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Abstract

The main Auditorium of Bologna was created inside the
original monastery built during the 16t century by the
Jesuits. In the following century, the building was modi-
fied to become a Catholic church by the architect G.
Rainaldi. After the French invasion led by Napoleon dur-
ing the 18 century, the church was adapted to fulfil
different uses. Nowadays, the main hall, composed of
three naves but having audience seats in the central one
only, is used for celebrations and civil events organized
by the University of Bologna. Numerical simulations
have been undertaken considering two different scenari-
os: acoustic adaptation to become an auditorium and to
become a conference hall. The model representing the
existing conditions has been calibrated on the measure-
ments undertaken across the seating areas. The two sce-
narios simulated have been compared with the existing
conditions of the Aula Magna: the outcomes highlight an
improvement in speech comprehension across all the
seating areas by achieving the optimal range of each
acoustic parameter analyzed. A historical background
has also been introduced to understand the adaptation of
the original construction to the different room functions

assigned throughout the centuries.

1. Introduction

Increased demand for the utilization of cultural
heritage buildings has caused experts and scholars
to study the existing historical patrimony (Vecco,
2010). On this basis, this paper deals with the
acoustic simulations of two conditions that the old
church of Santa Lucia could have: the adaptation
to become an auditorium for classical music and to

become a conference hall, both room functions in

Part of

line with academic activities run at the University
(Dordevic, 2016). A digital model was utilised for
the simulations after being calibrated with the
measured values (Vorlander, 2007). The design
project of the acoustic measures was digitally test-
ed with the application of absorbing plaster on
walls, installation of acoustic panels and addition
of heavy curtains to close the main nave from the
laterals. The results highlight a significant im-
provement in the outranges values related to the

main acoustic parameters.

2. Historical Background

The main auditorium of the University of Bologna,
the Aula Magna, was located inside Santa Lucia’s
church, and is now no longer in use. It was built
during the 11t century, while the surrounding col-
lege buildings were erected in the 17t century.
During the 16t century, the original monastery
became property of the Jesuits, and, on this occa-
sion, the building was modified into a Catholic
church by the architect G. Rainaldi (Wittkower et
al., 1992). When the Jesuit order was suppressed by
Pope Clement XIV, the church complex was trans-
ferred to the Barnabites at the end of the 16t centu-
ry, and then turned into a military camp at the end
of the 17% century. During the 18% century, under
the French invasion led by Napoleon, the church
was converted to fulfil different uses.

In the 1960s, the buildings were involved in a seri-
ous fire. From the 1970s to the 1980s, the restora-
tion and modernization (Bettarello et al., 2010) pro-
ject began to adapt the buildings to the needs of the
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University of Bologna and finally opened to the
public in 1988. At the end of the 20t century, Santa

Lucia’s church was also transformed into a univer-

sity facility.

Fig. 1 — Internal view of the Aula Magna of Bolognha

Nowadays, the Aula Magna is composed of three
naves, having walls and ceilings decorated with
transparent and hard plaster. The auditorium, with
lightly upholstered seats in the central nave, is sur-
rounded by wooden balconies, in place for the oc-
casion of degree celebrations and civil events, as

shown in Fig. 1.

3. Architectural Organization

The Aula Magna at the University of Bologna,
whose current form can be traced back to 1843, has
a total capacity of about 1000 seats. It consists of
the main hallway and two high, wide, and solemn
side passageways, with a total area of about 30000

m?, as shown in Fig. 2 and Fig. 3.
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Fig. 2 — Longitudinal section of the Aula Magna of Bologna
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Fig. 3 — Transversal section of the Aula Magna of Bologna

The walls of the main hall are completely plas-
tered, and the central area is decorated with stucco
and is 10 to 15 m high. Wooden galleries and low
padded seating platforms have been built on the
sides of the nave, leaving full view of the auditori-

um.

3.1 Digital Model

From the architectural drawings, as well as for en-
ergy building and musical instruments simulation,
(Fabbri et al., 2014; Farina et al., 1998; Manfren et
al., 2019, 2021a, 2021b, and 2022; Tronchin, 2005) a
digital model was realised to be composed of 3700
surface entities. The vault was realised with poly-
hedric geometry composed of 16 sides (Antlej,
2022). In a similar way, the apse was modeled by
adopting the same methodology, as well as the
capitals and the bases of the columns (Bettarello et
al., 2021). As such, the model was exported in DXF
format (Caniato et al., 2020a and 2020b), ready to
be used within Ramsete software.

Attribution of the absorbing and scattering coeffi-
cients was carried out based on the acoustic meas-
urements (Caniato et al, 2019), as indicated in
Fig. 4.

In particular, the sound source and the receivers
were placed in the same positions used during the
survey (Caniato et al., 2021).
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Fig. 4 — Equipment positions during the acoustic survey
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Fig. 5 — Reverberation Time (T2o) calibration between simulated
and measured results of the existing conditions
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Fig. 6 — Clarity Index (Cso) calibration between simulated and
measured results of the existing conditions
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Fig. 7 — Definition (Dso) calibration between simulated and meas-
ured results of the existing conditions

The tuning process (Tronchin & Knight, 2016;
Wang et al., 2004) was carried out upon the rever-
beration time (T20), clarity index (Cso), and defini-
tion (Dso), as reported in Figs. 5, 6 and 7. The re-
sults simulated to be closer to the measured values
should stand along the median line between the
defined boundaries.

4. Acoustic Simulation

Two sets of simulations were carried out for the
Aula Magna of Bologna, based on the functions
that were attributed. The first set of simulations
adapts the acoustics to auditorium functions, to be
used for classical music, while the second set is
more centred on speech intelligibility, since the
purpose is to adapt the acoustics to suit a confer-
ence hall.

During the simulations of the auditorium, an om-
nidirectional sound source was placed in the loca-
tion where the orchestra was intended to be locat-
ed. Based on the room volume of the central nave
of Santa Lucia’s church being equal to 24000 m?,
the optimal Tz value at 500 Hz should be around

2.8 s, as shown in Fig. 8.
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Fig. 8 — Optimal T20 values at 500 Hz, based on room volume

When the simulations have the purpose of adapt-
ing the acoustics to suit a conference hall, the
sound source was introduced in Ramsete by repro-
ducing the characteristics of the human voice, in
terms of spectrum, power, and directivity (Tron-
chin, 2005). In addition, the existing amplified sys-
tem was also reproduced with further sound
sources having the features of the loudspeakers in
place. On this basis, the optimal T2 value at 500 Hz
for a room of such a volume size used as a confer-
ence hall should be around 1.1 s, as indicated in
Fig. 8.

In both scenarios, the adopted acoustic measures
involve the reduction of reverberation and an im-
provement in terms of speech intelligibility (Tron-
chin & Bevilacqua, 2022). Specifically, the measures
consist of the following solutions:

- substitution of the standard plaster with
an absorbing plaster, to be applied mainly
to the surface area of the vault of the cen-
tral nave;

- introduction of carpet along the corridors
serving the seats;

- installation of heavy drapery to close off
the lateral naves during conferences.

The application of the absorbing plaster was car-
ried out on a surface area of 853 m2, while the in-
troduction of the reflecting panels covers a surface
area of 331 m?2 Table 1 indicates the absorption

coefficients of the materials listed above.
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Table 1 — Absorption coefficients of the materials used for the
project design

Abs. Coeff. a - Octave Bands (Hz)
Material

125 250 500 1k 2k 4k

Abs. plaster 023 030 059 0.64 0.67 0.082

Carpet 008 010 020 025 030 035

Drapery 008 029 044 050 040 035

100 500 1000 5000 10000 50000

4.1 Auditorium For Classical Music

Based on the acoustic measures being a common
factor for the two scenarios, the simulation of the
auditorium is focused on the insertion of reflecting
panels to be installed above the area of the orches-
tra and above the stalls. The panels were designed
to be in polycarbonate, with a transparency of
90 %, and suspended with steel wires hung to the
existing beams. Fig. 9 and 10 show the configura-

tion of the model for an auditorium.

Fig. 9 — Acoustic project design for the adaptation of Santa Lu-
cia’s church to an auditorium. Apse side

Fig. 10 — Acoustic project design for the adaptation of Santa
Lucia’s church to an auditorium. Entrance side
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The reflecting panels were installed in such a way
as to distribute the sound across the audience uni-
formly. The results of the conditions simulated for
the auditorium scenario are shown in the acoustic
maps highlighting the spatial distribution of the
main parameters. Fig. 11 shows the Tz, while Fig.
12 reflects the results of Cso, simulated with and

without the audience.

4.2 Conference Hall

The second set of simulations adapts the acoustics
of the Aula Magna to a conference hall. The main
difference compared with the other configuration
consists of the use of heavy curtains and coconut
fibres (Fabbri et al., 2021) to be kept closed during
conferences to avoid disturbance from people
walking in the lateral naves as well as to increase
the absorbing surfaces that are useful for lowering
the reverberation time (Tronchin et al., 2021a and
2021b). With the acoustic measures, the speech
transmission index (STI) values are found to be
more than 0.6, falling into a “good” category, as
defined by the intelligibility rating according to
ISO 9921 (Farina et al, 1998; Tronchin &
Bevilacqua, 2021).

5. Results

The results are presented graphically with the plan
distribution of the main acoustic parameters, by
highlighting the difference between the existing
conditions and the simulated environments, as
indicated in Figs. 11 to 13. The simulated results
shall be considered in unoccupied conditions.

Existgng Conditions

Auditorium

Fig. 11 — Spatial distribution of Reverberation Time (T 20)
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y r < &
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Fig. 12 — Spatial distribution of speech clarity index (Cso)
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Fig. 13 — Spatial distribution of speech transmission index (STI)

Fig. 11 indicates that the T values decrease
significantly with the introduction of the acoustic
measures, passing from 8-9 s to 4.5 s. Such values
result in greater uniformity across the plan layout
(Mickaitis et al., 2021; Puglisi et al., 2021).

Fig. 12 shows the spatial distribution of the Cso
values, improved to be within the optimal range as
defined by the literature. The Cso values equal to -
14 dB, especially at the back of the hall, were
increased to up to 0 dB in the centre of the hall, and
were more uniformly distributed (ISO, 2003; Jeon
et al., 2009; Ortega & Rivera, 2012; Steeneken &
Houtgast, 1980).

Fig. 13 shows the STI values to be around 0.7,
which indicates a good rating. It should be noted
that the results with full occupancy of the hall
improve the simulated conditions even more,
bringing the values closer and within the optimal

range limits.
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6. Conclusion

The application of the acoustic measures for the
Aula Magna at the University of Bologna outlined
by the design project has revealed an important
benchmark achieved with the accuracy of the digi-
tal simulations. The installation of acoustic panels
floating at different heights across the plan, along
with the absorbing plaster to the vault and the cur-
tains at the openings to the lateral naves, was con-
sidered the best option for a cultural heritage site
of such historical value. In addition, the criteria of
transparency for the suspended panels were as-
sessed to leave the wide view of the indoor space
intact as well as to filter the natural lights from the
large windows. In summary, the outcomes of the
simulated values compared with the existing con-
ditions of the room outline a considerable im-
provement in speech comprehension, resulting in
more appropriate functions assigned to the Aula

Magna.
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