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Featured Application: The use of acoustically efficient porous concrete with weighted absorption
coefficients (a,,) in the range of 0.30 to 0.75 for noise control in outdoor and indoor applications.

Abstract: The interest in the use of resistant acoustic materials has put further attention on the
use of porous concrete in the building industry. This work investigates the acoustic properties
of four different mix designs of porous concrete obtained with two types of aggregates, that is,
normal weight and lightweight aggregates. The assessment of the sound-absorbing performances
has been conducted in the small-scale reverberation room (SSRR) at Politecnico di Torino (Italy),
in agreement with the procedure indicated in the ISO 354 Standard. For each concrete type, three
panel thicknesses, i.e., 20 mm, 40 mm, and 60 mm, were tested. Moreover, different mounting
conditions were investigated, considering the combination of single panels in multiple layers, adding
an air gap between the panel and the backing, and inserting a layer of rock wool in the air gap itself.
The results show weighted absorption coefficients (ay) in the range of 0.30 to 0.75 depending on
the thickness and mounting conditions. These encouraging values make these materials useful for
efficient practical applications in indoor and outdoor environments.

Keywords: acoustics; acoustic measurements; sound absorption coefficient; cement-based materials;
building materials; pervious concrete; acoustic concrete

1. Introduction

The implementation of noise control strategies in outdoor environments is a chal-
lenging task for several professionals, and an increasing number of studies highlight the
importance of the architectural design on urban noise mitigation in canyon streets [1,2]
squares [3] and inner yards [4]. A detailed overview of the acoustic strategies used for the
building envelope design in order to improve the urban acoustic environment is given
in [5]. These studies have pointed out the need for sound-absorbing and -scattering materi-
als suitable for outdoor environments. Moreover, several indoor spaces such as airports,
train stations, schools, etc. are characterized by requirements similar to those of outdoor
spaces regarding highly durable and resistant acoustic materials. Therefore, this work
aims to investigate the sound absorbing properties of porous concrete of different mix
designs, thicknesses and mounting conditions, as this material results suitable for outdoor
and indoor applications. Compared to other porous sound absorbers, porous concrete
has the capability to withstand the atmospheric elements, and therefore it is suitable for
applications in outdoor and indoor environments when resistance, low deformability,
and high durability are required.
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Porous absorbers are the most widespread type of sound absorbers. According to
their microstructure, porous absorbers can be further classified into granular, cellular,
and fibrous [6,7]. The most fundamental properties of porous materials influencing their
sound absorbing properties are flow resistivity and porosity and second, pore shape factor
and tortuosity [7].

Conventional concrete is generally characterized by poor sound-absorbing properties,
as the prevailing phenomena occurring are sound reflections. In general, normal concrete
has an absorption coefficient value of 0.05-0.10 [8]. However, porous concrete has the
capability to work as a porous sound-absorbing material as it is characterized by high
porosity, i.e., open pore structure on its surface and an interconnected network of pores.
It is also known as pervious, gap-graded, permeable, or enhanced porosity concrete [9]
and is currently widely used in urban environments as paving material to support en-
vironmentally sustainable rainwater management [10]. It has been also exploited for its
acoustic absorbing properties in traffic noise barriers and railway noise reduction [11-13].
Pervious concrete mainly consists of normal Portland cement, coarse aggregates (aggregate
dimension greater than 5 mm), and water, which generate a void content that generally
ranges from 15% to 35% [10,14-16]. Pervious concrete acoustic panels belong to the class
of granular sound absorbers with pores created by the presence solid aggregates which
are bonded together by a cementitious binder. The key factor to allow sound absorption
to occur is the accurate definition of the quantity of binder to ensure that there is enough
binder to keep the aggregate together without clogging the pore network and still allow for
an appropriate resistance for its use and handling. Overall, the sound-absorbing properties
of granular materials tend to be uneven in frequency and to be characterized by peaks [17].

Different strategies have been proposed with the intent to improve the sound ab-
sorbing properties, i.e., with the aim to enhance the rate and the evenness of the sound
absorption provided by altering the microstructural properties of the pervious concrete.
Note that these strategies applied to the mix design aim to vary the fundamental properties,
i.e., flow resistivity, porosity, pore shape factor, and tortuosity, which control the absorbing
performance. Indeed, the sound absorption properties of porous concrete are strictly re-
lated to the void ratio of the concrete. Therefore, it is important to adequately control the
void ratio and aggregate type, which influence tortuosity and flow resistivity [18], pore size,
and pore aperture size, which are used to control porosity [8]. A higher void ratio leads to
higher and wider peak values in acoustic absorption coefficients, resulting in a shift of the
peak of the coefficient towards the higher frequencies [12,19,20].

The effect on sound absorption of the aggregate size and different aggregate types by
blending or combining them in multiple layers has been studied in [11,13,21,22]. Aggregate
size can be used to control the pore dimensions, as the median pore size increases for
increasing aggregate size [19,21]. With respect to aggregate size, it has been observed
that most previous studies endorse the use of aggregate with dimensions in the range
1 to 10 mm [11,21,22], as smaller aggregates would clog the pores, thus reducing porosity,
and bigger ones, despite increasing the pore volume, would reduce the tortuosity of the
pore network. When considering the use of different aggregate types such as lightweight
and normal-weight aggregates, the study in [22] suggests that lightweight aggregates
can absorb cement paste from micropores on the surface of the aggregates. As a result,
for an equal absolute volume ratio of aggregates, smaller size lightweight aggregates result
in slightly higher sound absorbing performance, as they have a larger total surface area
compared to bigger ones, and therefore the cement paste covering the aggregates can be
better absorbed when smaller aggregates are used and result in higher void ratio values
with respect to normal weight aggregates [22]. Other studies have investigated the use
of different materials as aggregates, such as crumb rubber, cenospheres, and recycled
aggregates [12,13,23-25]. The possibility of blending aggregates with different size in the
concrete matrix has been studied in [19,21], highlighting that, as a general rule, aggregate
size should be selected in order to ensure that smaller aggregates do not enter the pores
created by the bigger ones. Porous concretes with blends of aggregates of different materials
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have been tested in [11], where expanded perlite aggregates were replaced by different
percentages of slag, evidencing a nonlinear impact on the sound absorption performance of
the panels. Concrete samples featuring aggregates of different dimensions or material have
been combined into layers in [11,13,22], evidencing the coupling two layers of concrete
with the external one featuring aggregates with lower bulk densities or bigger pores sizes
compared to the back layer lead to increased sound absorbing performances.

Slight differences in sound absorption have been reported regarding the shape of the
aggregates; for instance, this was shown in [22], i.e., which has compared round shape
(lightweight) and irregular shape (normal weight) aggregates with similar gradation.

Moreover, as for all the acoustic porous materials, the thickness of the porous layer
also results as important for the acoustic absorption coefficient spectra. The principal
maximum peak of the absorption coefficient is displaced to lower frequencies when the
thickness increases [13,18,21]. However, there is a threshold regarding the thickness of
granular materials above which the absorption does not increase further [7]. Table A1l
(Appendix A) briefly summarizes the details and the main findings of previous research
investigating the effects of design factors on the sound absorption coefficient of porous
concrete. The studies which analyzed different aggregate size, material and shape, and on
panel thickness have been clustered evidencing if and the extent to which such variable
was found to have an influence on the sound absorbing properties of the panels.

Recent reviews on the strategies that have been proposed to enhance the sound
absorbing performances of concrete have been presented in [17,26]. However, these reviews
highlight the fact that further research is required to provide larger datasets to refine and
produce better estimation of the sound absorption of concrete materials.

Therefore, the following study aims to provide further experimental data on the
investigation of some design guidelines for sound absorbing concrete emerging from the
past research regarding the aggregate shape and size. The present study investigates,
through a systematic research approach, the effects of concrete mix design (four different
conditions), sample thickness (three different conditions), and mounting conditions (three
different conditions) on the absorption properties of porous concrete tested in a small-scale
reverberation room (SSRR). Therefore, the main aim of this study is to define the sample
configuration that could lead to an increase of the sound absorption properties of concrete
panels. More than 30 different combinations of the aforementioned variables have been
considered. Note that besides providing a useful database of measured data in addition to
previous research, this work presents novel configurations, that is, mounting conditions
with an air gap and combination in multiple layers with other porous materials. To the
authors” knowledge, this has not been studied in previous literature.

This work aims to increase awareness on the porous concrete properties among several
professionals such as architect, designers, acousticians, policy-makers, etc. that deal with
noise control strategies in outdoor and indoor environments.

2. Materials and Methods
The research has been organized through the following steps:

(1) Selection of different concrete mix design and preparation of samples for
the measurements.

(2) Selection of different mounting methods.

(3) Measurement of the frequency-dependent sound absorption as in the SSRR.

(4) Computation of the weighted sound absorption coefficients as single index
and comparisons.

2.1. Tested Concretes

Information regarding the porous concrete types, identified with the letters A, B,
C, and D, are summarized in Table 1. The following parameters are reported: aggre-
gate size (according to EN 933-2:2020 [27]), aggregate particle density (according to EN
1097-6:2013 [28]), void ratio (according to ASTM C1754/C1754M [29]), flexural strength
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(according to EN 12390-5:2019 [30]), previous concrete density (according to ASTM C1754/
C1754M [29]), and water permeability (according to ASTM D2434-19 [31]). Two different
types of aggregates have been used in the mix design: normal weight and lightweight.
The normal weight aggregates have been used in concrete type A and have an irregular
shape with an average dimension of 4-8 mm, while the lightweight aggregates have an
almost perfect round shape, i.e., spherical, with different dimensions ranging between
4 and 8 mm, 2 and 4 mm, and 0.5 and 1 mm for concretes B, C, and D, respectively.

Table 1. Four mix design of porous concrete characteristics with respect to: aggregate size, aggregate particle density,
void ratio, flexural strength, previous concrete density, and water permeability.

Aggregate Aggregate Aggregate Void Flexural Pervious Water
Concretes Tvool Size Particle Ratio Strength Concrete Permeability
ypology [mm] Density [kg/m’] [%] [MPa]  Density [kg/m?] [mm/s]
crushed
A normal weight 4-8 2650 £ 30 2542 35+05 1955 + 20 95+11
aggregates
round
B lightweight 4-8 905 £ 85 25+3 1.5+0.3 932 £ 35 109 £ 1.7
aggregates
round
C lightweight 2-4 325 £35 2542 1+02 514 £+ 20 74409
aggregates
round
D lightweight 0.5-1 510 £ 70 20+2 05+0.1 682 £ 15 3.6 £05
aggregates

Details of the aggregate shape can be visualized in Figure 1.

60 mm 40 mm 20 mm

det_ails

Figure 1. Sample (A): crushed normal weight aggregates 4-8 mm; Sample (B): round lightweight aggregates 4-8 mm;
Sample (C): round lightweight aggregates 2-4 mm; Sample (D): round lightweight aggregates 0.5-1 mm.
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Concrete A differs significantly from the other three regarding the concrete density
value, which is strongly affected by the higher values of the aggregate particle density.
The four concretes present a similar void ratio. However, while this parameter is constant
for concretes A, B, and C, it decreases for concrete type D, which features smaller aggregates.
It can also be noticed that there is a decrease in the flexural strength for lower densities and
smaller aggregate dimensions.

For each concrete, three different sample types have been manufactured with three
different thicknesses, i.e., 20 mm, 40 mm, and 60 mm (Figure 1); for each of them, three sam-
ples have been produced. The panels are square-shaped in plan with a side dimension of
60 cm. Three different mounting conditions were tested for the samples with a thicknesses
of 20 and 40 mm, that is, coupling different samples in multiple layers (Figure 2), adding a
50 mm air gap between the sample and the room floor (Figure 3), and adding a layer of
fibrous material (rock wool) in the air gap itself (Figure 4). The identification codes of the
samples and mounting conditions have been summarized in Table 2. The coupling of differ-
ent samples in multiple layers has been performed only within the same concrete in order
to compare their performance with single layers of the same thickness and investigate any
anisotropy at the back surface of each layer. The multiple layer configuration is obtained by
superimposing one panel to the other, with no joint or glue connecting them. This mount-
ing solution could be practically useful when modular solutions are explored and would
limit the need for different formwork thicknesses. The introduction of a rock wool layer
in the air gap has been tested with sample D of 20 mm thickness only as it resulted in the
highest sound absorption performances compared to the 20 mm samples of A, B, and C
concretes. In this case, two thicknesses of the rock wool layer—30 and 50 mm—have been
introduced in the air gap.

B -

Figure 2. Multiple layers of 20 + 20 mm and 20 + 40 mm. Sample (A): crushed normal weight aggregates 4-8 mm; Sample (B):

round lightweight aggregates 4-8 mm; Sample (C): round lightweight aggregates 2—4 mm; Sample (D): round lightweight

aggregates 0.5-1 mm.
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Figure 3. Mounting on 50 mm air gap. Sample (A): crushed normal weight aggregates 4-8 mm; Sample (B): round
lightweight aggregates 4-8 mm; Sample (C): round lightweight aggregates 2-4 mm; Sample (D): round lightweight

aggregates 0.5-1 mm.

4

o Ry
it

Figure 4. (a) 30 mm and (b) 50 mm rock wool filling 50 mm air gap. (c) Sample D of 20 mm over one of the two conditions.

Table 2. Summary of the tested samples and configurations of the porous concrete. Single layers

have been tested in configurations of multiple layers, with air gap and with rock wool in the airgap

(+tested and —untested configurations of single layers).

Concrete Overall Layer Thickness [mm] Rock Wool
Type Thickness [mm]  Single Layer ~Multiple Layers Thickness [mm]

20 20 -

A 40 40 20 +20 -
60 60 20 + 40 -
20 20 -

B 40 40 20 +20 -
60 60 20 + 40 -
20 20 -

C 40 40 20 +20 -
60 60 20 + 40 -
20 20 30

D 50
40 40 20 +20 -
60 60 20 + 40 -

The assessment of the sound absorbing performances has been conducted in the small-
scale reverberation room (SSRR) of Politecnico di Torino (Italy), following the procedure
indicated in the ISO 354 Standard [32]. The reliability of the measurement was tested with
respect to reproducibility and repeatability, by repeating the measures three times on three
different samples of the same typology and considering their arithmetic mean to describe
the performances of each type. The sound absorbing properties are expressed as 1/3 octave
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band sound absorption coefficients («) and also as weighted sound absorption coefficients
(ap) for an easier comparison.

2.2. Sound Absorption Coefficient Measurements

The small-scale reverberation room (Figures 1—4) is installed in the Applied Acous-
tics laboratory at DENERG (Department of Energy, Politecnico di Torino, Torino, Italy).
The room has been primarily built for random-incidence scattering coefficient measure-
ments according to ISO 17497-1 [33], but it is also suitable for measurement of sound
absorption coefficient according to ISO 354 [32,34]. It is an oblique angled room with pairs
of non-parallel walls with a volume of 2.86 m? and a total area of 12.12 m?. A more detailed
description of the room construction has been provided in Shtrepi and Prato [35].

The measurement procedure consists in using the integrated impulse response
method [32] for simultaneous measurements on six different microphone positions in
two conditions, i.e., with and without the sample inside the room. The measurement chain
consists of six 1/4” BSWA Tech MPA451 microphones and ICP104 (BSWA Technology Co.,
Ltd., Beijing, China), two ITA High-Frequency Dodecahedron Loudspeakers with their
specific ITA power amplifiers (ITA-RWTH, Aachen, Germany), and a sound card Roland
Octa-Capture UA-1010 (Roland Corporation, Shizuoka, Japan). This setup allows to per-
form 12 measurements, which refer to the minimum number required by ISO 354:2003 [32].
The software used for the measurements, i.e., sound generation, recording, and signal
processing, is MATLAB combined with the functions of the ITA-Toolbox (an opensource
toolbox by RWTH-Aachen, Aachen, Germany) [36].

For each of the 12 measurements the reverberation time relative to a 20 dB decay,
i.e., Ty, is evaluated and used to estimate the Tg, i.e., the reverberation time occurring
for a 60 dB decay, as done in the full-scale reverberation room (FSRR) data processing.
The data are spatially averaged with the ensemble averaging method in order to obtain
the reverberation times T and T, which are obtained without and with the sample inside
the room, respectively. Equations (1) and (2) are applied to estimate the random-incidence
absorption coefficient ;.

The difference between T7 and T, measurements is used to calculate the variation of
the equivalent sound absorption area At [m?] based on Sabine’s theory:

1 1

AT 255.3V(62T2 — C1T1> *4‘/(7}12*7’}11) (1)
where T1 and T [s] are the reverberation times of the empty reverberation room and of the
reverberation room with the test specimen, respectively; V [m®] is the volume of the empty
reverberation room; ¢; and c; [m/s] are the propagation speed of sound in air in the room
without and with the sample: ¢; = 331 + 0.6 £1, t; [°C] is the air temperature; and m; and m;
[m~1]is the power attenuation coefficient of the climatic conditions in the reverberation
room without and with the sample (calculated according to ISO 9613-1 [37]).

The random-incidence absorption coefficient a; is defined as

_Ar

< @

&s
where S [m?] is the area covered by the test sample. Note that the edge area is included in
the calculations of S considering the four concretes as isotropic materials [38].

3. Results

The results of the measured sound absorption coefficients are reported in the graphs
in Figures 5, 7 and 8 and discussed in separate sections, based on the tested conditions, i.e.,
thickness and mounting method for each concrete type (A-D). Figures 5, 7 and 8 present an
immediate reading of the design factors considered within the sample typology to evidence
improvements/deterioration given the mix design. Furthermore, the figures in Appendix B
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compare the results of considered panel samples (A-D) for a given design factor, in order to
help the reader with a more immediate understanding of the differences between samples
(A-D). In the end, more general conclusions are drawn to compare the performances of the
different sample types. Moreover, the single index for weighted sound absorption («y) in
SSRR measurements has been estimated and used for comparisons.

3.1. Effect of Sample Thickness and Concrete Type

Figure 5 shows the graphs of the four samples (A-D) for three different thicknesses
of the single layers. Overall, the absorption spectra of panels A are uneven, and tend
to provide poor absorption (<0.25) at frequencies lower than 630 Hz, while at higher
frequencies, the sound absorption coefficients ranges between 0.40 and 0.70 for panels
with either 40 mm or 60 mm thicknesses. The 20 mm thick panel features an absorption
peak at 3150 Hz, which reaches the value of 0.90 and provides a poor absorption (<0.25)
at frequencies lower than 2000 Hz. The 40 and 60 mm panels present a higher absorption
coefficient with respect to the 20 mm panels in the 500-2000 Hz frequency range.

1.00

0.80

al]
g

100 125 160

Sample A (Layer combination) 120 Sample B (Layer combination)
e A20 --& B20
Ad40 1.00 B40
A20420 .. B20+20
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== A20+40 "-I. 080 e R20+40

= . ,7 el
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Figure 5. Comparison of the absorption coefficients for samples (A-D) with different thicknesses obtained from multiple

layer combinations (20, 40, 20 + 20, 60, and 20 + 40 mm). Sample (A): crushed normal weight aggregates 4-8 mm; Sample (B):

round lightweight aggregates 4-8 mm; Sample (C): round lightweight aggregates 2—4 mm; Sample (D): round lightweight

aggregates 0.5-1 mm.

The absorption spectra of samples B are uneven and tend to provide poor absorption
(<0.25) at frequencies lower than 630 Hz for panels with either 40 mm or 60 mm thick-
nesses, while at higher frequencies the absorption coefficient ranges between 0.20 and 0.60.
The 20 mm thick panel features an absorption peak at 2500 Hz of about 0.60 and provides
poor absorption (<0.25) at frequencies lower than 1600 Hz. This might be due to the curing
process of the 40 mm sample, which might have led to lower porosity of these samples.

The absorption spectra of panels C are also slightly uneven and tend to provide
poor absorption (<0.25) at frequencies lower than 630 Hz for panels with either 40 mm
or 60 mm thicknesses, while at higher frequencies, the absorption ranges between 0.40
and 0.80. The 20 mm thick panel features an absorption peak around 4000 Hz, achieving
a value of 0.90 and provides poor absorption (<0.25) at frequencies lower than 1600 Hz.
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The absorption coefficient for this thickness becomes lower than 0.25 at frequencies below
2000 Hz. The 60 mm sample reaches significant high values of absorption coefficient (>0.40)
at 800 Hz, while the 40 mm panel at 1250 Hz.

The absorption spectra of panel D are more even than the other three typologies,
and tend to provide significant absorption (>0.40) at frequencies higher than 630 Hz
for panels with either 40 mm or 60 mm thicknesses, where the sound absorption ranges
between 0.40 and 1. The 20 mm thick panel feature an absorption peak between 2500 Hz and
4000 Hz, achieving a value of 1.20; the peak is broader than those featured by 20 mm thick
panels of types A—C. Values higher than 1 may occur in the measurements with finite sample
size for materials with high absorption properties [39,40]. The 20 mm sample of panel D
achieves significant absorption (>0.40) above 1000 Hz, while for panels A-C, this occurred
above 2500 Hz, 2000 Hz, and 3150 Hz, respectively. The sound absorbing performances of
thicker panels are extended towards the lower frequencies, in the range below 1600 Hz.
Indeed, for the thicker panels (40 mm and 60 mm), the significant absorption range is
extended in a similar way down to 630 Hz.

3.2. Effect of Sample Mounting in Multiple Layers

The graphs in Figure 5 show the absorption coefficients of the four sample types
both in the single layer and multiple layer configurations with panel thicknesses of 20, 40,
and 60 mm, for an easier comparison. Sample A graph shows that the sound-absorbing
performances achieved when coupling two panels of 20 mm thick are comparable to
those achieved by a single panel with a thickness of 40 mm. A similar trend is observed
comparing the 60 mm thick panel with the combination of 20 + 40 mm thick panels.
However, there are some differences occurring above 1250 Hz. It can be observed that
above 2500 Hz both the 20 + 20 mm and the 20 + 40 mm combination show lower values of
sound absorption compared to the 40 and the 60 mm single layers samples, respectively.
It can be noticed that the multiple layer 20 + 40 mm of sample A outperforms the 60 mm
sample only at the 800 Hz peak and in the frequency range 1250 to 2500 Hz.

Sample B graph shows that the sound absorbing performances achieved when cou-
pling two panels 20 mm thick are comparable to those achieved by a single panel with
a thickness of 40 mm. However, the combination 20 + 20 outperforms the 40 mm single
layer panel in the range of 1000 to 2000 Hz. By contrast, the performances of the 60 mm
thick panel are higher than those of 20 + 40 mm thick panels combined for frequencies
higher than 1600 Hz. The multiple layer 20 + 40 outperforms the 60 mm sample in the
range 630-1250 Hz.

The results of Sample C show that the sound absorbing performances achieved when
coupling two panels that are 20 mm thick are slightly lower than those achieved by a
single panel with a thickness of 40 mm, particularly for frequencies range 800-2000 Hz and
above 3150 Hz. The performances of the 60 mm thick panel are comparable with those
achieved by the combination of 20 + 40 mm thick panels. However, the multiple layer
20 + 40 outperforms the 60 mm sample in the range 1250-2500 Hz.

Sample D results show that the sound absorbing performances achieved when cou-
pling two panels 20 mm thick are comparable to those achieved by a single panel with a
thickness of 40 mm. A similar trend is observed comparing the performances achieved by
a 60 mm thick panel with that of the combination of 20 + 40 mm thick panels. This might
be due to the high and uniform porosity obtained for all the samples of type D compared to
the other panel types, as seen in Figure 6. In these cases, further care should be put in the
treatment of the mix design and its curing in samples A, B, and C, as heavier aggregates
might sediment and result in nonuniform distribution of the pores within the panel and its
front/back surfaces.
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Figure 6. Back surface for Sample (A): crushed normal weight aggregates 4-8 mm; Sample (B): round lightweight aggregates

4-8 mm; Sample (C): round lightweight aggregates 2—4 mm; Sample (D): round lightweight aggregates 0.5-1 mm.

3.3. Effect of Sample Mounting with an Air Gap

The graphs in Figure 7 show the four sample types (A-D) mounted with an air gap of
50 mm between the panel and the rigid backing, i.e., the SSRR floor. The graph of Sample
A shows that the performance is enhanced at the lower frequencies when an air gap is
left between the panel of 20 mm and the backing, while the sound absorption at high
frequencies decreases. The maximum peak is shifted at lower frequencies, i.e., at ~630 Hz,
with an absorption coefficient of ~0.60. The 40 mm layer seems to be less affected by the
presence of the air gap and the maximum peaks remain unvaried in frequency for this
thickness. However, a slight decrease is reported at high frequencies and an increase of
about 0.10 is observed at the peak value corresponding to 1250 Hz.
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Figure 7. Comparison of the absorption coefficients for samples (A-D) of different thicknesses (20 and 40 mm) mounted

with an air gap of 50 mm. Sample (A): crushed aggregates 4-8 mm; Sample (B): round lightweight aggregates 4-8 mm;

Sample (C): round lightweight aggregates 2-4 mm; Sample (D): round lightweight aggregates 0.5-1 mm.

Sample B shows different trends for the 20 mm and 40 mm layers. However, when an
air gap is left between the panels and the backing, the performance is enhanced at the
lower frequencies for the 20 mm and 40 mm layers. The high frequency sound absorption
decreases for the 20 mm layer when the air gap is added, while the maximum peak is shifted
at lower frequencies, i.e., at ~630 Hz, with an absorption coefficient of ~0.60. The 40 mm
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layer seems to be less affected by the presence of the air gap at high frequencies above
2000 Hz. Conversely, the air gap seems to decrease the absorption over the 630 to 2000 Hz
range for the 40 mm layer. A peak value appears at the frequency of 200 Hz with a value of
about 0.55 of the absorption coefficients.

Sample C shows a decrease of the absorption coefficient at high frequencies for both
20 mm and 40 mm layers when an air gap is left between the panels and the backing.
For the 20 mm panel, this is significant above 2500 Hz, while for the 40 mm panel, it is
more evident in the 1000 to 2500 Hz range. The performances are slightly enhanced at the
lower frequencies in the range 315 to 800 Hz for the 20 mm sample and in the range 315 to
2500 Hz for the 40 mm sample, with the maximum peaks that are shifted at 630 Hz and
800 Hz, respectively.

The sound-absorbing performances of sample D show a decrease at high frequencies
when an air gap is left between the panels and the backing above 1600 Hz and above
800 Hz for the 20 mm and 40 mm panels, respectively. Nevertheless, the sound absorption
coefficients in those ranges result above 0.55. The performances are enhanced at the lower
frequencies, where several peaks appear around 250 Hz, 400 Hz, and 800 Hz. The absorp-
tion coefficient increases for both thicknesses in the 160 to 630 Hz range when the air gap is
added, showing a very similar trend for both 20 mm and 40 mm panels.

Effect of Sample Mounting with an Air Gap Filled with Porous Material

The previous sections showed that sample D presents the highest sound absorption
coefficients extended over the broader range of frequencies. In order to further improve the
performance of the combination of panel D with an air gap, another strategy has been used
considering the air gap filled with porous material. The introduction of a rock wool layer
in the air gap has been tested with the sample of 20 mm thickness only. Two thicknesses
of the rock wool layer, that is, 30 and 50 mm, have been introduced in the air gap. Recall
that the air gap considered here is of 50 mm. Therefore, the first layer of rock wool (30 mm)
allowed to have a 20 mm air gap left between the concrete sample and the rock wool layer,
while the 50 mm rock wool allowed to test a fully filled air gap.

Figure 8 shows that the with the insertion of 30 mm and 50 mm rock wool in the air
gap the sound absorption coefficients have very similar trends above 630 Hz. Generally,
the combination of an air gap with a porous material (e.g., rock wool) is shown to improve
the acoustic performance down to 250 Hz. A peak value at 800 Hz is further increased
when the air gap is filled with rock wool compared to the empty condition. Furthermore,
a significant improvement is obtained in the 250 to 800 Hz frequency range reaching values
of sound absorption coefficients of 0.60-0.90.

Sample D (Thickness = 20, 40 mm + airgap 50 mm + rockwool)

1.20 =
el
E e
1.00 :
Ben v ,t’
L 060 | -
=]
040
- - D20
020 |- .® = =8 «[20+airgap
- =—&=D20+airgap+rockwool 30mm
L D20+airgap+rockwool 50mm
0.00 : t

100 125 160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000

Frequency [Hz]

Figure 8. Sample D single layer of 20 mm combined with an air gap of 50 mm filled with a rock wool
layer of 30 and 50 mm.
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3.4. Single Number Acoustic Index o,

Based on the above results, the weighted sound absorption coefficients ay, derived
from the SSRR measurements were calculated. These single indices are useful for an
immediate and practical comparison of the performance of different conditions. The higher
the &y, values, the better the material capability in sound absorption. Their values normally
range from 0 to 1, with 1 meaning 100% sound absorption.

The weighted sound absorption coefficient ay, is derived from practical sound ab-
sorption coefficients, a, which is calculated as an average of the one-third octave sound
absorption coefficients within the octave in accordance with ISO 11,654 [41]. Weighted
sound absorption coefficient a, can be obtained with the reference curve (x50 = 0.8; as500 = 1;
a1000 = 1; 2000 = 1; 4000 = 0.9), which is shifted in steps of 0.05 towards the a;, values until
the sum of unfavorable deviations is less or equal to 0.10. The unfavorable deviations
occur when the measured value is lower than the value of the reference curve. Finally,
the weighted sound absorption coefficient is the value of the adjusted reference curve at
500 Hz.

Table 3 shows that there are a few differences among the single indices within each
concrete data. It is evident from these values that the highest performance is obtained for
panel type D. The &, values for the single layer of type D samples become significant (>0.40)
for a thickness of 60 mm. The single layers of 20 mm and 40 mm present an improvement
of the ay, values when they are mounted with an air gap behind («;, = 0.50). This mounting
condition performance is further improved when the air gap is filled with a porous material.
It can be noticed that when the entire gap is filled with rock wool (50 mm), the highest a,
is obtained. A significant improvement due to the air gap is also obtained for sample C,
while a slight improvement is reported for sample A. Conversely, depending on the sample
thicknesses, sample B values of o, are either not affected or reduced when the air gap is
added at the back of the 20 mm and 40 mm thick layers, respectively.

Table 3. Comparison of single acoustic indices related to the weighted absorption coefficient (x) for
the four concrete types (A-D).

Sample Characteristics A B C D
20 mm 0.10 0.10 0.10 0.20
40 mm 0.15 0.25 0.15 0.30
60 mm 0.25 0.25 0.25 0.45
20 + 20 mm 0.15 0.25 0.15 0.30
20 + 40 mm 0.20 0.25 0.25 0.40
20 mm + 50 mm air gap 0.20 0.10 0.35 0.50
40 mm + 50 mm air gap 0.20 0.10 0.30 0.50
20 mm + 50 mm air gap (rock wool 30 mm) 0.70
20 mm + 50 mm air gap (rock wool 50 mm) 0.75

4. Discussion

Given the results herein, a few aspects can be highlighted with respect to previous
findings presented in Section 1 and Appendix A. The sound-absorbing properties of the
panels under examination (i.e.,, A-D) were generally found to be extended towards the
lower frequencies with increasing thicknesses of the panels (i.e., 20 mm, 40 mm, or 60 mm).
The result is coherent with the findings of previous studies, such as in [13,18,21]. However,
panel B exhibits an unexpected behavior, as while the sound absorbing properties of the
thicker panels are higher at lower frequencies compared to the 20 mm sample, as it can
be seen in the 500 to 1600 Hz frequency range, the 20 mm thick sample outperforms the
40 mm thick one in the range of 1600 to 4000 Hz. Moreover, no peak shift towards the
lower frequencies is reported for the 60 mm thick panel compared to the 40 mm thick one,
as both present an absorption peak at 800 Hz. These two aspects may suggest that the
superficial and inner porosity of panels B are not uniform among the different thicknesses.
Moreover, it can be argued that for this typology that the thickness threshold is ~40 mm,
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i.e., no further increase of the absorption coefficient below 800 Hz is obtained with the
thickness increase from 40 to 60 mm [7]. Sample D outperforms the other typologies and
confirms that its superficial and inner structures are made of many small and uniformly
distributed pores and apertures connected with each other and with the outer surface [11].

When comparing samples with round lightweight aggregates, i.e., B-D, it can be
observed that there is a decrease in the sound absorption when the aggregate size increases
from 0.5-1 mm (sample D) to 4-8 mm (sample B). This is due to an increase in the median
pore size when increasing aggregate size as shown in [21], which would reduce the tortuos-
ity of the pore network, thus resulting in lower absorption values. Indeed, sample D has a
lower water permeability (Table 1), which is inversely correlated to tortuosity [42]. More-
over, note that sample A with crushed normal weight aggregates results in higher values of
the absorption coefficient when compared to sample B, which has similar void ratio (25%)
and aggregate dimensions (4-8 mm) to sample A, but features different aggregate shapes
and densities, i.e., round lightweight aggregates. This might be due to a higher tortuosity
enabled by internal pores with varied size connected to the surface, which is coherent with
the aspects highlighted in [11]. This kind of difference was not observed in previous studies,
that is, the work in [22], where only slight differences between round-shape (lightweight)
and irregular shape (normal weight) aggregates with the same gradation were found.

When considering panels composed of two layers, the presented results have high-
lighted some discrepancies between the sound absorbing performances of multilayered
panels and those of a single layer panel of the same thickness in case of panel samples A-C.
Conversely, samples D in the multilayered and single layer solution of equal thickness
exhibit similar performances. This behavior may be linked to the different degrees of unifor-
mity in the pore distribution of the different panel samples. In samples D, both sides of the
panel present a uniform distribution of the pores apertures and the measurement results
also suggest a higher connection of the internal pores to the surface as highlighted in [11].
Differently, for samples A-C, the closed pores presented in the back side of the panels
(Figure 6) may not allow full activation of the absorption of the second layer. This high-
lights that the sound absorption performances of such sample may be improved if greater
attention is paid during the treatment of the mix design and its curing in samples.

By comparing the sound absorbing performances of the different panel types measured
mounted with an air gap of 50 mm, it emerges that the panel type D outperforms the other
typologies. It presents a more uniform frequency-dependent sound absorption, a broader
frequency range of high values of absorption coefficient, and absorption coefficients higher
than those of other panel typologies. The performances of panels type C are slightly better
than those of panels A and B. The worst performance is presented by panel type B, which is
generally associated with the lower sound absorbing coefficient throughout the spectrum.
This might be due to the effect of regular and bigger aggregates, which lead to reduced
tortuosity of the pore network [21]. However, the behavior of samples A, B and C does not
change much with the air gap, suggesting that the sound is at least partly blocked by the
sample. Indeed, as it was highlighted also for the multilayer investigation, for the other
three typologies the back sides of the panels (Figure 6) present a higher number of closed
pores, which do not allow to fully activate the absorption due to the combination with the
air gap.

Generally, when considering the additional layer of air gap, note that the performance
of the 20 mm sample behaves as a layer of microperforated panel mounted with an air
gap, i.e., presenting a clear sound absorption coefficient peak at low frequencies with poor
values at higher frequencies [7]. This similarity is more evident for samples A and B, which
are expected to have pore networks with lower tortuosity due to the greater dimension of
the aggregates (4-8 mm) as presented in [21]. The 40 mm sample shows a similar behavior,
which can resemble that of a multilayer microperforated panel (MPP) [43]. In this case,
the thickness of the panel allows for a higher tortuosity of the pore network, which still
allows for some absorption at higher frequencies. Indeed, the microperforated panel sound
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absorption model presented by Maa [44,45] has been used in several studies to describe
the acoustic behavior of concrete.

By partially or completely filling the air gap at the back of the 20 mm thick sample D
with rock wool as porous material within the air gap, the sound absorbing performances
were reported to improve down to 250 Hz. This is because the air resonance in the air gap
and porous material layer is further damped by the porous material layer. This is coherent
with the findings related to MPPs [43] and highlights the improvements on absorption
with broader bandwidth and lower frequencies efficiency. These solutions’ results are
appropriate for several outdoor applications dealing with railway noise and traffic noise
reductions and feature a spectrum of interest in the range of 125 to 4000 Hz [46]. Moreover,
the investigated mounting systems could be integrated with structural multilayer building
facades [47,48].

Note that it was observed that although sample D results with the highest performance
in terms of evenness and rate, it presents poor performances related to wear resistance
compared to the other types, which may hamper their application in actual scenarios if no
facings or other protective solutions are used. Another option is to use panels of type B
and C, which, when coupled in layers of 20 + 40 mm, reach sound-absorbing performances
close to those of the same configuration of panels type D for frequencies higher than 800 Hz.
Alternatively, a systematic investigation may be useful to detect the thresholds values
of the concrete parameters (e.g., paste volume) in order to obtain acceptable mechanical
properties and still preserve highly efficient acoustical properties.

The study highlights the necessity to develop a higher number of experimental inves-
tigations by controlling the variables of the mix design in more systematic way. This ap-
proach has been possible to follow only through model applications as in [45].

5. Conclusions

The present study has been carried out in order to characterize the sound absorbing
performances of a set of porous concrete panels varying in concrete mix design (A-D),
thickness and mounting method. The measurements have been conducted in the 1:5 scale
reverberation room of the Politecnico di Torino, in accordance with the ISO 354-1:2003
standard. The sound absorbing performances of the different panels have been described
as 1/3 octave band and as weighted sound absorption coefficient «;,. The following
conclusions have been drawn.

(i) The mix design with the smallest round lightweight aggregate dimensions (0.5-1 mm),
referred to as panel D, gave the most effective sound absorption coefficient for all the
three sample thicknesses as well as for the mounting condition with an air gap at their
back. It was shown that the worst performing mix design feature round lightweight
aggregate with the greater dimensions (4-8 mm) referred to as panel B.

(ii) Samples with crushed normal weight aggregates of 4-8 mm, referred to as panel A,
showed higher values of absorption coefficients compared to samples with round
lightweight aggregates of the same dimensions. The performance is comparable to
that of the sample with round lightweight aggregates of smaller gradation (2-4 mm)
referred to as panel C. This was attributed to the pores dimensions and inner distribu-
tion which affects the pores tortuosity.

(iii) The sound-absorbing performances of the porous concrete panels tend to increase at
low frequencies for greater panel thicknesses. In most cases, solutions with single
panels or double-layered panels of an equivalent thickness provide similar perfor-
mances. This mounting solution could be useful in practice for modular solutions
and to limit the need for different formwork thicknesses.

(iv) The mounting method is shown to greatly influence the sound-absorbing perfor-
mances. For all porous concrete types considered, the sound absorption performances
are enhanced for lower frequencies by leaving a 50 mm air gap behind the panel.
However, the air gap significantly lowers the high frequencies performance of the
thinnest samples (20 mm).
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(v) The frequency dependent absorption coefficient and the weighted absorption coeffi-
cient a,, comparisons showed that, depending on the mounting method, the perfor-
mance of the concrete samples with aggregate dimensions of 0.5-1 mm, i.e., panel
D, can be further improved. The «;, reaches values 0.50 and 0.75 for the condition
with an empty air gap of 50 mm and air gap completely filled with a rock wool
layer, respectively. These values are comparable to those of most used conventional
porous materials.

Note that the mix design mechanical properties remain a crucial aspect that need to
be considered when the applicability of such materials is discussed. It was observed that
the material with higher acoustic performance (round lightweight aggregate of 0.5-1 mm)
presents poor performances related to wear resistance, which makes the application of such
panels in actual scenario impractical. Therefore, we endorse further testing in the attempt
to find the most performing solution balancing sound absorption with wear resistance
performances. Alternatively, when wear resistance is required, it is possible to use panels
of type B and C, which, when coupled in layers of 20 + 40 mm, reach sound-absorbing
performances close to those of the same configuration of panels type D for frequencies
higher than 800 Hz.

Further research could be conducted along this line of research to explore other
mix design and mounting method strategies to hopefully increase awareness about the
potential benefits of the application of sound absorbing porous concrete in the frame of
the architectural and urban design strategies. Such research may include (1) acoustic
absorption of materials with blended aggregates of different dimensions, weights and
shapes, (2) acoustic absorption for alternative mounting methods, (3) acoustic absorption
modeling of porous concrete of single layers and multilayer structure, and (4) possible
applications in case studies for outdoor and indoor environments.
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Appendix A

Summary of the main findings of past studies on the effect on sound absorption of
aggregate size.
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Table Al. Summary of the main findings of past studies on the effect on sound absorption of aggregate size, dimensions

and type, and panel thickness. Abbreviations used in the table body: lightweight (LW); normal weight (NW); limestone

(LS); aggregate (aggr.); sound absorption («).

Mix ]?emgn Effect [Refs] Details Method Main Findings
Variable
Influence [11] 0-2 mm/ Single sized 1-3 d1-5 It in high
nfluence 1-5 mm/1-3 mm ingle size mm an mm aggr. result in higher «
Sinele sized Concrete with 2.36—4.75 mm and 4.75-9.5 mm aggr.
2.36-4.75 mm/ & provide higher « than that with 9.5-12 mm aggr.
Influence [19,21] 4.75-9.5 mm/ The effect of blending aggr. on « varies depending
9.5-12 mm Blended on the aggr. size. Best performance with blends of
2.36—4.75 mm and 4.75-9.5 mm aggr.
Agg?egate Limited 4-8 mm/8-12 mm/ Single sized Slight increase in « for smaller aggr. (4-8 mm)
size influence [22] 12-19 mm & compared to bigger ones
. . Concrete with aggr. dimensions >5 mm feature
Single sized . . .
>5 mm/ higher « than alternatives with smaller aggr.
Influence [12,13] 1.25-5mm/ Three-layered solutions with the aggr. dimensions
<1.25 mm Layered (from exterior layer) of >5 mm/1.25-5 mm/
<1.25 mm result in the higher «
. 8-13 mm/ The variation of aggr. dimensions in the back layer
No influence [22] 13-19 mm Layered does not affect the a
Expanded Expanded perlite aggr. provides the highest a with
perlite/slag/ Single type P P &8t b &
; respect to slag and clay ceramsite
clay ceramsite
The « decrease with the relative increase in content
Influence [11] % replacement .
of slag over expanded perlite aggr.
Expanded
perlite/slag The combination of 8 cm slag (lower layer) and
Layered 12 cm expanded perlite (upper layer) is the most
performing one among those considered
LW + NW Layered solution with LW aggr. in the exterior
Influence [22] aggr./only Layered layer and NW aggr. in the back layer outperform
LW aggr. single layer with LW aggr.
A slight increase in « is reported for crushed NW
Limited . aggr. in comparison to rounded LW ones with
influence [22] NW/LW aggr. Single type similar sizes. The results do not seem consistent
Aggregate when varying the thickness of the concrete panel
material Y
Influence [13] Bottom ash vs. Single type Bottom ash concrete results in higher or

normal aggr.

comparable « than a typical porous concrete sample

Influence [23]

Crumb rubber/fine
normal aggr.

% replacement

Replacing fine aggr. with crumb rubber ones
increase «, for increasing percentages of
replacement (up to 20%)

The replacement of LS aggr. with bottom ash and

Bottom A
Influence [24] ash /recycled / % replacement recycled aggr. result in higher «; the 2 nd peak

LSa Y . shifts towards the higher frequencies for higher

88t percentages of replacement
Recycled ager./ With equal target void ratio, the effect of replacing
No influence [20] )I:S 88t % replacement LS aggr. with recycled ones had very
assr slight influence
Cenosphere The increase of volume fraction of cenospheres

Influence [25] ad difion Single type result in increased « from 0 to 20 to 40%; further

increases result in lower performance
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Table A1. Cont.

Mix ]?es1gn Effect [Refs] Details Method Main Findings
Variable
A slight increase of « is reported for crushed NW
Aggregate Limited Crushed /rounded Sinele tvpe aggregates in comparison to rounded LW ones with
shape influence [22] aggr. geyp similar sizes. The results do not seem consistent
when varying the thickness of the concrete panel
Thickness Influence Panel thickness Sinele laver The peak of the « is displaced to lower frequencies
[13,18,21] variation & Y for increasing panel thicknesses
Appendix B
Graphs supplemental to the results provided as a direct comparison between different
concrete typologies regarding thickness variation, multilayer combination, and mounting
condition over an airgap.
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Figure A1l. Comparison of the absorption coefficients for samples A-D with different thicknesses. Sample A: crushed normal
weight aggregates 4-8 mm; Sample B: round lightweight aggregates 4-8 mm; Sample C: round lightweight aggregates
2-4 mm; Sample D: round lightweight aggregates 0.5-1 mm.
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Figure A2. Comparison of the absorption coefficients for samples A-D with different thicknesses obtained from multiple
layer combinations (20 + 20 and 20 + 40 mm). Sample A: crushed normal weight aggregates 4-8 mm; Sample B: round
lightweight aggregates 4-8 mm; Sample C: round lightweight aggregates 2-4 mm; Sample D: round lightweight aggregates
0.5-1 mm.
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Figure A3. Comparison of the absorption coefficients for samples A-D with different thicknesses (20 and 40 mm) mounted
over an airgap of 50 mm. Sample A: crushed normal weight aggregates 4-8 mm; Sample B: round lightweight aggregates
4-8 mm; Sample C: round lightweight aggregates 2-4 mm; Sample D: round lightweight aggregates 0.5-1 mm.
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