Acoustics 08 Paris

Sha

mm)»

n |

@Lcoustics'OS
=2 Paris
June 29-July 4, 2008

www.acoustics08-paris.org

Assessment of Acoustical Characteristics for Historical
Baths (Hammams)

Asuman Aydin, Ayse Tavukcuoglu and Mehmet Caliskan

Middle East Technical University, Dept of Architecture, METU (ODTU), Inonu Blvd, 06531
Ankara, Turkey
caliskan@metu.edu.tr

7219



Acoustics 08 Paris

Comprehensive studies

are necessary to better understand the original acoustical

characteristics of historical baths (hamams) in order to discover the historical technologies
establishing good acoustical performance in these structures and keep their proper functioning
for long periods of time. The study was conducted on Sengul Hamam, a historical Turkish
bath dated to 15 century, belonging to the Ottoman period. Its acoustical characteristics were
examined by using 3D computer modelling and acoustical simulation methods supported by
laboratory analyses. The joint interpretation of the results was done in order to assess the
original acoustical features of historical Turkish baths and acoustical failures related to

unconscious recent repairs.

1 Introduction

The architectural and technological features of the historical
Turkish baths (hamams) should be well-understood in order
to discover their historical technologies establishing good
acoustical performance and also to keep their functioning
for long periods of time. The number of studies on the
analyses of original acoustical properties of historical
structures considering acousto-physical properties of
historical materials remain, however, rather limited.
Comprehensive studies are, therefore, needed, in this
regard.

This study was focused on the assessment of original
acoustical features for historical baths with an emphasis on
microclimatic conditions particular for bath structures, such
as very hot and wet air, and sound absorption
characteristics of historical materials. For this purpose,
Sengul Hamam which is a 15 century Turkish bath, still
representing the continuous experience of Turkish bath
culture in Anatolia, was examined by 3D computer
modelling and acoustics simulation method. The analyses
of acoustics simulation were based on two cases: The first
one was the analysis of AS-IS case representing the present
conditions of the interiors after the structure was repaired
with contemporary cement-based materials. The second one
was ORIGINAL case based on an assumption that the
interiors were repaired with materials compatible with
historical ones. These two cases were evaluated and
compared with each other in terms of basic acoustical
parameters, such as, reverberation time, early decay time,
clarity, lateral fraction, sound transmission index.

2 Materials and Methods

The Sengul Hamam is a typical double bath consisting of
two separate parts for men and women. The volume of
women’s section is 714 m® while the volume of men’s
section is 508 m’. Each bath is composed of basically three
sections: Undressing room, Tepidarium and Caldarium. The
tepidarium and caldarium sections are used for bathing
purposes. An elevated marble platform, “gébektast”,
located at the centre of the caldarium, which is the hottest
surface of the hammam. There are also stone basins (kurna)
in which hot and cold water were mixed to achieve a

desired temperature of water for bathing.

The structure was constructed with stone masonry walls
with brick transitions and brick upper structure. The interior
of the structure has been recently-repaired. The floors of the
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structure and the lower parts of walls were covered with
marble tiles while the remaining wall and dome surfaces
were covered with oil painted cement-based plaster.

In historical Turkish baths, persons, having a bath around
basins and on the elevated marble platform, speak with
each other and sing songs in allegro rhythms, sometimes
accompanied by percussion instruments, such as by tabor.
By this study, the speech and musical performances of an
historical Turkish bath, Sengul Hamam, were, discovered
and then the success of historical acoustical features was
discussed.

The acoustic performance of Sengul hamam’s interiors was
examined both for the women’s part and the men’s part in
order to discover its original acoustical features and to
assess the present situation by taking into consideration the
recent incompatible repairs. The AS-IS case and the
ORIGINAL case were examined in terms of basic acoustical
parameters, such as, reverberation time (RT), early decay
time (EDT), lateral fraction (LF80), speech transmission
index (STI), clarity (C80) [1]. The analyses were done by
3D computer modeling and acoustics simulation method.
Supportive laboratory measurements were performed to
determine the sound absorption properties of the historical
plasters used in historical Turkish baths .The procedures of
the analyses were briefly explained below:

2.1 Acoustical simulation

The study was carried to define the acoustical
characteristics of the caldarium and tepidarium sections of
women’s and men’s parts. Their audial performance was
evaluated by taking into consideration of the volume,
materials use, environmental conditions and positioning of
sound source and receiver. The models of two cases
representing the AS-IS and ORIGINAL conditions were
produced for the analyses of virtual acoustical environment.
Both for the AS-IS and ORIGINAL cases, the floors and the
lower parts of walls were marble-clad and dome lights were
made of 3mm-thick glass. All wall and dome surfaces
remained were assumed to be covered with cement-based
plasters with oil paint for the AS-IS case, while those
surfaces were thought to be repaired with lime-based
plasters compatible with historical ones for the ORIGINAL
case. The models were examined for constant microclimatic
conditions of 40°C and 100%RH. The sound absorption
coefficient data for marble, glass and oil painted cement-
based plaster, required for the acoustical modelling, were
taken from the literature [2, 3] while the empirical data
obtained in this study for the damp historical lime plasters
was used in the acoustical modelling of ORIGINAL case.



During the modelling, a special care was also given to the
geometric forms of spaces, such as domes, vaults, arches.
The 3D computer modelling of the structure was done by
AutoCAD 2007. The analyses of 3D acoustical simulation
were done by using ODEON combined 8.5 software and
based on the acceptation that the sound source was located
at the center of caldarium, on the elevated marble platform,
while the point receiver was 6 m away from the source
(Fig.1). The examination was done for the unoccupied

situation of the structure.

Fig.1. The axonometric view of Sengul hamam (on the left);
the ODEON 3D computer model of its women’s section (in
the middle); ODEON wire-frame model of the section
showing the locations of sound source (red dot) on the
elevated platform of caldarium and of receiver (blue dot)
6m far away from the source (on the right).

The verification of the surfaces whether they were
completely watertight or not, was checked by the ray
tracing method. The mean of the reverberation time for the
receiver position was calculated as the “Global estimate
reverberation time”. The perception of sound by a person
sitting at any place in the caldarium space was simulated by
using the by the “Grid response” calculation method and
the results were mapped in terms of all acoustical
parameters mentioned above. The data was processed for
the octave bands of 63, 125, 250, 500, 1000, 2000, 4000
and 8000 Hz (1/1 octave bands), however, the emphasis
was given to the mid frequency region ,i.e., 500Hz and
1000 Hz sound frequencies which are considered to
characterize acoustical properties of spaces [2-4].

2.2 Laboratory analyses

The relationship between the sound absorption coefficient
of historical plasters and their moisture content was
investigated by means of laboratory analyses. The
laboratory analyses were conducted on historical lime
plaster samples collected from Amasya Hizir Pasa Hamam,
belonging to the same period of Sengul Hamam. The
samples consisted of 3 plaster layers with 3.5 cm-thick in
total and each having similar physical properties, such as
the mean value of 1.27 g/cm3 as bulk density and of 52 %
as effective porosity. Since the interior of the structure is
very humid, the materials should be in equilibrium in such
wet conditions. Therefore, the sound absorption coefficient
values (@) were examined both for dry (), damp (¢gs) and
wet () conditions. When the sample was achieved to a
constant mass at 85% RH, it assumed to be damp with an
equilibrium moisture content of 4% by weight. This is a
reliable situation for the calculations of a value for a
completely damp porous material. When the sample was
left at 100%RH, it assumed to be almost wet with an
equilibrium moisture content of 7.4% by weight. However,
this is not a reliable situation since the pores in the material
were partially filled with water. The g5 value of historical
plasters, therefore, represents the real sound absorption
characteristics of historical plaster. The sound absorption
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coefficients were determined by Standing Wave Method
using an impedance tube. Measurements were carried on
circular-cut dry, damp and wet samples of 70 mm diameter
in the frequency range from 100 Hz to 2 kHz.

3 Results and Discussion

The results were interpreted together in order to evaluate
the sound absorption characteristics of finishing materials
used in an historical Turkish bath, to define its original
acoustical features and to asses the affects of recent
incompatible repairs to its original acoustical features.

3.1 Sound absorption characteristics of
historical plasters used in historical
Turkish baths

The results of the laboratory analysis were summarized in
Fig.2 and Table 1. The experimental data obtained
according to the frequencies of 1/3 octave bands were given
in Table 1, both for the dry and damp historical lime
plasters. In the range of mid-frequency (between 500 and
1000 Hz), the ¢, and the ogs of the historical plaster layers
were determined to be in the range of 0.20 to 0.29 with a
mean value of 0.25 and 0.15 and 0.29 with a mean value of
0.21, respectively (Table 1). Except for the 500 Hz
frequency band, the dry and damp samples were observed
to have similar sound absorption characteristics. The a9y of
the historical plaster layers, however, was lower than those
of dry and damp samples, being in the range of 0.08 to 0.18
with a mean value of 0.13.

Those results were compared with the other finishing
materials used in Sengul Hamam, as shown in Fig.2, by
using the data in the frequency of 1/1 octave bands. The a
of historical lime plaster layers in dry, damp and wet
conditions, was found to be considerably higher than those
of oil-painted cement-based plaster, marble and glass
surfaces. Considering the real moisture content situation of
the historical plasters for the ORIGINAL case, the historical
sample, with the ags value of 0.21, exhibited almost 7 times
greater sound absorptive capacity than the cement-based
one, having an average « of 0.03 in the range of mid-
frequencies [2,3,5].

Historical
Lime
Plaster

Frequency, Hz

100 125 160 200 250 315 400 500 630 800 1000 1250 1600 2000
d4  0.080.100.100.190.12.0.19 0.24 0.25 0.20 0.26 0.29 0.31 0.30 0.33
g5  0.410.130.110.260.140.150.120.17 0.150.22 0.29 0.29 0.37 0.30
199 0.090.06 0.06 0.10 0.08 0.09 0.12 0.09 0.18 0.08 0.17 0.08 0.14 0.15

Table 1 The sound absorption coefficient values for the dry
(atq), damp (aigs) and wet (@;99) historical lime plaster
versus the frequency of 1/3 octave bands.

It is well known that cement-based materials are
incompatible with the historical materials since they
introduce dampness and soluble salts problem to the
historical structures [6-8]. By this study, it was also
confirmed that the contemporary cement-based plaster was
incompatible with the porous historical lime plasters in
terms of acoustical properties as well. Due to their
considerably low sound absorption characteristics, cement-
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based plasters seemed to definitely-destroy the original
acoustical features of historical baths’ interiors.
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Fig.2 Comparison of sound absorption coefficients of

marble, glass,

oil painted cement-based plaster and

historical lime plaster versus frequency, Hz. The data for
marble, glass, oil painted cement-based plaster were taken

from the literature [2, 3].

3.2 Original acoustical features of Sengul

Hamam

The original acoustical features of the Sengul Hamam, both
for the men’s and women’s sections, were defined in terms
of RT, EDT, LF80, STI and C80 values. The data obtained
from the analyses of ORIGINAL case, were evaluated
according to the optimum values, given in the literature [2-
4, 9] for a satisfactory speech and musical performances.

The average RT values of the women’s section were
determined to be 3.2s in mid frequency while it was 2.6s for
the men’s section (Table 2). Due to the larger volume of the
women’s section, its RT was longer than the men’s section.
These were the results obtained for the unoccupied situation
of the interiors. In Fig.3, the RT values between 1.5s and
2.5s shows the optimum range for the speech and musical
performances; the RT values between the 2.5s and 3.5s
shows the range for the fuller and richer musical sound
while some loss of articulation may be expected in speeches
[4, 10]. When compared with those desirable reverberation
times classified by Nave & Nave [4], both men’s and
women’s sections had R7T in acceptable ranges for the

purposes of speech and music.

Women'’s Section

Men's Section

ORIGINAL Case ORIGINAL Case
Frequency Frequency

Acoustical 500 1000 Average 500 1000 Average
Parameters Hz Hz Hz Hz Hz Hz
RT,s 3.8 2.6 3.2 3.8 1.4 2.6
EDT,s 3.3 2.3 2.8 35 1.6 2.6
C80, dB 43 23 -3.3 -4 0.5 -1.8
LF80 0270 0265 0.268 0.305 0.317  0.311
STl 0.38 0.40
Volume, m® 713.75 508.17

Table 2 The results of RT, EDT, C80, LF80, STI values at
500 Hz and 1000Hz for the women’s & men’s sections of
Sengul Hamam calculated for the ORIGINAL case in
unoccupied conditions, and the averages of those values

taken at 500 and 1000 Hz.
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Fig.3 The RT curves of men’s and women’s sections of
Sengul Hamam, calculated for ORIGINAL and AS-IS cases
in unoccupied conditions, versus the frequencies between
63 Hz and 2000 Hz.

The EDT values were calculated to be almost the same as
the RT values, showing that a proper sound diffusion was
achieved at the interiors of the structure (Table 2).

The average values of LF80 in mid-frequency were found
to be 0.27 to 0.31 for women’s and men’s sections,
respectively (Table 2). Those values fell into the upper
limits of acceptable ranges of 0.1 to 0.3 [11, 12]
corresponding to the LF80 values preferable for halls. The
higher values of LF80 obtained for Sengul Hamam
exhibited that impression of being surrounded or enveloped
by sound was strong due to the lateral reflections coming
from the marble-clad reflective side walls.

STI is a measure of intelligibility of speech, dependent upon
the background noise level, the reverberation time and of
the size of the space, and its rating varies from 0
(completely unintelligible) to 1 (perfect intelligibility) [3,
13]. According to the intelligibility rating given in the
standards, both the women’s and men’s sections were found
to have poor speech intelligibility with the S77 values of
0.38 and 0.40, respectively, showing the difficulty in
understanding of speech (Table 2). These poor ST7 values
were due to the average RT values of 2.6 and 3.2
determined for the men’s and women’s sections,
respectively, which were above the desirable ranges of 1s to
1.5s for a good articulation of speech defined in literature
[3- 5]. The large volume of the domed/vaulted structure and
hot and humid microclimatic conditions should have also
influenced the S77 values, consequently, reduced the
intelligibility of speech.

The average C80 values in mid-frequency were found to be
-3.3dB and -1.8dB for the women’s and men’s sections of
Sengul Hamam, respectively (Table 2). These values
seemed to fall into the acceptable range of +4dB to -4dB,
providing preferable musical clarity [3, 14]. It is also well-
known that the RT values above 2.5s and the C80 values in
betweeen 0dB and -4dB designate a richness and fullness of
sound [3, 4, 14]. The RT values of Sengul Hamam, being
slightly above 2.5s, together with its C80 values being in
the preferable ranges, proved the presence of successful
acoustical features in an historical Turkish bath, particularly
for musical activities.

According to these results, Sengul Hamam was originally
found to have quite well-designed acoustical features in
terms of basic acoustical parameters. A conscious use of
historical plasters having high sound absorption properties



also signalled the experience of materials technology
achieved in the past.

3.3 The effect of recent repairs to their
acoustical features

The results obtained from the analyses of AS-IS case were
summarized in Table 3. When compared with the
ORIGINAL case, the present situation of the acoustical
features after the recent repairs was quite different,
especially in terms of R7, EDT and C80. The use of
contemporary materials for repairs, such as cement-based
plasters, having less sound absorption properties as shown
in Fig.2, seemed to destroy the inherently-good acoustical
features.

For AS-IS case, the average values of RT in mid-frequency
were found to be 5.3s and 3.5s for the women’s and men’s
section, respectively. The EDT values were also found to be
parallel with the RT values. Both RT and EDT values were
observed to be considerably longer than those of
ORIGINAL case (Fig.3 and Table 3). Longer RT and EDT
values above 3.5 s exhibited the high degree of sound
diffusion and severe loss of articulation in spaces.

The C80 values in the frequencies of 1/1 octave bands were
given in Fig.4 both for the AS-IS and ORIGINAL cases.
The C80 values of the AS-IS case was found to be lower
than those of the ORIGINAL case, being lower than -4dB.
These low C80 values designated the severe loss sound
articulation quantitatively (Table 3 and Fig.4).

The STI values of AS-IS case were determined to be the
same as the ORIGINAL case, showing a poor intelligibility
of speech in the spaces (Table 2 and Table 3).

The LF80 values in mid-frequency obtained for the AS-IS
case were found to be 0.3 for both women’s and men’s
sections, respectively (Table 3). Those values were almost
the same as the LF80 values for the ORIGINAL case since
marble tiles were used at side walls for both cases. Those
values designated that sense of being surrounded by sound
were good for AS-IS cases. On the other hand, having good
LF80 values is not enough for perceiving the sounds in
good quality. Due to the long RT and EDT and low C80 and
STI values of the AS-IS case, the acoustical ambient in
Sengul Hamam exhibited muddy environment with
background noise and distracting echoes causing less
speech articulation and increase in vocal effort of the
speaker.

Women's Section Men's Section

AS Is Case AS IS Case

Frequency Frequency
Acoustical 500 1000 Average 500 1000 Average
Parameters Hz Hz Hz Hz Hz Hz
T30, 5.9 4.7 5.3 4.1 2.8 35
EDT, s 55 44 5.0 4.0 2.6 3.3
C80, dB 6.0 -5.0 -5.5 -4.6 -2.6 -3.6
LF80 0299 0300 0.300 0.285 0.295 0.290
STl 0.38 0.40
Volume, m® 713.8 508.2

Table 3 The results of RT, EDT, C80, LF80, STI values at
500 Hz and 1000Hz for the women’s & men’s sections of
Sengul Hamam calculated for the 4S-IS case in unoccupied
conditions, and the averages of those values taken at 500
and 1000 Hz.
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Fig.4 The C80 curves of men’s and women’s sections of
Sengul Hamam, calculated for ORIGINAL and AS-IS cases
in unoccupied conditions, versus the frequencies between
63 Hz and 2000 Hz.

In short, contemporary cement-based plasters were not
suitable materials for the repairs of historical Turkish baths
due to their incompatible acoustical properties, such as less
porosity and less sound absorption coefficient
characteristics. The analyses of 3D acoustical simulation
proved that the well-designed original acoustical features of
Sengul Hamam have been destroyed by recent repairs using
such contemporary cement-based plasters.

4. Conclusion

The study exhibited that Sengul Hamam had originally
well-designed acoustical features providing a desirable
musical sound at interiors. This success was particularly
due to the conscious use of historical materials. The
knowledge on sound absorptive characteristics of historical
plasters also revealed the experience of materials
technology achieved in the past and established a successful
acoustical ambient for historical bath structures.

This study, in fact, helped us to define the acoustical
specifications for historical baths which should be fulfilled
by restorations.

Further studies are needed to determine the acousto-
physical properties of both historical materials and repair
materials. The impact of any repair work on original
acoustic behaviour of an historical structure can be assessed
beforehand in terms of compatible material selection.
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