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Abstract: This study investigates the indoor acoustical characteristics of a Middle Byzantine masonry
church in Cappadocia. The Bell Church is in partial ruins; therefore, archival data and the church’s
remains are used for its acoustical reconstruction. The study aims to formulate a methodology for
a realistic simulation of the church by testing the applicability of different approaches, including
field and laboratory tests. By conducting qualitative and quantitative material tests, different tuff
stone samples are examined from the region. Impedance tube tests are performed on the samples
from Goreme and Urgiip to document their sound absorption performances. Previous field tests on
two sites in Cappadocia are also used to compare the sound absorption performance of tuff stones,
supported by acoustical simulations. The texture, physical and chemical characteristics of the stones
together with the measured sound absorption coefficient values are comparatively evaluated for
selecting the most suitable material to be applied in the Bell Church simulations. The church was
constructed in phases and underwent architectural modifications and additions over time. The
indoor acoustical environment of the church is analyzed over objective acoustical parameters of
EDT, T30, C50, C80, D50, and STI for its different phases with different architectural features and
functional patterns.
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1. Introduction

Archaeoacoustics is an interdisciplinary field that focuses on the understanding of
acoustical qualities of archaeological sites. Developments in technology have enabled
researchers to document and discuss various soundscapes: acoustic environments based on
functional context and perception by humans [1]. Scholars who are interested in archaeoa-
coustics try to gather non-material pieces of evidence from the human past, as a contextual
acoustical study of a space can reveal a number of important features regarding the function
of the space and the people that inhabited it. Acoustics can bring us invaluable information
about intangible parts of a culture such as music, ritual and religion [2]. Consequently, it
becomes relevant to enrich the academic discourse on the use of Middle Byzantine spaces
in Cappadocia, a region in Central Anatolia, through an archaeoacoustic study.

Cappadocia is a region in Turkey. The region is known for its idiosyncratic volcanic
landscape, and is marked by the present-day cities of Aksaray, Nevsehir, Kayseri, and
Nigde. Most of the surviving rock-cut and masonry structures in the region correspond to
the Middle Byzantine period, especially to the ninth to eleventh centuries [3]. The rock-cut
structures of Cappadocia are listed UNESCO World Heritage Sites.

A number of historical structures have been acoustically reconstructed by means of
simulations in order to evaluate the spaces” acoustical characteristics for those locations
that cannot be field-tested due to restorations, limited time permissions or for in-depth
sound field analysis [4-9]. For instance, the acoustics of the buildings from Greek antiquity,
such as the Temple of Zeus, have been explored using computer-aided simulations and the
results indicate that due to the high reverberance as well as low clarity and intelligibility
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of the space, the temple is more apt for the performance of hymns and ritual songs rather
than speech communication [10]. The acoustic properties of Benevento Roman theatre
from A.D. 2 [11] and the little theatre of Pompeii, also known as the “Odeon” [12], have
been predicted using ray-tracing simulations by evaluating some of the major acoustical
parameters such as EDT, T30, C80, etc. Furthermore, the Roman theatre of Posillipo in
Naples has excellent speech comprehension, which has been tested through both field
measurements and a virtual model [13].

Similarly, the acoustic make-up of churches has also been virtually recreated; these
studies include a domus and basilica [14], the Romanesque cathedral of Santiago de Com-
postela [15], and the Maior Ecclesia in Cluny [16]. All these studies analyze the acoustic
performance of these spaces in regard to liturgical celebrations and other religious music.
Virtual aural reconstruction is also used to analyze the three-choir configurations that have
been employed in the Cathedral of Granada, Spain [17]. A similar technique is used to
document the soundscape of a 14th century Spanish church, which was abandoned in 1836
and is currently in ruins [18]. The effect of occupancy and festive decorations on the acous-
tics of a church from the Baroque Period (San Petronio Basilica) reveals that during festive
seasons of the era, the church would have significantly reduced reverberation times [19].

The study is one of the first archaeoacoustic studies pursued in Cappadocia, which is
a region that has always been a topic of academic discourse. With archaeoacoustic studies
that would bring forward intangible aspects of the Middle Byzantine Cappadocian life, the
region, its people and their lifestyles can be better understood and documented. In order to
contribute to the acoustical archive of historical sites, this study aims to analyze the indoor
acoustical climate of the remains of a Middle Byzantine masonry church (Bell Church) in
Cappadocia by means of virtual reconstruction of its aural environment. The methodology
covers ray-tracing room acoustic simulations, which are supported by previous field
tests conducted in different structures of the nearby region, and impedance tube tests for
determining the sound absorption characteristics of tuff rocks. The study compares the
changes in the acoustical performance of the church over its two phases of construction by
using available drawings of the original states. Gathering the sound absorption coefficient
data of the material, which is predominantly tuff rock, is the most challenging part of this
research. In this regard, field tests of other structures from the same region (Hallag Church
and Avanos Dining Hall) [20] and their simulations, as well as impedance test results of tuff
stone samples from different areas of the region are compared for their further application
in the church’s simulations. This paper is structured as follows. Section II sets out the
historical and architectural features of Cappadocia and the Bell Church. Section III gives
details of the methodologies used for collecting and analyzing the data, ray-tracing model
implementation and calibration, and impedance tube tests. In Section IV, the results are
discussed in detail. Section V concludes the paper by emphasizing the major findings.

2. Historical and Architectural Description of Cappadocia and Bell Church (Canl: Kilise)

Cappadocia is registered as a mixed natural and cultural heritage site by UNESCO and
is located in Central Anatolia. The Cappadocian region is composed of a number of towns
that are known for their characteristic rock-cut structures (Figure 1). The majority of the
structures date back to the 9th and 11th centuries, when there was a peak in construction
activities especially between the end of the Arab invasion in the 10th century and the
gradual takeover by the Seljuks by the end of the 11th century [21] when Cappadocia
remained a provincial settlement under the rule of the Byzantine Empire.

There exist a number of problems that hinder comprehensive understanding of the
settlement patterns of Byzantine Cappadocia and archaeological fieldwork conducted in
the region remains limited. One of the main problems is the lack of any textual evidence
that comes from the region [22]. However, there is a plethora of physical study material
in the form of Cappadocia’s signature rock-cut structures which are studied in an inter-
pretative way to understand their functions and the people of the time. Therefore, studies
concentrating on different perspectives would contribute to a better understanding of such
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spaces of the Byzantine Cappadocia. One such physical character is the indoor acoustical
climate of these spaces. This study is an attempt to understand the context of the use of a
Middle Byzantine church, the Bell Church (Canli Kilise), in Cappadocia through acoustical
reconstruction of the partially demolished structure based on the available data.

Figure 1. A map of the towns in Cappadocia taken from Google Maps. A similar map has been used
by Oztiirk [3], p. 137.

The Bell Church settlement is located on the outskirts of present-day Aksaray, Turkey.
The church stands aloof from the rest of the settlement (Figure 2). According to Ousterhout,
as opposed to the perspective of previous scholarship, the Bell Church region was not a
monastic center; instead, the region had a significant residential and military character [23].
The church is located on a hilltop, at the edge of the settlement; and was the main church
of the settlement. The church is considered unique because it is one of the few churches in
the Cappadocian region that is a masonry construction as opposed to being carved out of
the volcanic tuff, as is the case of the Halla¢ Church [21]. Furthermore, the Bell Church is
known to have undergone alterations and additions in the time span of its use; hence, it is
significant to compare the indoor acoustical changes of the church over time.

The church was built in three main phases [23]. Phase I of the church only included
the main structure, the naos, which is approximately 9.2 m?, and was constructed in the
early eleventh century [22]. The second phase of the church included a narthex to the south
and the north, while during the third phase of the construction, a parekklesion (side chapel)
was added to the church [23]. Figure 3 shows the two main phases of construction on which
this study focuses.

The naos, with three apses on the east, has four central piers that supported the dome
until the twentieth century. The dome holds immense importance as it was the only Middle
Byzantine dome in Cappadocia that survived and could be documented in the 20th century.
Although the dome does not exist today, it is known to have been approximately 16 m in
height. While the drum of the dome was decorated with slit windows, it was smooth on
the inside [24]. The plan of the cross-in-square church remains compact, a characteristic
that is in line with the local practice. Almost all Cappadocian churches are more compact
versions of examples from Constantinople [22,25].
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Figure 2. (a) An exterior view of Bell Church; (b) an interior view of the main church space (naos)
with three apses; (c) the entrance hallway (narthex) of the church.

Phase I of Construction 0 5m
[ Phase II of Construction

Figure 3. Plan and section drawings of the Bell Church showing its two phases of construction.
Drawn by the authors based on the drawings from Ousterhout [22], pp. 92, 94.

The church’s underground structures, the finely detailed facades, the faceted apses,
and thick mortar beds all affirm the notion that the design of the church comes from
Constantinople, and a few builders must have received their training in the capital, while
the rest of the work was carried out by a local workforce [23,26]. There are some striking
similarities in the design of the church with the churches of Constantinople, although there
are a few aspects that make Bell Church different. Instead of using brick for the entire
thickness of the walls, stone and brick have been utilized as revetments for a rubble core.
The vaulting of the church is also made of stone, which reflects the local construction
technique of the region [22]. Therefore, the limited use of bricks in the facade indicates
the possibility of the bricks being imported in order to create a prominent landmark in
Cappadocia, as a reminder of the center, Constantinople. The limited use of bricks in the
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arches of the slit windows on the interior wall surfaces has a trivial effect on the indoor
sound field of the church.

The architectural typology of the Bell Church is a simple cross-in-square composition
that was developed from a single nave after the addition of two lateral naves. This archi-
tectural composition was common in Middle Byzantine churches [27]. Similarly to the St
Nicholas Monastery of Mesopotamia which was constructed in 1224 [28], the Bell Church is
built on top of a hill and consists of one interior volume that has been divided by columns
and arches. As opposed to four domes of the St Nicholas Monastery of Mesopotamia, the
Bell Church has only one dome with a tall drum and slit windows.

The naos of a Middle Byzantine church was utilized during liturgical practice for
congregational purposes. The practice would involve a congregation of people and clergy
in the church [29]; some parts of the Divine Liturgy were composed of a dialogue between
the two groups. Singers used to be a distinguishing part of the congregation and they had
fixed places in the church; the choir would either be on an ambo, an elevated platform in
the naos, or divided into two groups on either side of the center of the naos. Other than the
Divine Liturgy, other regular and intermittent services were also celebrated; these services
would range from baptism and marriage to simple prayers that would address a specific
need of the people such as curing a sickness. The Byzantine liturgy was composed of a
variety of services to praise God and saints. The rites would be expressed in speech, text,
and song. Furthermore, movement was also an important part of a few rituals such as the
Divine Liturgy, where the congregation would meet in the church, go around the town, and
gather at the naos of the church again [29]. In order to decipher the auditory environment
during liturgical practices in terms of the effects of the physical features of the space, the
sound field of the main church is searched in detail within this study.

Instead of a permanent separation between the sanctuary and the naos, it is possible
that a wooden screen (templon) was used during times of liturgy in the Bell Church [22],
which would block any visible connection while maintaining an aural connection between
the clergy and the congregation [30]. The purpose of the templon was to reinforce the
sacredness of the holy space by separating the clergy from others who would just attend
the services from the naos [29]. Therefore, in this study, the screen is included in the naos
before carrying out acoustical simulation tests on the church in order to mimic and/or
generate a more realistic reconstruction of the church’s acoustic environment.

This study also documents the acoustics of the church with the additional features of
Phase II, which mainly included a double-storied southern narthex with a wooden roof [23]
(Figure 3). According to Ousterhout, based on the iconography of the paintings in the naos,
a painter from the center of Constantinople must have been hired by the patron of the
church to do the job. It is possible that the painter would have reached the area well after
the completion of Phase II [22]. Therefore, based on this theory, the study includes a virtual
and aural study of the Phase I construction (naos) with and without the paintings found
on the interior surfaces. These paintings were made with the application of a very thin
layer of plaster on the interior walls, which could be the reason behind the present-day
deterioration of the paintings [23]. The study documents the acoustics of the church from
both Phase I and Phase II, to evaluate the aural performance of the space over time.

3. Materials and Methods

The data collection of the study has been conducted in two main parts. The Bell
Church has been virtually and aurally reconstructed using computational 3D-modeling
tools based on the information from available archival data (drawings, etc.) [22-24] and
on-site measurements of window slits and wall thickness. Impedance tube tests have also
been performed on two rock samples from two different towns of Cappadocia. By dint of
ray tracing, the church’s acoustic environment has been documented and analyzed.

In order to have a more reliable acoustical analysis of the church, it is important
to document the sound absorption performances of the building material. Due to the
archaeological significance of the masonry blocks at the Bell Church, the blocks could not
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be taken from the nearby site for a material analysis. However, rock samples from three
different regions of Cappadocia, Goreme, Urgﬁp, and Hallag (Figure 1), were collected.
These samples are all tuff stone, which is the characteristic rock type of the region. The
sample collection areas house a number of rock-cut churches. For instance, the Hallag
Complex is a mid-eleventh century complex that has almost entirely been carved out of
living rock and Halla¢ Church is a cross-in-square church on the east of the main courtyard
of the complex [21]. Apart from material tests of the rocks from these sites, previously held
field tests held in Halla¢ Church and Avanos [20] are used to tune the acoustical models of
selected structures. The field test tuned acoustical simulations aid to identify the sound
absorption performance of tuff rocks.

3.1. Impedance Measurements

For the samples from Géreme and Urgiip, impedance tube (S.C.S. Kundt Impedance
Tubes) tests are performed (Figure 4). Kundt / TL Tubes (S.C.S) measure absorption
coefficient, standard impedance, characteristic impedance and transmission loss as a func-
tion of frequency. A two-microphone-transfer function method is applied, according to
ISO 10534-2:1998 [31]. The double-tube setup of the sound absorption measurements in-
cludes small and large tubes. The small-tube setup is composed of small-sized (28 mm)
devices for measurements of acoustic properties in the high frequency range (800 Hz to
6300 Hz), while the large-tube setup is made up of larger tubes (3100 mm) and is used for
measurements in the low frequency range (50 Hz to 1200 Hz).

@

Figure 4. (a) A diagrammatic view of Kundt Impedance Tubes; (b) the Kundt Tube setup used in
the study.

The Kundt Tube method has been proven to be an efficient and faster method to
calculate absorption coefficients of sound-absorbing materials than both Standing-Wave-
Ratio (SWR) and reverberant room methods [32,33]. Another reason to use the Kundt Tube
method is the fact that large samples cannot be brought into the reverberation chambers
for sound absorption coefficient measurements.

For this study, two types of samples are prepared for each rock, collected from three
different areas of the region. For the low-frequency measurements (100 mm samples), rings
of cardboard have been stacked to create a mold to hold the tuff stones. The corners of the
mold are filled with the same tuff stone to reduce air gaps. For the high-frequency samples
(28 mm samples), a steel mold has been filled in with the rock tuff. Since the rock samples
are porous, an acoustically transparent piece of cloth has been used on both ends of the
mold to ensure that the material stays compact (Figure 5). For the low-frequency setup, the
rock samples have been cut to fit in the mold, just like a masonry block. Therefore, the tuff
is primarily in the shape that was used in the construction of the rock-cut spaces. However,
for the high-frequency setup, fragments of the tuff stone have been put together to fill the
mold. The method is considered appropriate due to the presence of air spaces in the porous
rock materials. The inability to clearly cut the rock samples for the high-frequency setup is
a limitation of this study. Each sample, for both low- and high-frequency setups, has been
tested in the tube 10 times to ensure the repeatability and accuracy of the results.
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(b)

(d)

Figure 5. Goreme rock sample (a) for low-frequency setup; (b) for high-frequency setup; Urgiip rock
sample (c) for low-frequency setup; (d) for high-frequency setup.

The rock sample from Hallag¢ Complex has also been brought to study its acoustical
properties (Figure 6). The sample cannot be used for impedance tests as it could not be
cut in the proper shape to fit into the tube due to the hardness of the material. As Figure 6
shows, the rock sample cannot be cut using the same cutter that has been used for the
rock samples from Goreme and Urgiip. Accordingly, there are basically two types of
tuff stones which are different due to their changing porosity and stiffness. This may be
due to their exposure to environmental factors as well as different chemical compositions.
Even based on these cutting and shaping experience of the rock samples, it can be said
that the tuff stone samples from different areas of Cappadocia have different physical
properties due to their different compositions or exposure to environmental factors. Hence,
it would be misleading to assume that all the tuff rocks from Cappadocia have similar
acoustical properties, and thus, it is important to document different rock samples and
their absorption coefficients from different locations. In order to better characterize the
samples, Qualitative and Quantitative Mineral Tests were performed on all three samples.
These tests were carried out at the General Directorate of Mineral Research and Exploration
(MTA) in Ankara. The test codes are 35-30-MP-19 (Standard Qualitative Mineral Tests
under XRD Analysis) and 35-30-AJ-31 (XRF analysis) in accordance with TS EN ISO/IEC
17025 Standard. The results of the tests are presented in tables under Section 4.1.1.

3.2. Acoustical Simulations

With the current advancements in computer-aided tools to create virtual 3D spaces, it
has become more convenient to study the acoustics of spaces that are otherwise difficult or
impossible to study. The Bell Church is one such site; the remains of the Middle Byzantine
masonry church include only the four walls that encapsulate the main hall of the church.
Initially, an acoustical model with all the main volumetric arrangements (Figure 5) of the
church was generated.

The acoustical simulations are held by ODEON Room Acoustics Software version 16.08.
The program uses a hybrid calculation system that makes use of both the image-source
method and ray tracing [34].
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Figure 6. Rock sample from Halla¢ Complex, which could not be cut to be used for impedance
tube testing.

The interior surfaces of the church are dominantly tuff stone, according to the informa-
tion gathered from both archival data and on-site observations. For estimating the sound
absorption performance of tuff rocks in order to support or compare impedance test results,
acoustical simulations are utilized. Field test results from two sites in Cappadocia have
been included in this study. As part of a previous study, field measurements have already
been held in the Hallag Church and Avanos Dining Hall [20]. The full set of measurements
are held by using a B&K (Type 4292-L) standard dodecahedron omni-power sound source,
a B&K (Type 2734-A) power amplifier, a B&K (Type 4190ZC-0032) microphone combined
with a B&K (Type 2250-A) hand-held analyzer, and a portable PC. The sampling frequency
of the recorded multi-spectrum impulse is 48 kHz, covering the interval of interest between
100 and 8000 Hz. The impulse response length is kept at 10 s. Noise signals are generated
using DIRAC Room Acoustics Software Type 7841 v.4.1. The same software is also used for
post-processing of the measured impulse responses for all receiver positions. Three types
of signals are tested: E-sweep, MLS, and balloon pop.

3.2.1. Simulations Based on Field Tests

A simplified virtual model of the Hallag Church (estimated volume: 595 m®) has been
created based on the plan drawing by Ousterhout [22] and the geometrical measurements
taken on the site. ODEON Room Acoustics Software version 16.08 has been used for
acoustic analysis. The transition order is set at 2, the room impulse response length is kept
at 5000 ms, with a resolution of 5.0 ms, and the number of late rays is set at 7736. Figure 7
shows images of the church’s ray tracing model and a 3D Open GL view. The same process
is repeated for the Avanos Dining Hall (Figure 8). A simplified acoustical model of the hall
is generated based on the three-dimensional measurements taken on the site (estimated
volume: 123 m?). The calculation setup of the acoustical model is as follows: the transition
order is kept at 2, the room impulse response length is kept at 2000 ms, with a resolution of
2.0 ms, and the number of late rays is set at 1898.

Acoustical parameters and specifically T30 values from the Halla¢ Church and Avanos
Dining Hall have been tuned with the field test results in their respective simulations
with a maximum deviation of 1 just-noticeable-difference (JND), which corresponds to
5% of the value, in order to obtain sound absorption coefficients of the surrounding tuff
stone surfaces [35]. JND is a measure of the smallest perceivable difference of a given
parameter, and is used to accurately correlate subjective sound perception to objective
measurements [36,37]. After tuning, sound absorption coefficients of the rock materials are
noted over octave bands for the Halla¢ Church and Avanos Dining Hall. The tuff stone is
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the dominating material in these spaces; the other materials, such as marble for flooring
and wood for the roof of the narthex, occupy comparatively less surface area.

Figure 7. Halla¢ Church (a) ray tracing model with source (red) and receiver (blue) positions; (b) 3D
Open GL of an interior view.

Figure 8. Avanos Dining Hall (a) ray tracing model with source (red) and receiver (blue) positions;
(b) 3D Open GL of an interior view.

3.2.2. Acoustical Simulation Setup of Bell Church

The architectural drawings (Figure 3) and dimensions recorded at the site have been
used to create simplified computational 3D models of the Bell Church. The simulations
are run on three different models of the Bell Church; Phase I (without frescoes), Phase I
(with frescoes), and Phase II (with frescoes and narthex). In the simulations of the church,
the transition order is set at 2, the room impulse response length is kept at 4000 ms, with a
resolution of 5.0 ms, and the number of late rays is set at 2000.

For the Bell Church, the same materials are used for the floor as in the model of the
Hallag Church. Furthermore, the Hallag Church material (tuff stone type I) is used for the
walls and the dome of Bell Church. Based on the impedance tests and material tuning
through simulation, the materials presented a significantly large difference between their
absorption coefficients. Therefore, the sound absorption properties of the tuff stone type I
were used because of the material’s physical texture, which is similar to the Bell Church’s
masonry blocks. Moreover, the rock samples from Géreme and Urgiip are more porous
than the masonry blocks of the Bell Church, which is why they have not been employed to
the church’s acoustical model. The choice of the material used for the Bell Church in the
simulation is further discussed in the next section.
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In the simulations of Bell Church Phase I (estimated volume: 975 m3), a wooden screen
is added between the apses and the naos to represent an iconostasis [23]. Therefore, the
sound source is placed behind the screen to recreate the acoustical environment during
liturgical practices. Figures 9a and 10a show a ray tracing model and a 3D OpenGL view of
the church from Phase I.

Figure 10. 3D Open GL of an interior view of Bell Church from (a) Phase I; (b) Phase II

For Phase II of the model, a two-storied narthex, with a wooden roof, is added to the
main church space. The estimated volume of the Bell Church Phase IT model is 1200 m3.
Figures 9b and 10b present a ray tracing model and a 3D OpenGL view of the church
from Phase II.

Distribution maps are visual representations of the quantitative probability of an
acoustical parameter in grid form. Therefore, distribution maps of the church are also
analyzed (Section 4.2) in order to see the overall distribution of acoustic quality in the space.
In order to obtain distribution maps for Bell Church simulations, the floor of the naos and
narthex (if present) are divided into a grid of 80 cm to 80 cm, with a height of 1.5 m to
correspond to the average height of human ears.

4. Results and Discussions
4.1. Acoustical Material Analysis
4.1.1. Impedance Test Results

As detailed in Section 3.1, tuff stone samples from Géreme and Urgiip have been
collected for further analysis of their sound absorption performance. These samples can
be different from other samples collected from the same region based on their different
composition. However, as part of this study, it is an attempt to document the characteristic
tuff stone examples from the Cappadocia region. Most of the tuff stone samples from
Cappadocia are comparatively soft and porous, but the sample from Hallag (Figure 6) is
stiff and could not be even cut properly to be tested in the impedance tube setup. Therefore,
qualitative and quantitative mineral tests are conducted on the three samples under study
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to have a better understanding of the physical makeup of the samples. Table 1 shows the
results of the qualitative test, while the results of the quantitative test are summarized
in Table 2.

Table 1. Results of the Qualitative Mineral Test on the tuff stone samples from Goreme, Urgiip,
and Hallag.

Sample Mineral Composition
Goreme Gypsum, kaolinite, clay, calcite, quartz, plagioclase, cristobalite, alkali feldspar, mica, zeolite, amphibole
Urgﬁp Plagioclase, clay, quartz, cristobalite, dolomite, zeolite, alkali feldspar, mica, calcite
Hallag Quartz, plagioclase, clay, mica, alkali feldspar, cristobalite, tridymite, amphibole (little traces)
Table 2. Results of the Quantitative Mineral Test on the tuff stone samples from Goreme, Urgiip,
and Hallag.
Chemical Compounds (%)
Sample
AZa A1203 CaO Fe203 K20 MgO MnO NaZO P205 Si02 Ti02
Goreme 8.9 10.0 2.2 1.2 3.2 0.2 <0.1 0.7 0.1 70.9 0.1
Urglip 6.7 11.3 13 3.0 3.9 0.5 <0.1 1.0 0.1 71.7 0.1
Hallag 42 10.9 2.0 2.8 3.5 0.3 0.1 1.6 <0.1 742 0.2

Based on the results of the qualitative mineral test, the three tuff stone samples are
mainly composed of the same minerals such as plagioclase, quartz, mica, etc. However,
there are some differences in these tuff stones. For example, tridymite is only found in the
sample of Hallag. The difference in the physical properties of the samples could be a result
of the quantitative mineral makeup of the tuff stones. From a chemical point of view, the
samples show comparable differences in the percentages of chemical compounds such as
Na;O, S5i0,, and A.Za in the sample from Hallag (Table 2). The quantitative differences of
chemical compounds in the samples can account for the different textures, porosity, and
hardness of the tuff stone samples.

As a result, the two samples from Géreme and Urgiip are much more porous and
softer than the tuff stone from Hallag, and hence, as mentioned in Section 3.1, impedance
tube tests could be performed on the tuff stone samples from Géreme and Urgiip. The
results of the test are discussed as follows.

Figure 11 shows the sound absorption coefficients of the tested two rock samples
over the octave bands from 125 Hz to 4000 Hz. According to the results, the absorption
coefficient values of the samples are very close to each other, except for 500 Hz, where
the absorption coefficient of Urgiip’s rock sample (0.48) is slightly higher than that of
Goreme (0.39). Maximum sound absorption (0.49) is achieved by the sample from Goreme
at 4000 Hz. These results indicate that the collected and measured rock samples (not the
hard sample that cannot be measured) are highly absorptive (especially with absorption
coefficient values reaching up to 0.50) and can be categorized as absorptive materials
under today’s diverse sound-absorptive material umbrella, which include both natural and
man-made materials. This information is shared for future research on tuff stone and its
potential application in architectural acoustics. However, the impedance tube results could
not be applied to the Bell Church, as the porous samples do not reflect the current tuff in the
Bell Church. For this reason, rather than the tube results, field-tuned acoustical simulation
absorption data of the hard tuff stone (tuff stone type I), obtained from the Halla¢ Church,
are applied to the acoustical models of Bell Church.
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Figure 11. Absorption coefficient (x) values over 1/1 octave bands of the rocks from Géreme and
Urgtip. Maximum sound absorption (0.49) is achieved by the sample from Géreme at 4000 Hz.

4.1.2. Acoustical Simulation Results of the Hallag Church and Avanos Dining Hall

The main reason for generating acoustical models of the Halla¢ Church and Avanos
Dining Hall is to gather information regarding the tuff rocks” acoustical performance. It is
important because even though all the spaces are composed of volcanic tuff, the make-up
of Cappadocian rocks from different regions is generally different based on varying rock
ingredients and physical conditions. In this regard, the test results obtained from MTA
(Tables 1 and 2) prove that hypothesis. The tube results of the tested group of rocks, which
are much softer and more porous in comparison to the Halla¢ stone sample, have shown
very high values of sound absorption. On the other hand, the current rocks of Hallag
Church (Figure 6), in texture and hardness, are much similar to the existing stones of Bell
Church. Thus, a group of simulation studies is necessary for the calibration of the Bell
Church’s acoustical model.

The tuning procedure is explained under Section 3.2. After adjusting the absorption
coefficients of the walls and the ceiling of the church, T30 values close to (with less than
5% difference) the in-situ measurements are obtained (Figure 12). Accordingly, the attained
sound absorption coefficients of the Hallag Church’s interior tuff rock surfaces are listed
in Table 3.

A similar tuning process is held for the Avanos Dining Hall. The sound absorption
coefficient values over octave bands for the rock-cut tuff stone walls and ceiling are tuned
according to the T30 results of the site measurements. After the absorption coefficients are
adjusted to obtain T30 values for the model close to 1 JND (with less than 5% difference) to
the field measurements, the tuning process is completed. The results are shown in Figure 12.
The figure shows that the T30 values of both the field test and the simulated model are
close to each other along the frequency spectrum, except for values at 125 Hz. Even when
the absorption coefficient is kept at a minimum (0.01), the T30 value of the simulated model
remains much shorter than the field test result. The additional energy obtained at 125 Hz
in the field test could be due to the presence of neighboring galleries around the dining
hall. The estimated absorption coefficients of the tuff material (tuff stone type II) around
the walls and the ceiling vault of the Avanos Dining Hall are shown in Table 4.
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Figure 12. T30 values over 1/1 octave bands of the field test and simulated model of (a) the Hallag
Church; (b) the Avanos Dining Hall. T30 values of both the field test and the simulated model are
close to each other along the frequency spectrum.

Table 3. Absorption coefficients () over 1/1 octave bands of the materials applied to the Hallag
Church acoustical model.

Frequency (Hz)
Materials/Locations
125 250 500 1000 2000 4000
Stone (marble)/Floor 0.01 0.01 0.01 0.02 0.02 0.02
100% open to outdoor 1.00 1.00 1.00 1.00 1.00 1.00
Hallag church (tuff stone type I)/Walls & ceiling 0.03 0.05 0.07 0.09 0.11 0.15

Table 4. Absorption coefficients («) over 1/1 octave bands of the materials applied to the Avanos
Dining Hall acoustical model.

Frequency (Hz)
Materials/Locations
125 250 500 1000 2000 4000
Stone (marble)/Floor 0.01 0.01 0.01 0.02 0.02 0.02
50% Absorbent (open door to kitchen) 0.50 0.50 0.50 0.50 0.50 0.50
Avanos dining hall (tuff stone type II)/Walls & ceiling vault 0.01 0.05 0.07 0.13 0.17 0.24

4.1.3. Comparison of Sound Absorption Coefficients Obtained by Simulations and
Impedance Tests

By means of impedance measurements and acoustical simulations, four materials
from different parts of Cappadocia (Géreme, Urgiip, Hallag Church and Avanos Dining
Hall) and their absorption coefficients have been documented. It is essential to compare
the data regarding these materials in order to see the similarities and differences between
their sound absorption performances, as shown in Figure 13. It should also be noted that
impedance tube results are not random incidence measurements, but instead rely on plane
wave propagation; plane wave reflection coefficients can only be estimated. Although this
is a limitation, the tube method is still one of the few techniques to be used in experimental
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analysis when it is not possible to collect the large samples for further reverberation
chamber tests.
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Figure 13. Absorption coefficients (x) of the materials over 1/1 octave bands from the Hallag Church,
Avanos Dining Hall, Goreme, and Urgtip tuff stones. Goéreme has the highest sound absorption,
while the Hallag¢ Church seems to be the most reflective sample.

According to Figure 13, among all the materials under study, Goreme has the highest
sound absorption, while the Halla¢ Church seems to be the most reflective. The sound
absorption values of the samples studied with the impedance tests (Géreme and Urgiip)
have an overall higher sound absorption than the materials obtained from the tuning of
virtual models (Hallag Church and Avanos Dining Hall).

The higher sound absorption performance of the rock samples from Goreme and
Urgiip is initially thought to be due to the fact that they are untouched rocks with higher
porosity. On the other hand, the tuff stones of the Hallag Church and Avanos Dining Hall
are in their current state after the tuff around them had been carved off and the final surface
smoothened. Moreover, over time, the rock materials in these spaces have been in contact
with air, which could have led to the thickening of the surfaces, and hence resulted in their
increased reflectivity.

Originally, the masonry church was constructed of hard gray tuff, set above an ash
layer, which is different than the softer purple tuff which was carved to make the rock-
cut spaces around the neighboring settlement [38]. There are basically two types of rock
samples that have been evaluated: soft and hard. The difference in the hardness of these
rock samples is due to their different mineral compositions. Therefore, due to a lack of data
regarding the hard gray tuff found around the Bell Church settlement, the tuff stone type I
(from the Hallag Church) is used for the surrounding walls and the dome of the masonry
church for its aural reconstruction. The tuff stone type I is chosen for its similar texture and
hardness to the masonry blocks of the Bell Church.

4.2. Acoustical Parameter Results and Comparisons of the Different Phases of Bell Church

The Bell Church, which in its current condition cannot even be assessed by field
tests, can best be understood aurally through the utilization of virtual reconstruction and
acoustical simulations. The common acoustical parameters, as previously utilized in other
archaeoacoustic studies, are also used in this study to assess the acoustics of the Bell Church.

As mentioned before, the Bell Church was constructed in phases. This study docu-
ments the acoustics of three likely states of the church: Phase I (without frescoes), Phase I
(with frescoes), and Phase II (with frescoes and narthex).

For Phase I (without frescoes), the tuff stone type I has been used (Table 3). For Phase I
(with frescoes), the same material has been used for the walls without any traces of frescoes.
In order to account for the frescoes, the sound absorption coefficients of plaster of the Hagia
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Sophia [8] are applied in the simulations. Although the Hagia Sophia and the Bell Church
are from different time periods, the building stands as the closest example from Anatolia.
The main frescoes in the Bell Church are found over the dome of the church, on the three
apses, and the eastern wall. For the iconostasis of the church, a wooden material has been
used. The same material is also used for the roof of the narthex, which is added in Phase
II of the church. The sound absorption coefficient values of the applied materials in the
acoustical models of the Bell Church are summarized in Table 5.

Table 5. Absorption coefficients (x) over 1/1 octave bands of the materials applied to Bell Church
acoustical model.

Frequency Band (Hz)

Materials/Locations
125 250 500 1000 2000 4000
Stone (marble)/Floor 0.01 0.01 0.01 0.02 0.02 0.02
100% open to outdoor 1.00 1.00 1.00 1.00 1.00 1.00
Tuff stone type I/ Walls & ceiling 0.03 0.05 0.07 0.09 0.11 0.15
Fresco paintings 0.13 0.09 0.07 0.05 0.03 0.04
Wooden screen & narthex roof 0.15 0.20 0.10 0.10 0.10 0.10

Early decay time (EDT), reverberation time (T30), clarity (C80), definition (D50), and
speech intelligibility (STI) values are estimated from the room impulse responses collected
from the simulations run on the three models representing three potential phases of the
Bell Church.

Figure 14 displays EDT and T30 values of the three states of the church. For Bell
Church Phase I (estimated volume: 975 m?), an optimum range for liturgical music has
been estimated by applying RT = 0.55 x log10(Vol.) — 0.14 [39]. Accordingly, T30 of 1.5 s
over the mid-range frequencies is optimal for liturgical performances.
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(a) 0.00 . : :
125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz
ST et e 239 | 2.1 1.77 1.51 1.32 1.03
(without frescoes)
----Bell (hu{ch Phase I (with 1.90 179 173 155 1 43 111
frescoes)
---#+- Bell Church Phase II 2.67 2.17 2.00 1.66 1.43 1.11
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2.50 A
z 2.00
) 1.50
1.00
0.50
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frescoes)
++-#++ Bell Church Phase II 247 1.94 1.76 1.44 1.22 0.90

Figure 14. (a) EDT; (b) T30 over 1/1 octave bands for Bell Church acoustical models. The highest
EDT of 2.42 s and a T30 of 1.60 s at the mid-range frequencies is observed in Phase II of Bell Church.



Acoustics 2022, 4

434

The T30 value for Bell Church Phase I (without frescoes) is around 1.44 s over the
mid-range frequencies (Figure 14). Based on this result, the church satisfies the average
value for liturgical music (1.50 s) which would include both speech and music. For the same
phase of the church, an EDT of 1.64 s for the mid frequency range is observed. The bass
ratio (BR) a ratio of the reverberation times of low frequencies over middling frequencies.
The BR for the church is around 1.4. The high BR, as in this case, is a means of augmenting
male voices [9], which should have been an important part of the liturgical practices at a
Medieval Byzantine church.

The second condition of the Phase I Bell Church (with frescoes) Is found to have an
EDT of approximately 1.64 s, and a T30 of 1.39 s over the mid-range frequencies (Figure 14).
The church remains suitable for practices related to liturgy with the addition of plastered
frescoes in the naos. The BR of the space drops to 1.1, which is still a high BR indicating the
bass frequency augmentation.

The Phase II of Bell Church includes the addition of a narthex and the frescoes in both
the naos and the narthex. The estimated volume of the Phase II church is approximately
1200 m3. For this volume, an optimum RT for liturgical music is 1.55 s for mid frequencies.
Figure 14 shows that the church has an EDT of 2.42 s and a T30 of 1.60 s at the mid-range
frequencies. The BR of the church is approximately 1.4 s. Although the church in its Phase
II favors liturgical practices, it has a much higher EDT than Phase I, which means that the
perceived reverberance of the church has increased due to the addition of the narthex. The
Phase II version of the church has become more alive.

Overall, the EDT, T20, and T30 values are close to each other over the whole frequency
range. In most cases, the difference between EDT and RT values is less than 10%. This
signifies that there is an even distribution of sound within the church space in all three
stages of construction and fresco decoration. The T30 of Bell Church Phase II (1.60 s) is
higher than the other two phases (Figure 14). This is due to the addition of the frescoes.
The plastered surfaces in the church are more reflective compared to the tuff stone type I
applied to the church over the mid- and high-range frequencies. Furthermore, the increase
in T30 is also due to the additional volume of the narthex. With the new additions to the
Bell Church the interior space has become more reverberant, but in all cases the decay
rates are high enough and consistent with the optimums defined in the literature of church
acoustics.

The EDT value of St Nicholas’s church is around 2.2 s at 1000 Hz [27]. Bell Church
Phase II has a very similar EDT with 2.4 s over the mid-range frequencies. The higher EDT
values are a result of larger volumes and the presence of frescoes in these churches.

The T30 at 1000 Hz distribution map (Figure 15) of the three states of the Bell Church
shows that there is a fairly uniform distribution of the T30 values that are predicted over
the entire floor of the church as presented by the uniform distribution of the acoustical
parameter value. Bell Church Phase I (with frescoes) has the lowest T30 over the mid-range
frequencies (around 1.39 s). On the other hand, Bell Church Phase II shows the highest
value of T30 in the whole congregational space, with a value of approximately 1.60 s.

C50, C80 and D50 are ratios of early sound energy to late sound energy (50, 80, and
50 ms respectively), where C80 is directly correlated with music while C50 and D50 are
used to analyze speech [40]. The parameters are dependent on the location of source and
receiver. The optimum C50 values for speech-related activities are in the range of —2dB and
+2 dB [41]. The optimum C80 values for liturgical music should be in between —2 dB and
+3 dB for locations in the space that are closer to the source, whereas for larger distances,
the C80 values can be in the optimum range of 0 to +5 dB [42]. The Bell Church is a
comparatively small space; consequently, the optimum range of C80 for nearby locations
(—2 dB and +3 dB) can be utilized. On the other hand, for speech-related activities, the
optimum value of D50 should be higher than 0.15 [43].
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Figure 15. T30 (1000 Hz) distribution maps of (a) Bell Church Phase I (without frescoes); (b) Bell
Church Phase I (with frescoes); (c) Bell Church Phase II. There is a fairly uniform distribution of the
T30 values over the entire floor of the church.

Negative values of C50 are observed during all three states of the church (Figure 16).
Bell Church Phase I (without frescoes) and Phase I (with frescoes) have the same values
of C50 over the whole frequency range, which signifies that the addition of frescoes has
no or minimal effect on the clarity of speech in the space. With the addition of volume,
the church seems to experience lower C50 values over the entire spectrum. However, the
C50 values are not in the optimum range of —2 dB to +2dB over the whole frequency
range. This signifies poor condition of verbal clarity. A similar trend of negative C50
values is observed in other Byzantine churches due to late reflections, which are caused by
architectural features such as vaults and domes [27]. The same reasoning could be applied
for the negative C50 values of Bell Church in all its three different states. Furthermore,
the presence of a wooden screen as a barrier between the naos and the apse also results in
negative values of C50.

For Bell Church Phase I (without frescoes), the simulation results present negative
values of C80 over the whole frequency range. The negative values of C80 indicate the
absence of crisp acoustics in the space. The church is found to have an approximate C80 of
—4.81 in the mid frequency range (Figure 16). The values of C80 increase with increasing
octaves; however, they do not fall in the optimum range (—2 dB and +3 dB), except at
4000 Hz where C80 is —1.20 dB. For D50, the results indicate values lower than 0.15. This
could be accounted by the presence of the wooden screen, which blocks early energy.
Moreover, the low D50 values are also due to the high reverberation in the space. The D50
has a mean value of 0.08 at mid-range octave bands.

For Bell Church Phase I (with frescoes), negative values of C80 over the whole fre-
quency range are observed. With the addition of frescoes, the church is found to have an
approximate C80 of —4.94 dB (Figure 16). The same effect of increasing C80 values with
increasing octaves is also observed. Figure 15 also shows low values of D50, with a mean
value of 0.09 at mid-range frequencies.

For Bell Church Phase II, the mean C80 value is around —5.40 dB. The decrease in
clarity over the different phases of the church is due to the increase in reverberation times.
Similarly to the results from the earlier phases of the church, the D50 values also remain
lower than 0.15 for the assessed octave bands (Figure 16). At the mid-range octave bands,
the mean D50 value is 0.07. D50 values decrease with an increase in reverberation in the
three versions of the church.
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Figure 16. (a) C50; (b) C80; (c) D50 obtained over 1/1 octave bands for Bell Church Phase I & II.
Negative C50 values are observed in all phases of the church. The values of C80 increase with
increasing octaves, with Phase II showing a mean C80 value of around —5.40 dB. The low D50 values
observed are due to high reverberation in the space.

Generally, the energy ratio results show C50, C80 and D50 values lower than the
optimum range in all phases of the Bell Church, mainly due to the blockage (barrier effect)
provided by a wooden screen between the sound source and the receiver, as would be
the practice during a liturgical ceremony in the church. Generally, optimum values of
C80 indicate the ease of noticing differences in musical details of different instruments.
However, it appears that the distinctness of sound is less audible in the Bell Church. It may
be possible that the blurriness of sound could have created a more spiritual environment for
the people visiting the church. It is certain that the invisible sound source and its audible
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effect is much different than the effect in the Hallag Church [20] or any other church that
does not have a templon separating the priest from the congregation. All the phases of the
church have very similar D50 values. The low values of D50 indicate that the church is
not the most suitable space for speech-related activities, which is reasonable as the church
would mainly be used for congregational prayers and ceremonies where both speech and
music must have been employed. The quality of speech in the church is further discussed
in regard to STI scores.

Speech intelligibility can be evaluated by assessment with the Speech Transmission
Index (STI), which is a metric that denotes the quality of speech while considering the
loss of speech articulation caused by reverberation [44]. Figure 17 displays average male
and female STI results of the three states of Bell Church under study. The differences
between the male and female STI values are considerably small in all three states of the
church. The STI values seem to drop with the addition of plaster in the church space, as the
reverberation in the space increases. The lowest STI value is 0.49 (STI male, Bell Church
Phase II), whereas the highest value is 0.53 (STI female, Bell Church Phase I, without
frescoes). STI values between 0.45 and 0.60 are fair for speech intelligibility [39]. Hence, Bell
Church Phase I and Phase II results indicate that the space is only fairly good for speech
intelligibility, which is also supported by the church’s D50 values. Similar results in relation
to speech intelligibility are obtained in other Byzantine churches due to the distortion of
the speech signal in high-reverberation areas [27].
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Figure 17. Male and female STIs obtained for Phase I & II of Bell Church. The lowest STI value
is 0.49 (STI male, Bell Church Phase II), whereas the highest value is 0.53 (STI female, Bell Church
Phase I, without frescoes).

5. Conclusions

Table 3 values to field measurements. After the process is completed, sound absorption
coefficients for the tuff stones in the Halla¢ Church and the Avanos Dining Hall are obtained.
The absorption coefficients of the material from these spaces are found to be much more
reflective than those of the tuff stone samples collected from Goreme and Urgiip, which
have been tested in the tube. After comparing the results of tube tests and tuning of
materials through simulations, the tuff stone of the Hallag Church seems to be the most
plausible option to be used in the simulation of Bell Church because of the material’s
physical similarity to the masonry blocks of the church in terms of texture and hardness.
Hence, in ray-tracing simulations, the absorption coefficient data obtained from the Hallag
Church (tuff stone type I) is applied to the acoustical models of the Bell Church.

Once the acoustical simulations are performed, the results of three states of Bell Church,
Phase I (without frescoes), Phase I (with frescoes), and Phase 1II, are obtained and compared
with each other to see the effect of the architectural changes on the acoustics of the church
over time. First of all, the decay rate results from all three sates of the church show that
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the space is suitable for liturgical practices. As expected, T30 values show an increase
with the addition of plastered frescoes and volume (narthex). Due to a screen between
the source and the receiver, negative C50 and C80 values are obtained over the whole
frequency range, indicating that the distinctness of musical and speech tones in a liturgical
ceremony might not be clear to the listeners. The blurriness of sound in the space may
have created a spiritual atmosphere. STI results denote that the church space, in all its
phases, is fair for speech intelligibility. In general, the results obtained from the simulation
run on the church present a different set of results (low C80 and D50 values) for different
states of the church in its timespan, but these results present the characteristic indoor
acoustical environment of the Bell Church, which, in combination with the unconventional
architecture (e.g., wooden templon) of the church, would have made it a unique space
offering a distinct aural experience.

The main motivation behind the study is to document the soundscape of a Middle
Byzantine built environment in Cappadocia. With the academic discourse on the identi-
fication and functions of the spaces in Cappadocia, an acoustical approach can provide
invaluable information that can help broaden the current literature. The study of the
acoustical environments of Middle Byzantine churches and other rock-cut structures can be
useful in identifying functional patterns of these spaces. Future archaeoacoustic studies can
use the model of this research to study the acoustical performance of remote and/or ruined
spaces. The Byzantine liturgy rites can also be further studied in regard to different churches
and different ceremonial occasions using a similar computational reconstruction method.

To conclude, this study primarily focuses on creating the most proximate represen-
tation of the acoustical climate of a Middle Byzantine masonry church over its different
phases of construction, and it has only been possible by taking into account a couple of
typical methodological approaches and combining them to make a more informed decision.
The challenges of aural and virtual reconstruction of a ruined church are discussed hoping
that the research steps will guide similar future archaeoacoustic studies.
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