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Abstract

:

This paper presents the study of the intervention for the acoustic correction of a modern church. The investigated church was built in the 1960s, with a brutalist style and with a squared plan. The hard materials, including a marble floor and hard plastered walls, were responsible for its reverberation time of over 5 s, resulting in poor speech comprehension. As common in worship spaces, the acoustic improvement interventions were challenged by the denial of covering the walls and the vault with conventional sound-absorbing materials due to aesthetic and architectural reasons. In order to carry out an adequate acoustic correction, while involving minimal interventions, the possibility of using light sound absorbing ceiling sheets was analyzed. The study is divided into three phases: Firstly, the acoustic characteristics of the current building were measured; then, new materials for adequate sound absorption were studied; finally, acoustic simulations were used to evaluate the effects on the acoustic characteristics for different intervention scenarios. The final room was able to shorten its reverberation time to about 2.0 s.
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1. Introduction


Churches are generally acoustically reverberant places due to both being large and being full of acoustically reflective materials. Many studies have shown that the room acoustic models in these large reverberant spaces are often unique, given the non-homogenous distribution of diffusing and absorbing materials [1,2,3]. Over the centuries, the long reverberation of churches has proved to enhance the listening of organ music emitted as well as hymns, thus increasing the sense of participation of the congregation [4,5]. However, the Second Vatican Council gave more importance for the speech understanding, with the consequences that different church acoustics would be needed as long reverberation times reduce the intelligibility of speech. In fact, after the Second Vatican Council, and especially in recent decades, churches have been used for other purposes including classical music concerts as well as conventions and conferences, often revealing their acoustic limits. To reduce the reverberation in these large rooms, in order to realize conditions more suitable for speech intelligibility, inevitably requires the insertion of sound-absorbing materials. Traditional porous sound-absorbing materials can be used for the acoustic correction at medium and high frequencies [6,7]. However, in the case described in this paper, various challenges due to aesthetic and architectural requirements prevented the use of traditional materials on the walls. The request was to leave the inner walls only with white plaster. Therefore, it was necessary to find an innovative solution. Furthermore, the loudspeakers had already been installed in the church, but they had not solved the problem of understanding speech. So, it was necessary to intervene on passive acoustics with a project of correction. For the acoustic correction it was not possible to abduct a solution with the chairs padded with sound-absorbing material, as for reasons of maintenance of the chairs they had to remain in smooth wood. In the 1960s, churches were commonly made of concrete with simple geometry and a regular square plan. The inside of many brutalist modern churches is simple with a marble altar, wooden pews with no padding, and smooth plaster walls. These type of rooms have very long reverberation times. The acoustics of the church of St. Pius X in Matera (Italy), which is characterized by long reverberation times caused by a large volume and the use of reflective materials, that reflect the sound in the room, on the floors and walls. The bishop of this church requested an acoustic correction project to mitigate the poor understanding of the spoken word. In approaching the intervention, it was also required to leave the internal wall with the current smooth plaster. The church has a square plan, with four side niches and a central entrance. It has a volume of 3000 m3 and a surface area of 300 m2, while the side walls cover 680 m2, with a height of about 10 m. Figure 1 shows the interior of the church. Figure 2 shows the ground plan and section of the church; the plan whose average dimensions are 17 × 17 m. The church has a marble floor, smooth plaster walls, and large windows high up, along to the walls. The particular geometry and reflective characteristics of the boundary surfaces result in an excessive sound tail, which negatively affects the understanding of speech.



The first phase of this work consisted of evaluating the current acoustics of the church. The aim of the measurements was to assess whether the church had good acoustic conditions for speech understanding and to evaluate a simple minimal way to achieve better acoustic conditions.




2. Acoustic Measurements


The acoustic measurements were carried out in accordance with the ISO 3382 [8]. An omnidirectional spherical sound source (Peecker Sound mod. JA12, Reggio Emilia, Italy) was placed on the altar, with fifteen measurement microphone points being equally distributed in three rows in order to evaluate the spatial average acoustic properties of the church. In the church, the position of the speaker is univocal and is determined in the position of the altar. The acoustic measurements in the empty room were taken with an average temperature of about 15 °C and relative humidity of 50%. There were no noisy activities in the vicinity and the traffic noise was negligible considering the distance of the church from the nearest arterial road, so the background noise measured was lower than 35 dBA. Figure 3 shows the plan of the church, indicating the source position and the position of the fifteen microphone points. Figure 4 shows the position of the tools during the measurement sessions.



The impulse responses were detected with a measurement microphone GRAS Sound & Vibration A/S mod. 40 AR (Denmark). MLS signals of order 16 with a length of 5 s were generated by a 01dB-Stell Symphonie system (France) [9]. While the acoustic measurements were taken, the church was empty and the furniture consisted of hard chairs only. The sound source was placed at a height of 1.5 m from the floor and the microphone at a height of 1.3 m.




3. Results


The following acoustic parameters were analyzed: EDT, T30, C80, D50, C50, Ts, and STI. These parameters were defined to better describe the perception of a sound field, even though their prediction depends on many factors, such as the position of the sources and receivers.



Traditionally the reverberation time is the most common acoustic parameter, with it being described as the persistence of the sound after a source has stopped. The early decay time (EDT) is often shown to correlate better to the early reverberation effect in the room. The clarity measures the balance between the useful and detrimental sound for the listening perception, it represents the degree to which different reflections arrive and are perceived by the listener, with it being assessed as an early-to-late arriving sound energy ratio. In particular, the C80 is defined as the ratio, expressed in decibels, of the early energy (from 0 to 80 ms) over the late reverberant energy (from 80 ms to infinite). The definition (D50) considers the early arriving sound energy over the total sound energy and is calculated using 50 ms as the early time limit. The different requests of the several sound messages required some compromises in the acoustic goals.



Using recent studies on the typical listening preference in worship spaces [5,10], the criteria in Table 1 were considered.



Figure 5 reports the average measured parameters of EDT, T30, C80, D50, C50, and Ts, of the fifteen receiver locations, together with the intervals of the standard deviation for each octave band from 125 Hz to 4.0 kHz. The values of the parameters EDT and T30 exceed, on average, 5.0 s, the average value of C80 = −6.0 dB, the average value of D50 = 0.11, while the average value of the parameter STI = 0.29 (+/−0.04).



The acoustic parameter T30 shows negligible values of the standard deviation, confirming the reverberant nature of this room where this parameter is not influenced by the position of the receiver. Other parameters show standard deviation variations more significant and, furthermore, for D50, the standard deviation increases at the low frequencies. For these spaces, upon changing the position of the receiver, so do the values of the considered parameters. Similar results have been found in other monumental churches [11,12]. Current acoustics literature presents tables and diagrams that define the optimum reverberation time as a function of the intended use and the environment volume. At the frequencies of 125 and 250 Hz, the reverberation time is slightly lower than that of the 500 Hz band, due to the presence of large glass areas in the upper part of the walls; glass surfaces in the domain of the low frequencies act as extended resonators.



The speech transmission index (STI) is the acoustic parameter for assessing the goodness of speech understanding, and it showed a measured value of 0.29 (±0.04), corresponding to a value of bad intelligibility (i.e., in the room there is a poor understanding of speech). Figure 5 highlights how the value of C80 does not exceed the value of −2 dB in the range of measured frequencies. Literature reports that, for the correct listening of a musical performance, the C80 value must be within the range: −2 dB < C80 < 2 dB.



The center time (Ts) values of 90–160 ms are usually calculated for typical concert halls, while in the case of open spaces, Ts can be 230–300 ms. The main relevance that the energy with late reflections can move towards high values the gravity center of the impulse response.




4. Acoustic Properties of the Absorbent Material


The acoustic correction of rooms presents several problems due to the components of the sound tail. Moreover, the walls of the church could not be covered with traditional soundproof panels. For the acoustic correction, absorbent sheets were chosen to be installed under the ceiling at a distance from the rigid wall of 70 mm. The acoustic characteristics of this configuration were measured according to the standard EN ISO 10534-2 “Determination of sound absorption coefficient and impedance in impedance tubes transfer-function method” [13].



The measurement of the sound absorption coefficient of the sheeting was performed at normal incidence by means of an impedance tube. The measuring tube had the following dimensions: inner diameter of 100 mm, length of 560 mm, and the distance between the two microphones equal to 100 mm [14]. Figure 6 shows the sampled used for the acoustic measurements. Table 2 reports the sound absorption coefficient values in the frequency range from 125 to 4000 Hz of the sheeting, installed at a distance from the rigid wall of 70 mm.




5. Simulations


The Odeon software is used for the simulation of the sound field in the church, the classical acoustic formulas do not provide correct indications about the acoustic correction of rooms with complex geometry. The Odeon software is used to evaluate the acoustic parameters of the church, to obtain realistic data and the subsequent acoustic correction.



This software uses the principles of the geometrical acoustics and adopts a hybrid calculation method that combines the image source method and the ray-tracing method. The Odeon software imports a virtual model realized by a 3D cad [15,16]. A computer software simulation usually requires a first step that is aimed at the development of a model of the space as it is and for which acoustic measurements are available [17]. The calculations were performed by fixing set-up parameters: transition order, TO = 2; impulse response length = 5.0 s; number of late rays = 50,000; impulse response resolution = 3.0 ms; max reflection order = 2.000 [18]. The acoustic model calibration is the first step and is made by setting the absorbent coefficient values for all the surfaces of the virtual model. A second step consists of comparing the measured and simulated parameters, which allows for a suitable calibration of the acoustic model. This makes it possible to reduce the difference between the measured and simulated acoustical parameters. The calibration procedure was stopped when, for each octave band frequency (125–4000 Hz), the calculated reverberation time value was equal to the measured one [19].



In situ checks and detailed 3D drawings make it possible to realize a virtual model of the room. Thus, the virtual model drawn by a 3D cad software was imported into the room acoustics software “Odeon”. Figure 7 shows the 3D virtual model, with the sound source placed on the altar and the receivers among the pews of the congregation. The empty pews were simulated as parallelepipeds (one for each side), 0.8 m height, 6.0 m wide, and 10 m long. The area covered by the congregation was 120 m2, with the assigned value of the absorption coefficient given in [20] and a value of the scattering coefficient s = 0.5. The scattering coefficient (s) does not depend on the frequency, but rather on the geometrical surface properties. Table 3 shows the values of the sound absorption coefficient of the empty seats used in the numerical simulation [21].



The sound absorption coefficient values of the audience were assigned, subsequently, to the values of sound coefficients of box surfaces, simulating the empty pews. Figure 8 shows the position of the audience in the church, with it corresponding to the effective area covered by the pews.



In order to improve the acoustic characteristics of the church, the acoustic correction including the absorbent material was realized. Absorbent sheets were installed under the lateral ceiling surfaces (vaults). In the virtual model, using the software “Odeon”, the measured absorption coefficients of the acoustic properties of the lateral vaults were replaced with the sheets ones. Figure 9 shows the layout of the materials in the church. Furthermore, the effect of the presence of the audience in the church was analyzed, the values of the absorbent coefficient of the audience are reported in Table 4 [22,23]. The absorption coefficients of the audience correspond to medium configuration values [24,25]. Figure 10 shows the measured values (in empty conditions) of the acoustic parameters in comparison with acoustic absorbent systems and the presence of audience included in the virtual model.



The values reported are for the empty church in the current state; the church only with the absorbent sheets; and the church with the audience and absorbent sheets. The sheets covering the lateral vaults with an estimated area of 200 m2.




6. Discussion


The software “Odeon” was used to evaluate the effects of sheets for sound absorption installed under lateral vaults. In this way the architectural and esthetic characteristics of the church were preserved. The acoustic measurements indicate an excessive length of the sound tail, which is manifested through a reverberation time with an average value equal to 5.0 s. An average value of EDT equal to 5.0 s, a C80 average equal to −6.0 dB, and a value of D50 equal to 0.11.



The numerical simulation highlights how the presence of the audience leads to a reduction in the sound tail length. The use of sheets under the lateral vaults improves the acoustic characteristics of the church. Together with the acoustic correction, the reverberation time, at the frequency of 2000 Hz, is about 2 s, while the value of C80 is compatible with good conditions for listening to music. Furthermore, Figure 11 shows STI values at different distances of the sound source from the receivers. These are theoretical values, obtained with software “Odeon” numerical simulations in three acoustic configurations.




7. Conclusions


The authors have provided useful information to designers of enclosed spaces to obtain an optimal acoustic correction for complex environments, such as churches.



In fact, churches often present critical characteristics for speech comprehension due to large volume as well as the presence of acoustically-reflective materials. In this work, the church of St. Pius X in Matera was investigated. Analysis of the data shows how, due to the absence of significant sound-absorbing surfaces, the church does not present an adequate behavior for neither understanding speech nor listening to music performance. Given the low C80 value, the church is not within the parameters suggested by current literature for good music listening. Appropriate sound-absorbing material should be placed under the vaults of the church, so the reverberation time decreases. Upon choosing the type of sound-absorbing material, and knowing the value of the absorption coefficient, it will be possible to evaluate the optimum arrangement of the walls and the areas to be covered. The evaluation of improvements of the acoustic characteristics was evaluated with the architectural acoustics software “Odeon”. The introduction of the absorbent materials for the acoustic correction decreased the length of the reverberation time and improved both the effect of the speech comprehension as well as the listening to music exhibitions.
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Figure 1. Interior of the church. 
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Figure 2. Ground plan and section of the church. 
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Figure 3. Ground plan with the position of source and of the measurement points. 
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Figure 4. Sound source and microphone during the acoustic measurements. 
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Figure 5. Measured acoustics parameters averaged among the 15 receiver positions, and relative standard deviations. 
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Figure 6. (A) Sampled used for the acoustic measurements. (B) Impedance tube. 
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Figure 7. 3D virtual model with the software “Odeon”. 
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Figure 8. Position of the audience, corresponding to the area covered by the pews. 
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Figure 9. Lay-out of the absorbent materials, under lateral vaults. 
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Figure 10. Acoustic parameters measured in comparison with acoustic absorbent systems and the presence of audience included in the virtual model. 
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Figure 11. STI values in relation to the distances, sound source—receivers. 
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Table 1. Suitable acoustic parameter values for the different listening conditions.






Table 1. Suitable acoustic parameter values for the different listening conditions.





	Parameters
	EDT, s
	T30, s
	C80, dB
	D50





	values for musical performances
	1.8 < EDT < 2.6
	1.6 < T30 < 2.2
	−2 < C80 < 2
	<0.5



	values for speech performances
	1.0
	0.8 < T30 < 1.2
	>2
	>0.5
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Table 2. Sound absorption coefficient of the sheeting, installed at a distance from the rigid wall of 70 mm.






Table 2. Sound absorption coefficient of the sheeting, installed at a distance from the rigid wall of 70 mm.





	Frequency, Hz
	125
	250
	500
	1000
	2000
	4000





	Absorption Coefficient
	0.56
	0.72
	0.76
	0.82
	0.76
	0.77
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Table 3. Sound absorption coefficient values of the empty seats.






Table 3. Sound absorption coefficient values of the empty seats.





	Frequency, Hz
	125
	250
	500
	1000
	2000
	4000





	Absorption Coefficient
	0.02
	0.03
	0.03
	0.04
	0.06
	0.08
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Table 4. Sound absorption coefficient of the audience.






Table 4. Sound absorption coefficient of the audience.





	Frequency, Hz
	125
	250
	500
	1000
	2000
	4000





	Absorption Coefficient
	0.62
	0.72
	0.80
	0.83
	0.84
	0.85











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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