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Architectural design of contemporary Catholic churches in Croatia rarely considers the importance of room
acoustics and the resulting speech intelligibility as the key design factors that ultimately decide whether
such a space can fulfil its primary function. As a result, room acoustic conditions in the newly built churches
are extremely challenging in terms of excessive reverberance that is detrimental to speech intelligibility.
Consequently, it is very difficult for the congregation to follow the course of liturgic rituals and participate
in them, even if the spoken word is transmitted to the audience by means of sound reinforcement systems
designed to counteract the effects of unfavourable room acoustics. The paper presents four most recent
cases of small to medium-sized Croatian churches with room volumes ranging from 3,650 m? to 11,700 m?,
with unfavourable room acoustic conditions that prompted their examination and subsequent redesign in
terms of adequate acoustic treatment. The initial state of the unoccupied churches was examined through
room acoustic measurements. The corresponding geometric models of the churches were developed based
on building plans and in-situ dimension measurements and calibrated based on the results of room acoustic
measurements, and the representations of the sound reinforcement systems installed in the churches were
added as well. Practical guidelines and constraints in the acoustic design process are listed and discussed.
The state of the churches before and after acoustic treatment is compared in terms of room acoustic
conditions represented with reverberation time. Speech intelligibility in the audience area after treatment is
shown in terms of speech transmission index that is achievable in the presented conditions using the
installed sound reinforcement systems.

1 Introduction

Faith and religion have been an important aspect of life among the Croatian people even before they settled the territory
of the present-day Croatia in the 7™ century, at which time they started to adopt Christianity and have ultimately become
a part of Roman Catholic Church. In their long history riddled with hardships, Croatians found faith as a source of strength
and solace. In that light, Catholic Church has had and still has an important role in everyday life.

Church acoustics proves to be a fruitful and current field of research, as it strives not only to investigate the acoustics of
historical churches, but also to bring current insight into the acoustic design of contemporary churches. Churches are
characterized with a broad range of sizes, ranging from chapels and small parish churches to the largest cathedrals and
basilicas. A commonality shared by all such buildings is the need for good speech intelligibility, as the liturgy relies on
the spoken word as its crucial component, thus introducing acoustics as a key factor that needs to be addressed to fulfil
the said need. While contemporary technology in a form of sound reinforcement systems has provided the means for
improving both the audibility and the intelligibility of a speaker, especially in large and/or acoustically unfavourable
spaces, historically, that speaker had to rely only on their vocal ability.

Churches built in Croatia are mostly parish churches and as such fall into the category of small to medium-sized spaces,
except for a small number of cathedrals and co-cathedrals as the seats of bishops and archbishops, as well as several
houses of worship that are of national importance. Acoustics of Croatian churches is closely connected with their
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architectural design. While historic churches in Croatia display acoustic conditions that are in line with their size,
architectural style, and acoustics of similar churches of the period found in other countries, modern architectural trends
in church building in Croatia have caused a step back regarding their acoustics. A positive example of favourable acoustics
in a historic church in Croatia was analysed and described in [1], leading to speech intelligibility that is sufficient for the
audience to follow the liturgical ritual even without the aid of a sound reinforcement system. In [2], an investigation of
acoustic quality has been performed in fourteen churches built in Zagreb and its surrounding region from 1350 to 2000.
In [3], the analysis has been expanded to fourteen additional churches built all over Croatia from 1285 to 2018. The range
of size of these 28 churches in terms of their volume was from 390 m? to 13,700 m?. The overall conclusion was reached
that virtually all contemporary churches (late 20" century and 21% century to date) in the analysed sample suffer from
excessive reverberance that greatly exceeds the one found in their historic counterparts of similar size. As such, they are
in dire need of acoustic treatment that would reduce the reverberance, making it appropriate for a modern-style Catholic
church, while simultaneously providing more favourable conditions for achieving good speech intelligibility.

To illustrate the continuation of this negative trend in contemporary church architecture in Croatia, this paper presents
four most recent cases of contemporary churches in Croatia with unfavourable acoustics, in terms of excessive
reverberance and poor speech intelligibility as the result. The conducted studies involved field measurements of the
current acoustic conditions of the churches, recreating these conditions through models, and proposing acoustic treatment.

2  Methodology

2.1 Architectural design of modern Croatian churches and its influence on acoustics

The architectural design of modern churches in Croatia is based first and foremost on simplicity and is highly influenced
by materials and construction techniques used in modern civil engineering. Churches predominantly have fairly simple
overall shapes, and are readily built using reinforced concrete, thus allowing the builders to simplify the construction
process and bridge large spans without the need to use columns in the church nave. The wall and ceiling surfaces in the
interior are hard and flat, with little to no protrusions and/or indentations. As a finishing, concrete surfaces are plastered
and usually painted white to facilitate a “clean” design. The floor is usually finished with smooth and polished granite or
marble. Thus, the basic interior of the church provides very little absorption and diffusion. The main source of absorption
and diffusion in the churches are the pews used by the audience. They are usually made of wood and partially covered
with thin upholstering. Additional absorption in various frequency ranges comes from carpets, painting, plants, windows,
and doors. In occupied churches, the audience takes the role of the principal source of absorption.

As a contrast, many construction and interior solutions that were used historically are now abandoned. For example,
historic churches readily have a considerably richer, more irregular interior surfaces that provide considerable diffusion.
In addition, the use of wood in the interior is much more pronounced in historic than in modern churches. A common
element in historic churches is the wooden ceiling as an effective low-frequency absorber.

The described architectural solutions implemented in modern churches have a detrimental effect on room acoustic
conditions. By accounts of the users of the investigated churches, in empty churches or in low-occupancy conditions, the
conditions in the churches are characterized with excessive reverberance and bad or poor speech intelligibility. With the
churches fully occupied, considerable additional absorption introduced in the churches by the audience leads to reduction
of reverberance and improved speech intelligibility, but the acoustic situation is still assessed as acceptable at best.

2.2 Measurements

To diagnose the acoustic conditions in the investigated churches in their current state, acoustic measurements in the
churches were performed according to the ISO 3382-1 standard [4]. The integrated impulse response method using the
exponential sine sweep as excitation was used in all four churches. Frequency-dependent values of relevant reverberation
and clarity parameters were calculated from the measured impulse responses. The measurement setup consisted of a
laptop computer with an external two-channel audio interface, a power amplifier, an omnidirectional dodecahedral
loudspeaker as the sound source, and an omnidirectional condenser measurement microphone. As the software of choice,
ARTA software was used for measurements and subsequent calculation of relevant room acoustic parameters. According
to [4], two source positions and eight receiver/microphone positions were chosen in each church, yielding a total of 16
source-receiver combinations. During the measurements, the churches were in their everyday state, i.e. ready to receive
the audience, but essentially unoccupied, as the only persons present were the authors.

The results of the measurements in terms of reverberation time 73 are shown further in the text, in Figure 3.



2.3 Modelling and calibration

To facilitate acoustic calculations, three-dimensional geometrical models of the churches were created in SketchUp, based
on available floor plans and cross-sections, as well as in-situ measurements of basic dimensions. To simplify the process
of assigning the materials to individual surfaces in the acoustic modelling stage, layered geometrical models were made.

The modelling process has yielded the estimated net internal volumes of the four churches. Church 1 has the volume of
5,800 m® and is considered as mid-sized within the investigated group. Churches 2 and 3 are the small ones within the
investigated group, being almost identical in terms of volume. Church 2 has the volume of 3,900 m3, and church 3 has
the volume of 3,650 m3. Finally, church 4 is by far the largest of the four, with the volume of 11,700 m>.

The finalized geometric models of the churches are shown in Figure 1.

Figure 1: Geometric models of church 1 (top left), church 2 (top right), church 3 (bottom left), and church 4 (bottom
right)

The geometric models were imported into ODEON 18.16 Auditorium as the chosen room acoustics simulation software
using the SU20deon plugin.

As most of the materials in the interior of the churches were well defined, corresponding materials were found in the
ODEON material database and assigned to appropriate surfaces in the models.

To calibrate the models of the measured current state of the churches, positions of the sources and the receivers matching
the ones used during measurements were defined in the models. Manual calibration of the models of the churches in their
present, unoccupied state was employed, in terms of manual iterative adjustment of the sound absorption properties of
the unoccupied pews as the interior element with the least known absorption properties, until the calculated values of
reverberation time 739 matched the measured ones, while monitoring other reverberation and clarity parameters.

The results of the calibration of the models are shown further in the text, in Figure 3 as the reverberation time 73 obtained
from the described calibration procedure. In addition, reverberation time is also shown for the present state of the churches
when occupied.



2.4 Requirements and constraints in acoustic design

The chosen architectural style of the churches, but also the detected acoustic conditions in the churches led to the definition
of the requirements and constraints that ultimately governed the process of acoustic design.

The architectural and ergonomic requirements are focused on retaining the “clean” design, i.e. the implemented acoustic
treatment should be as “invisible” as possible, so that the original architectural design is maintained as much as possible.
In addition, to prevent possible physical damage to the material chosen as acoustic treatment, the material should be
mounted out of reach of the audience. Finally, the proposed solution should not significantly reduce the floor space of the
church.

Acoustic requirements stemmed from the results obtained from the measurements. The principal requirement is that the
proposed solution must provide considerable low-frequency absorption, as in their current state there is very little
absorption in that frequency range, which is reflected in a very long reverberation time. In addition, the proposed acoustic
treatment should result in acoustic conditions that are 1) appropriate for the solemnity of Catholic liturgic rituals, and 2)
controlled enough to provide sufficient speech intelligibility with the use of an appropriate sound reinforcement system.
Consequently, the decision was made that the target values of reverberation time in empty churches should be in the range
between 2.5 seconds and 3 seconds, depending on volume. Finally, the proposed solution should yield stable acoustic
conditions in the church, i.e. the reverberation time should not change drastically depending on occupancy.

2.5 Proposed acoustic treatment solutions

To accommodate the requirements and design constraints described in the previous section, acoustic treatment solutions
implemented in all four churches rely on systems based on solid and perforated gypsum boards mounted with a shift from
the base surface of a wall or a ceiling, thus forming an air gap in between, to be partially or fully filled with mineral wool.
The described solution is chosen as it provides considerable absorption, and with a large enough gap, significant low-
frequency absorption is obtained as well. Visually, the gypsum boards maintain the required architectural cleanness of
the interior. However, as the pattern of perforations can be visually engaging, especially from up close, the decision was
made to not implement it on the front wall of any of the churches, i.e. behind the altar, as the visual focus of the audience
is maintained on that part of the church over the entire duration of liturgical ceremonies. Instead, acoustic treatment was
placed on lateral and/or back walls, and/or selected ceiling surfaces.

Regarding the specifics of individual solutions, Figure 2 shows the acoustically treated surfaces of the churches, displayed
in the visualizations of their interior, as viewed from the altar into the nave.
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Figure 2: Acoustically treated surfaces in church 1 (top left), church 2 (top right), church 3 (bottom left), and church 4
(bottom right)



In church 1 (top left in Figure 2), gypsum boards with quadratic perforations spaced in the 12/25-mm raster were
implemented on the entire length of the balcony parapet facing the nave, and on the selected sections of the back walls,
as depicted with dark purple colour. The total construction height TCH (the distance between the surface of the gypsum
board and the base surface) was set to 200 mm. In total, 113 m? of the described material was applied. In addition, 83 m?
of 50-mm-thick melamine foam panels was applied to two selected sections of the ceiling for additional mid- and high-
frequency absorption. In this particular church, measured low-frequency reverberation was not as pronounced as in other
churches, as it was already partially controlled with the existing lightweight ceiling finished with solid gypsum boards.

In church 2 (top right in Figure 2), the same perforated gypsum boards as in church 1 were implemented on the entire
ceiling of the main nave. With the TCH set to 400 mm, the proposed solution provides considerable low-frequency
absorption. Being far above the audience, the acoustic treatment is out of reach and is virtually invisible, as required. The
total surface area to which the acoustic treatment was applied is 231 m?.

In church 3 (bottom left in Figure 2), gypsum boards with circular perforations spaced in the 12/25-mm raster were
implemented in two different mounting variants in terms of 7CH. In particular, the TCH of 200 mm was applied on
selected sections of the ceiling and on the back wall on the first floor (choir space). Due to space constraints, a smaller
TCH of 65 mm was applied on the two sections of the back wall spanning from the floor of the nave to the ceiling. In the
former case, the treated surface area is 212 m?, and in the latter it is 67 m?>.

Finally, in church 4 (bottom right in Figure 2), acoustic treatment was applied to both lateral walls and the selected section
of the back wall. The core of acoustic treatment are again the gypsum boards with quadratic perforations spaced in the
12/25-mm raster, mounted at the 7CH of 200 mm at 230 cm above the floor, up to the ceiling. To provide additional low-
frequency absorption and a continuous surface of the finished wall, solid gypsum plates were mounted at the same 7CH
in the lower zone, i.e. from the floor level to 230 cm above the floor. The total surface area finished with perforated plates
is 520 m?, while the solid plates cover 152 m? of wall surfaces.

It is important to note that the decision-making in the acoustic design process was not left entirely to the authors. Certain
surfaces in the church interior were made off-limits by the clients for application of acoustic treatment, for a variety of
reasons. In addition, several possible design solutions were considered for each church, and auralisations were made for
each solution. They were then presented to the clients, thus involving them in the design process by providing them with
the opportunity to listen to the designed acoustics and express their own preferences.

3  Results

3.1 Reverberation

Acoustic conditions in the churches before and after treatment are presented in terms of reverberation time 73o.

The values obtained from measurements in the present, untreated state in unoccupied conditions are initially presented.
Subsequently, the values obtained from calculations are presented alongside. The calculated values of 739 in empty
churches before treatment were obtained as the result of the calibration procedure based on measured data. In addition,
the contribution of the audience was examined in the present, acoustically untreated state of the churches. Finally, the
influence of the proposed acoustic treatment was examined both in the unoccupied and the occupied state of the churches.

The values of the single-number mid-frequency reverberation time 7T30mia Were calculated for all churches in all five
investigated cases according to [4] and are shown in Table 1. The frequency-dependent values of reverberation time T3
are shown in Figure 3 for all four churches, and for all investigated cases.

Table 1: Single-number mid-frequency reverberation time 73o,miq for all investigated cases

Measured Simulated
Church Before treatment After treatment
Unoccupied Occupied Unoccupied Occupied
1 5.95 5.41 3.09 2.90 2.26
2 5.15 5.22 2.75 2.71 2.41
3 6.24 6.26 3.35 2.17 1.70
4 6.76 6.81 4.99 3.02 2.51




The values of single-number reverberation time 730mia shown in Table 1, as well as the frequency-dependent values of
T30 shown in Figure 3 reveal that the reverberation in all four churches in their present state is excessive by any criteria
for a contemporary house of worship. As shown in Figure 3, the calibration of the models of the churches yielded a very
good agreement between the measured and the calculated values for churches 2 and 4, while some discrepancies were
observed for churches 1 and 3. In churches 1 and 2, the presence of the audience in the churches in their present state
essentially reduces the reverberation time at middle and high frequencies to the target values set for empty churches after
acoustic treatment. In churches 3 and 4, which were more reverberant to begin with, the observed reduction is still present,
but is not so pronounced, making the absolute best scenario in the current state (fully occupied church) still considerably
worse than the worst-case scenario (empty church) after acoustic treatment. In all four churches, the presence of the
audience has a limited influence on low-frequency reverberation, thus stressing the need for a considerable amount of
additional low-frequency absorption to be introduced into the interior of the churches by the designed acoustic treatment.
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Figure 3: Reverberation time T30 in church 1 (top left), church 2 (top right), church 3 (bottom left), and church 4
(bottom right), a) measured in unoccupied churches in their current state (dashed blue line), b) calculated for untreated
churches in the unoccupied and occupied state (dashed and solid red lines, respectively), and c) calculated for
acoustically treated churches in the unoccupied and occupied state (dashed and solid green lines, respectively)

As shown by presented data, the proposed measures of acoustic treatment resulted in a considerable reduction of
reverberation time in all four churches. The target values of mid-frequency reverberation time were met in all churches
except for church 3, which is the smallest of the four, and as such can benefit from additional control of reverberation.
Regarding the frequency dependence of reverberation time, low-frequency reverberance is still somewhat pronounced in
all churches except church 2, as the only one in which the placement of acoustic treatment on the ceiling allowed a large
total construction height of 400 mm, thus providing high low-frequency absorption. Church 2 also offers the most stable
acoustic conditions, as the change of occupancy from an empty to a fully occupied church results in the relative decrease
of the mid-frequency reverberation time of only 11%, whereas in churches 1, 3, and 4 this decrease was found to be larger
but still acceptable, reaching 22%, 22%, and 17%, respectively.



3.2 Speech intelligibility

The speech intelligibility in the four investigated churches after acoustic treatment was assessed according to the IEC
60268-16:2020 standard [5], in terms of the speech transmission index S77 calculated in the audience areas defined
according to the layout of the pews used by the seated audience for unoccupied and occupied conditions. To accommodate
the fact that sound reinforcement systems exist in all four churches, the calculations of the S77 were made using the
loudspeakers in those systems as sound sources. As shown in Figure 4, all sound systems are based on a basic left-right
configuration of the main loudspeaker pair mounted at both sides of the altar. In churches 2 and 3, the main system is
complemented with additional loudspeakers that cover the parts of the audience areas that are not adequately covered by

the main system.

The spatial distribution of the S77 in the audience areas for all investigated cases is shown in Figure 4.
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Figure 4: Speech transmission index S77 calculated for all four churches (top to bottom: church 1 to church 4) after
acoustic treatment in the unoccupied (left) and occupied (right) state using existing sound reinforcement systems; the
altar position is to the left, the main entrance to the churches is to the right
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The summary statistics of the S77 that complements the presented spatial distributions is shown in Table 2.

Table 2: Summary statistics of the speech transmission index S77 for all investigated churches after acoustic treatment

Percentile
Church Occupancy .

min 5 10 25 50 75 90 95 max

! unoccupied 0.51 0.53 0.54 0.56 0.57 0.58 0.59 0.60 0.63
occupied 0.58 0.60 0.62 0.65 0.67 0.68 0.69 0.69 0.73

5 unoccupied 0.48 0.49 0.50 0.51 0.54 0.55 0.57 0.58 0.61
occupied 0.53 0.55 0.56 0.58 0.60 0.62 0.64 0.65 0.68

3 unoccupied 0.53 0.54 0.56 0.57 0.59 0.59 0.60 0.61 0.62
occupied 0.54 0.55 0.55 0.56 0.58 0.59 0.61 0.61 0.62

4 unoccupied 0.49 0.53 0.54 0.56 0.57 0.59 0.66 0.72 0.75
occupied 0.53 0.56 0.58 0.60 0.61 0.63 0.69 0.74 0.77

As shown in Figure 4, in terms of five standard speech intelligibility ratings defined in [5], the proposed acoustic treatment
in all four churches creates a solid basis for achieving fair speech intelligibility at a minimum in the audience areas in the
unoccupied conditions. In the occupied churches, good speech intelligibility is achieved in at least one half of the audience
area in churches 1, 2, and 4, while church 3 is an exception of sorts, as the values of the S77 obtained for that church
remain essentially constant, i.e. independent of occupancy.

The summary statistics of the ST/ shown in Table 2 were analysed in terms of a more detailed classification of speech
intelligibility through S77 qualification bands, as defined in [5]. The data reveals that the S77 essentially reaches and
exceeds 0.50 in all four churches, even in the unoccupied conditions, except for marginal parts of the audience area in
churches 2 and 4. In the dominant part of the audience areas, the values of the S77 are found in E (0.56 < ST77 < 0.60) and
F (0.52 < STI < 0.56) qualification bands, if not higher. Thus, speech intelligibility is essentially sufficient for conveying
complex messages in a familiar context, as a description that fits Catholic liturgy rituals in terms of spoken content.

4  Conclusion

The trend of oversimplistic architectural design of modern churches in Croatia that results in poor acoustic conditions is
yet to be overturned. Poor acoustic conditions in Croatian churches are predominantly dealt with after the completion of
a church, primarily by installing dedicated sound reinforcement systems designed to counteract the effects of excessive
reverberance, usually with limited success. Although considerably more costly, improvement of acoustic conditions in
churches by adequate acoustic treatment proves to be the only viable solution in the long run. Ultimately, such an approach
improves the overall acoustic comfort in a church and provides a basis for achieving adequate speech intelligibility for
the audience as the crucial requirement for liturgic rituals based on the spoken word. The authors of this paper work
tirelessly on raising the awareness of the importance of acoustics in churches and its timely inclusion into building design.
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