F
i
u
t
f
i
r
t
v
p
d
f
o
T
t
s

oftwares, minimizing the overhead on the structural designer required
o complete the task, e.g. the use of influence coefficients based on the
pplication of punctual unit forces is theoretically simple but extremely
mpractical in practice. The procedure should be also conceived in
rder to be robust against gross human errors, which in the authors
xperience are extremely probable when reorganizing large datasets as
equired in this case.

In order to solve the problem, the authors devised a methodology
ased on the method of static corrections [18]. In particular, the
OM is built starting from usual structural modes, which are then
omplemented by Proper Skin Modes, PSMs. Such PSMs can be seen
s a generalization of well-known influence coefficients based on the
pplication of unitary forces, and actually, can be seen as their modal
ounterpart. We do not go into details here and interested readers
re invited to refer to [18]. Nevertheless, the basic idea is that the
tructural response is calculated, as usual, in the modal base and static
orrections are used to alleviate inaccuracies introduced by its trunca-
ion. Such static corrections are calculated by means of PSMs, which
epend only on the surface geometry and can be easily calculated as
he eigenvectors of a Laplacian operator discretized over the surfaces
xposed to the wind action. This has also the positive effect to provide
robust way to check the model results: the response with and without

tatic corrections shall be very similar.
An overview of the structural mode shapes is provided in Fig. 14

only the ones relevant for wind loading are shown). It can be clearly
een that the mode shapes cannot be easily subdivided into global ones
affecting large parts of the structure and mainly the primary structural
ystem) and local ones (affecting small parts of the structure and mainly
he secondary structural system). The situation if further complicated
1919
y the fact that the original structural model includes very massive
arts as grandstands and surrounding walls, which tend to make the
odes extraction difficult. Ideally, for the propose of studying the roof
ynamics, it would be advisable to develop a model comprising only
he roof and modelling the lower parts with restraints, fixing also all
ocal vibration modes. This nevertheless adds remarkable overheads on
he structural designer and decreases inter-operability. We thus decided
o consider 100 modes, but even with such a large number, in this case
t is difficult to asses the consequences of adopting a truncated modal
ase.

We thus proceed at applying the approach proposed in [18], based
n quasi-static corrections calculated from PSMs. In particular, the
tructural designer already subdivided the roof in four macro-areas.
ive PSMs are extracted separately for each of them, as shown in
ig. 15. As it can be seen, the first PSM is always a constant, so taking
nto account for a uniform pressure distribution. Higher PSMs are nat-
rally ordered by decreasing wavelength, so hierarchically subdividing
he pressure field in components mainly affecting the global response
irst, and the local response as the number of considered modes is
ncreased. In this case, as we mainly investigate the global structural
esponse, we consider only a few modes (5 for each roof sector, 20 in
otal) as the fifth PSM mode is the first one accounting for pressure
ariations from the outer to the inner ring (see Fig. 15(c) and (f)). In
ractice, the procedure simply requires to transmit to the structural
esigner the 20 load distributions corresponding to the PSMs as nodal
orces, run for each a static analysis and collect the results in terms
f axial forces and bending moments and, eventually, displacements.
he procedure is extremely efficient both in terms of computational
ime and work needed to extract the necessary information from the
tructural model, and can be applied to arbitrarily complex structures.
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Fig. 13. The surface distributions of 𝐶𝑝 statistics: (a) �̄�𝑝, (b) 𝐶 ′
𝑝, (c) unfiltered recorded minima (�̌�𝑝) and (d) unfiltered recorded maxima (�̂�𝑝).
Fig. 14. Overview of the first ten structural modes, only those potentially relevant to wind loading are reported (colorbar not reported as the structural modes are not defined
in amplitude). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Analyses made with and without static corrections, not here re-
ported for the sake of conciseness, yield very similar results, so con-
firming that the model is correctly built and that the considered 100
modes allow for a good representation of the structural behaviour.

4.2. Sensitivity studies

Once the ROM for the structural response calculation is set up, it
is possible to conduct structural analyses for each angle of attack and
1920
extract design envelopes (collecting for each member the design values
of normal forces and bending moments).

Before proceeding, we deem important to assess the sensitivity of
the model to two aspects/parameters which affect the analyses: the
peak value extraction method and the adopted structural damping.

With respect to the first aspect, the same difficulties found for the
local peak pressures arise here: the simulated time series are representa-
tive of 10 min real scale, so that only one 10 min return period extreme
value can be extracted. Following the well-known Cook and Mayne
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Fig. 15. Proper Skin Modes used in the structural response calculation: (a), (b) and (c) for the stadium curve and (d), (e) and (f) for the tribune.
Fig. 16. Comparison between extreme values obtained using MinMax and Gumbel approach for axial forces: (a) 0◦, (b) 60◦ and (c) 120◦.
approach [29], we target 80% quantiles. Those are estimated assuming
a Gumbel distribution for the 2 min extremes and extrapolating the 10
min extremes by shifting it [30]. The approach is rigorously valid if
the assumed Gumbel distribution is well-representative of the 2 min
extremes, but this is not necessarily the case. Also, by proceeding in this
way, only 5 samples are available to estimate the distribution parame-
ters, which potentially leaves space for statistical fluctuations. In order
to have a simple check on the results obtained in this way, we firstly
compare these results with the extremes actually observed in the time
series. In particular, Figs. 16 and 17 show the scatter plot of the extreme
values obtained with the two aforementioned methods, for axial forces
and bending moments, respectively (for all structural members). In
such figures, results directly observed in the time series are reported in
abscissa (denoted as 𝑀𝑖𝑛𝑀𝑎𝑥), while in ordinates the extreme obtained
using Gumbel approach are shown. The correlation between the two
results appears to be very good, with Gumbel approach providing on
average slightly larger extremes, as expected (due to the fact that 80%
non-exceedance probability was selected instead of 50%). This simple
investigation cannot eliminate the opportunity to use longer time series
to estimate quantiles (as usually done in WTT), but confirms that for
early design stages, such aspect might be disregarded. From here on we
thus proceed with the Gumbel approach.

Once the extreme value extraction method is defined, it is necessary
to carefully assess the effect of damping [32,33], which is notoriously
1921
difficult to be evaluated a priori, also due to the presence of aero-
dynamic damping. Figs. 18 and 19 show the scatter plots between
the design values (for each structural member) obtained with 𝜉, the
damping ratio, equal to 0.01 and the corresponding values obtained
with 𝜉 = 0.02 and 𝜉 = 0.04 (for all structural modes). The effect of 𝜉
on the axial forces appears to be quite limited, while a deeper effect
can be observed for bending moments. When 𝜉 increases from 0.01 to
0.04, the peak axial forces decrease by about 37.5% for 60◦ and 25.0%
for 120◦, and the peak bending moments decrease about 50% for both
cases. Such evaluations, although preliminary, can be used in order to
quantify the potential benefits obtainable from an explicitly dedicated
in-depth study and/or the installation of appropriate damping devices.
Aiming at obtaining results on the safe side, 𝜉 = 0.01 is adopted in the
following.

4.3. Design envelopes

We are now in the position to calculate the design values for
each attack angle and, thus, the design envelopes. In this context it
is useful to firstly consider the response obtained by making differ-
ent hypotheses for the structural response calculation. In particular,
Fig. 20 (axial forces) and Fig. 21 (bending moments) show the design
envelopes obtained for different attack angles, considering the static
(only time-averaged pressure field applied), the quasi-static (dynamic
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Fig. 17. Comparison between extreme values obtained using MinMax and Gumbel approach for bending moments: (a) 0◦, (b) 60◦ and (c) 120◦.
Fig. 18. Comparison between extreme axial forces obtained with different damping ratios: (a) 0◦, (b) 60◦ and (c) 120◦.
Fig. 19. Comparison between extreme bending moments obtained with different damping ratios: (a) 0◦, (b) 60◦ and (c) 120◦.
amplification factor always equal to unity) and the dynamic structural
response. The abscissa reports the structural element ID and the ordi-
nate the calculated extreme values. Actually, for the sake of readability,
only a part of the envelope is shown, with element ID ranging from
1950 to 2100, being the other parts of the envelope qualitatively sim-
ilar. It can be seen that for many elements the static response is small,
the quasi-static response counts for approximately half the dynamic
response, being the other half provided by dynamic amplification. The
quasi-static contribution can be substantially regarded as the limit
case obtained for high damping levels, so that the potential benefits
obtainable by refining the damping specification or installing damping
devices can be evaluated for each structural element.

Finally, the envelope obtained by considering all attack angles with
full dynamic analyses is reported in Fig. 22.
1922
Fig. 23 reports the percentage of elements which attain the extreme
value (maximum and minimum) for each angle of attack. In other
words, for each structural element, we individuate the wind angle of
attack which yielded the design value. Notice that the two curves are
similar, as expected, due to the fact that the response is oscillatory
but they are not identical due to the time-average contribution and
the dissymmetry (up-lifting and down-pushing) of the wind excitation.
Clearly for both, axial forces and bending moments (Fig. 23(a) and (b),
respectively), there is a preferential direction along 60◦ and 240◦ which
is responsible for the dimensioning of the majority of the structural
elements, together contributing for approximately 40% of the design
values. This again confirms that skew angles are the ones which lead
to the most severe effects on the structure.

As a last step, we show the results obtained when converting
the design envelopes in ESWLs. The procedure used to perform such
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Fig. 20. Comparison between design envelopes for axial forces obtained from the static, quasi-static and dynamic components of the structure response: (a) 0◦, (b) 60◦ and (c)
120◦.
Fig. 21. Comparison between design envelopes for bending moments obtained from the static, quasi-static and dynamic components of the structure response: (a) 0◦, (b) 60◦ and
c) 120◦.
Fig. 22. Design envelopes for all structural members considering all wind directions: (a) axial forces and (b) bending moments.
assage are detailed in [19] and we here report in Appendix only a
ery brief summary, useful to detail a slight modification here made to
meliorate the previously presented procedure.

Fig. 24 reports the scatter plot between the design values calculated
rom dynamic analyses and those obtained from the application of
SWLs for axial forces. In particular, Fig. 24(a), (b) and (c) show the
esults obtained using 3, 6 and 9 ESWLs respectively. Given the very
ood matching (results lying on the bisector) already obtained with
ESWLs, it means that the structural designer can safely design the
ain structure, which is composed mainly of truss elements, simply

nveloping three static load conditions.
Unfortunately, in the case of the bending moments, which mainly

ompose the secondary structures, results appear less accurate, see
ig. 25. This is probably due to the more localized behaviour of the
esponse, i.e. the secondary structures attain extreme values due to
1923

igh/low pressure acting on smaller areas compared to the primary
structural system. A higher number of PSMs might be considered to
ameliorate results, if needed. In fact, we recall that PSMs are naturally
ordered in such a way to firstly reconstruct the most uniform pressure
distributions, mainly affecting the primary structural system, and then
progressively take into account local features of the pressure field,
mainly relevant for secondary structural systems.

5. Conclusions

In this paper, we presented the preliminary analyses used to study
the response of the new Bologna Stadium roof, taken as emblematic of a
complex structure which might benefit from preliminary simulations to
assess the effects induced by wind loading excitation. The analyses, run
in the early stages of the design process and prior to WTT, have been
used to provide a first estimate of design values and, more importantly,

to inform the subsequent steps of the design development.
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Fig. 23. Percentage of structural elements attaining their design value of axial forces (a) and bending moments (b).
Fig. 24. Comparison between the design envelope for axial forces and values obtained from ESWLs: (a) 3 ESWLs, (b) 6 ESWLs and (c) 9 ESWLs.
Fig. 25. Comparison between the design envelope for the bending moments and values obtained from ESWLs: (a) 3 ESWLs, (b) 6 ESWLs and (c) 9 ESWLs.
In analogy to traditional experimental techniques, the study re-
uired the reconstruction of the stadium surroundings and the simu-
ation of the wind flow has been obtained by means of LES. In order to
btain useful information for later design stages, the structural response
as been calculated for all angles of attack and ESWLs extracted.

We individuate as key aspects which can benefit from an early
ssessment during the design process:

1. the expected effects/difficulties introduced by the presence of
complex surroundings;

2. approximate individuation of regions characterized by high peak
1924

pressures;
3. the sensitivity to structural damping;
4. the evaluation of the relative importance of static, quasi-static

and dynamic responses;
5. the individuation of wind directions which lead to stronger

effects on the structures.

Thanks to such evaluations, it is possible to proceed to the final
design with much deeper confidence regarding the absence of po-
tentially unexpected behaviours and support decision regarding the
most promising modifications and in-depth studies which might be

undertaken to mitigate the wind-induced response.
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Appendix

The procedure used to perform such passage are detailed in [19]
and we here report only a very brief summary, useful to detail a slight
modification made to ameliorate the previously presented procedure.
The interested reader is invited to refer to the original paper for details.

In short, ESWLs are built as combinations of PSMs which, once
enveloped, reconstruct the design values. Taking as example the upper
envelope, i.e. the maxima, the problem can be thus stated as

𝑬𝑟𝑒𝑐 = max(𝑬𝑝𝑠𝑚𝑾 ) = max(𝑬𝑒𝑠𝑤𝑙) ≈ 𝑬𝑒𝑛𝑣, (1)

where 𝑬𝑒𝑛𝑣 is a vector which collects the extreme effects (e.g. axial
forces and bending moments) for all the elements accounting for all
attack angles obtained from dynamic analyses, 𝑬𝑝𝑠𝑚 are the effects in-
duced by the PSMs, 𝑾 is an unknown matrix of weighting coefficients
to be determined and 𝑬𝑟𝑒𝑐 is the envelope reconstruction obtained from
the ESWLs [34].

The identification of the matrix 𝑾 which minimizes the difference
etween 𝑬𝑒𝑛𝑣 and 𝑬𝑟𝑒𝑐 amounts to the determination of the ESWLs. It
an be thus written that 𝑾 is the matrix which minimizes the target

function 𝐹𝑚𝑎𝑥 with

𝐹𝑚𝑎𝑥 = ‖𝑬𝑒𝑛𝑣 − 𝑬𝑟𝑒𝑐
‖

2 = ‖𝑬𝑒𝑛𝑣 − max(𝑬𝑝𝑠𝑚𝑾 )‖2. (2)

The details of such minimization are not here reported for the sake
of conciseness and can be found in [19] and subsequent papers.

It is nevertheless important to realize that in the original procedure
the upper and lower part of the envelope are reconstructed separately,
so that one set of ESWLs is obtained to reproduce the maxima and
another set is used to reproduce the minima. This is not optimal
for design and might lead to over-conservative results. In fact, the
procedure cannot ensure that, for instance, the ESWLs reconstructing
the upper envelope do not exceed to lower one. To solve the problem,
we here consider a modified target function, 𝐹 , such that

𝐹 = ‖𝑬𝑒𝑛𝑣𝑀𝑎𝑥 − max(𝑬𝑝𝑠𝑚𝑾 )‖2 + ‖𝑬𝑒𝑛𝑣𝑀𝑖𝑛 − min(𝑬𝑝𝑠𝑚𝑾 )‖2, (3)

where 𝑬𝑒𝑛𝑣𝑀𝑎𝑥 is the upper design envelope (a vector collecting the
maxima for each element) and 𝑬𝑒𝑛𝑣𝑀𝑖𝑛 is the lower design envelope (a
vector collecting the minima for each element). All the considerations
reported in [19] for the minimization of Eq. (2) apply to Eq. (3). In fact,
as 𝐹 is the sum of two contributions, i.e. the first part related to the
maxima and the second one related to the minima, also the gradient of
𝐹 is simply the sum of the corresponding two contribution, separately
calculated.

The evaluation of the ESWLs can be also driven penalizing envelope
underestimations more than overestimation, so that results are mainly
on the safe side. It has also been highlighted that the present procedure
shows strong affinities to Neural Network and in particular, to linear
1925

classification algorithms [35].
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