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Abstract 

Porous solutions for sound absorption purposes have been the target of several studies. In this work, the 

acoustic absorption behaviour of concrete-based porous material was determined both experimentally and 

theoretically. The aggregates used in the concrete mixtures were one expanded clay. Tests were carried out 

for normal sound incidence in an impedance tube and diffuse field conditions, in a reverberation room, in 

order to obtain the samples sound absorption coefficient. Analytical methodologies were used, including the 

analytical equations proposed by ISO 10534-2 and London, to estimate diffuse field absorption from normal 

incidence results. Significant differences were registered between the theoretical estimations of diffuse field 

absorption and the measured results in reverberant room. 

Keywords: Porous concrete, Sound absorption coefficient, Normal sound incidence, Diffuse field 

conditions. 

1 Introduction 

Porous materials are wildely used to improve the sound environment conditions through their sound 

absorption properties. There are several types of porous materials, including cellular, fibrous and granular, 

and some examples are porous polymers, mineral fibres and porous concrete [1]. Porous concrete containing 

light aggregates, with an adequate amount of air, has excellent characteristics, including good workability, 

low density and proper strength, and can be applied in architectural elements with good acoustic and thermal 

behaviour [2]. This type of material has been used in numerous applications, such as outside noise barriers 

near roads and railways, to improve this kind of mitigation measure. It is composed of a solid and a fluid 

part, and the sound energy dissipation occurs due to the interaction between these two phases [1, 3]. To study 

porous materials, several approaches can be used, namely experimental and theoretical. Using the impedance 

tube to study the sound absorption coefficient with normal sound incidence, described in ISO 10534-2 [4], is 

a non-expensive and easy to do option that can provide interesting results. Nevertheless, it has some 

debilities because, in the real context, it is usual to have diverse sound incident angles instead. However, this 

method also gives the values for the surface impedance of the material. To experimentally determine the 

sound absorption coefficient of a material sample in diffuse field conditions, the procedure proposed by ISO 

354 [5] could be used. This experimental procedure has the advantage of considering multiple sound incident 

angles and use a larger sample, and can be found more realistic, but it is indeed more expensive than the 

previous procedure. In order to get values of sound absorption in diffuse field conditions based on values 

obtained with plane waves, different theoretical approaches were suggested by some authors. The ISO 

10534-2 [4], based on London’s equations and also London’s equations [6], make the transformation from 

the sound absorption coefficient with normal incidence, obtained with an impedance tube, to diffuse field 
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conditions. In this case, the medium is considered as infinite, and the propagation inside the medium is 

locally reactive.  

Fluid-equivalent models have been presented considering the complex bulk modulus and fluid-equivalent 

density to represent the absorbing behaviour of the porous materials studied [3, 7-11]. In this work, the 

model proposed by Horoshenkov-Swift [7] has been used to compute the sound absorption from the 

measured macroscopic parameters. This model represents the behaviour of the porous samples based on four 

parameters: air-flow resistivity, tortuosity, open porosity, and the standard deviation of the pore size, of 

which the first three have been determined both experimentally and by an inverse method, while the last on 

was estimated only by inversion techniques [12]. 

The structure of the paper is as follows: Section 2 – Materials, introduces the samples physical characteristics 

(e. g., grain size, ratio aggregate/cement); in Section 3 - Methodology, the used methodology is presented, 

along with a brief explanation of the experimental methods and theoretical models; in Section 4 – Results 

and discussion, results concerning the sound absorption coefficient determined by different methods are 

presented and analysed; and finally, Section 5 – Conclusions, describes the main conclusion of this study. 

2 Materials 

In this work, the aggregate used in the porous concrete mixtures was expanded clay. Tests were carried out 

for normal sound incidence in an impedance tube and in diffuse field conditions in a reverberation room to 

obtain the samples sound absorption coefficient. 

 

For the expanded clay in Figure 1, the grain size was obtained by cutting the material and has a grain size 

distribution in a range of approximately 0.25 to 3.15 mm (Figure 2). 

 

 
Figure 1 – Expanded clay used. 
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Figure 2 – Grain size distribution obtained using the procedure described in EN 993-1:1997 [13]. 

For the tests carried out in impedance tube, concrete cement-based mixtures were prepared, with this 

expanded clay, in circular moulds about 10 cm in diameter and thickness of 4 and 8 cm (Figure 3). 

 

 
Figure 3 – Porous concrete samples, for impedance tube. 

 

Three different aggregate/cement ratios, (A/C) were prepared, with expanded clay, and 6 samples for each 

mixture were obtained, of which 3 for each sample thickness (Table 1). From now on, they are referred by 

their trade names and aggregate/cement ratios. 

 

Table 1 – Mixtures prepared of lightweight porous concrete. 

Expanded 

Clay 
A/C 

Mass percentage [%] 

Cement Aggregate Water 

Argex/AE 2.93 20.40 59.78 19.81 

Argex/AE 3.71 17.51 64.97 17.51 

Argex/AE 5.18 13.93 72.14 13.93 

 

A preliminary study was conducted to perceive the moisture influence in the sound absorption coefficient 

measures on the impedance tube. The measures were made at 7, 14 and 28 days after the sample was 

prepared. It showed only slight differences between curves of the same samples, thus seeming not to have a 

very strong influence. These results are consistent with those shown by Ramis et al [14]. 

 

For the tests carried out in the reverberant room, in diffuse field conditions, two porous concrete samples 

were tested, with an approximate area of 10 m2 (Figure 4) and the porous layer with approximate 8 cm. 

 

 
Figure 4 – Porous concrete samples, for reverberant chamber. 

 

3 Methodology 

Several experimental tests and theoretical models were used in this work to compare the behaviour of porous 

concrete made with expanded clay. The main objective of this work is to compare the results obtained with 

different strategies for cement-based porous materials. 
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3.1 Experimental Procedures 

3.1.1  Sound absorption coefficient – normal incidence 

To find sound absorption coefficient with normal incidence, tests were performed on a circular impedance 

tube with 100 mm diameter. The test methodology used is proposed in ISO 10534-2-2 [4], which is based on 

the transfer function between two microphones. 

 

The impedance tube used has a cut-off frequency of about 1600 Hz. The sound pressure was measured using 

two G.R.A.S. Sound & Vibration 46 AE 1/2'' CCP free field microphones, a NI USB 4431 acquisition 

system, (National Instruments) and the pressure data processed in MATLAB. A random excitation provided 

by a speaker was generated from the NI USB 4431. 

 

The ratio between the reflected pressure (pr) and the incident pressure (pi) is the reflection factor that is 

given by equation (1): 
 

  . (1) 

 

The sound absorption coefficient can be achieved with equation (2): 
 

  , (2) 

 

where r is the reflection coefficient. This experimental test also provides an important parameter that 

characterises acoustically the material, the surface impedance (3): 
 

  , (3) 

 

where ρ0c0=Z0 is the characteristic air impedance. 

3.1.2 Sound absorption coefficient – diffuse field 

To determine the sound absorption coefficient in diffuse field conditions, tests were performed in a 

reverberant room. This test methodology is proposed in ISO 354 [5]. The diffuse incidence absorption 

coefficient measurement procedure consists of making room reverberation time (T60) measurements under 

two distinct conditions. In the first measurement, the reverberant room is empty, and in the second, the 

sample to be characterized is positioned, and the second measurement of T60 is taken. The sample 

equivalent absorption area can be achieved with expression (4): 
 

  , (4) 

 

where V is the volume of the empty reverberant room, c1 is the propagation speed of sound in air at 

temperature t1 with the empty room, m1 is the attenuation coefficient due to the presence of air with the 

empty room, T1 is the reverberation time of the room empty, c2 is the sound propagation velocity in air at 

temperature t2 with the sample in the room, m2 is the attenuation coefficient due to the presence of air with 

the sample in the room and T2 is the reverberation time with the sample in the room. 
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The sound absorption coefficient, in diffuse field conditions, must be calculated according to expression (5): 
 

  , (5) 

 

in which S is the sample area. 

3.2 Theoretical Models 

Porous materials are made up of two phases, solid and fluid, making it possible to predict their behaviour in 

numerical models as equivalent fluids [3, 7, 8, 15] . The Horoshenkov and Swift model for granular porous 

materials was used, adequate for porous concrete samples, such as those studied. The model allows 

estimating the acoustic behaviour from the macroscopic properties of the material. From these parameters 

and considering the porous material to behave like an equivalent fluid, it is possible to determine the 

characteristic impedance and the wavenumber of the material. The parameters considered were the porosity, 

ϕ, the airflow resistivity, σ, the tortuosity, α∞, and the standard deviation of the pore size, σp, of which the 

first three have been determined both experimentally ([16-18]) and by an inverse method (Table 2). In 

contrast, the last one was determined only theoretically. These authors suggest to determine the volumetric 

density and the compressibility module with equations (6) and (7), respectively: 
 

   (6) 

 

  , (7) 

 

where: ω is the angular frequency, γ is the ratio of specific heat, P0 is the atmospheric pressure and Npr is the 

number of Prandtl number and F ̃ is the viscosity correction function, which can be presented in the form of a 

Padé approximation as in (8): 
 

  . (8) 

 

With these two parameters, it is possible to obtain the characteristic impedance and the wave number of a 

porous material. Which are determined according to equations (9) and (10): 
 

   (9) 

 

  , (10) 

 

where: ,  and . Assuming in a simplified way that the geometry of the pores is 

circular, thus leads to the following form factors: , , where  and 

. 
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An inverse method was also used based on a genetic algorithm to determine the macroscopic parameters 

theoretically and obtained a new sound absorption curve. This method is based on the difference between the 

theoretical sound absorption coefficient obtained with the Horoshenkov and Swift model and the 

experimental sound absorption coefficient. For the use of this inversion algorithm, an initial estimation 

(based on the experimental results) and lower and upper boundary limits were defined for each macroscopic 

parameter. Such process ensures that the values obtained are within acceptable values. The following 

objective function (11) is then minimized: 
 

   (11) 

 

where: nf is the number of discrete frequencies analysed,  is the absorption coefficient obtained with 

Horoshenkov and Swift model and  is the experimental absorption coefficient. The experimental and 

corrected macroscopic parameters for both considered thickness, 8 and 4 cm, are presented in Table 2. These 

values represent the average value of each type of mixture and thickness. 

 

Table 2 – Experimental and corrected (theoretical) macroscopic parameters. 

Sample 

Thickness 

[m] 

Tortuosity 

α∞ [-]  

Porosity 

Φ [-]  

Airflow resistivity 

σ [Ns/m4]  

Average pore size 

standard deviation σp [-]  

Experimental data 

Argex/AE 2.93 
0.08 2.51 0.46 4507.88 0.25 

0.04 3.81 0.42 6246.85 0.25 

Argex/AE 3.71 
0.08 2.21 0.45 5044.94 0.25 

0.04 3.50 0.42 6045.70 0.25 

Argex/AE 5.18 
0.08 2.37 0.46 4668.45 0.25 

0.04 3.80 0.45 5324.50 0.25 

Theoretical data 

Argex/AE 2.93 
0.08 2.26 0.45 4720.11 0.26 

0.04 3.43 0.46 6871.49 0.27 

Argex/AE 3.71 
0.08 2.14 0.45 5231.79 0.27 

0.04 3.15 0.46 6642.98 0.27 

Argex/AE 5.18 
0.08 2.14 0.50 4990.16 0.27 

0.04 3.42 0.50 5738.34 0.27 
 

Theoretical models exist to make the transformation from experimental results of sound absorption 

coefficient with normal incidence to diffuse field conditions, using several simplifications. In ISO 10534-2 

[4], one of the equations proposed by London, equation (12), is presented: 
 

  , (12) 

 

where , , , and  is the surface impedance 

obtained experimentally. The so-called first and second London equations are also presented by expressions 

(13) and (14): 
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   (13) 

 

  . (14) 

 

4 Results and discussion 

The results of the developed work are presented and analysed. First, the results obtained by directly 

measuring the sound absorption coefficient in the impedance tube are shown, and in the following section, 

the sound absorption coefficient results for diffuse field conditions, both experimental and theoretical, are 

presented. 

4.1 Normal incidence 

The experimental and theoretical sound absorption coefficient curves with incident plane waves are 

presented in Figure 5. The experimental results were obtained according to ISO 10534-2 [4]. The theoretical 

curves were obtained with the proposed model of Horoshenkov and Swift, where experimental macroscopic 

parameters (PMe) and corrected macroscopic parameters (PMc) were used. 

 

 
(a)                                                                              (b) 

Figure 5 – Experimental and theoretical sound absorbent curves, for normal incidence waves, for 8 cm (a) 

and 4 cm (b) samples. 

 

Both theoretical curves fit quite well to the experimental data. It must be noticed that the adjustment between 

corresponding curves is better for samples with 8 cm thickness than to 4 cm thickness. However, it can be 

observed that the curves obtained with the corrected macroscopic parameters obtained with the previously 

introduced inverse method adjust slightly better than the ones with experimental macroscopic parameters. 

The samples present very similar behaviours because despites the different aggregate/cement ratios, the 

differences between each other are only slight. Appreciable sound absorption can be observed between 400 

and 1000 Hz for the 8 cm samples and 800 and 1600 Hz for the 4 cm samples. The maximum amplitude is 

observed between 600 and 700 Hz for the 8 cm samples and 1000 and 1250 Hz for the 4 cm samples. 



 

 

 8 

For each mixture, the displacement of the absorption curve to higher frequencies is observed with the 

decrease in thickness, as it was expected. 

For different mixtures and the same thickness, it can be observed that the sound absorption curve moves to 

lower frequencies for a greater amount of cement. With cement's increase, the density of the sample also 

increases (presenting smaller pores/channels), thus changing some of the macroscopic parameters that 

influence the acoustic behaviour. 

4.2 Diffuse field conditions 

The experimental and theoretical sound absorption coefficient curves in diffuse field conditions are presented 

in Figure 6 for the mixture Argex/AE 5.18. For all cases, the experimental and theoretical simulation were 

obtained for a thickness of 8 cm.  

 
(a)                                                                              (b) 

 

Figure 6 – Experimental and theoretical sound absorption curves in diffuse field conditions, considering the 

directly measured normal incidence sound absorption (a), and for Horoshenkov and Swift model with 

corrected macroscopic parameters (b). 

 

Comparing the sound absorption curves obtained for both conditions, results for normal incident waves and 

for diffuse field conditions reveal quite different behaviours. As expected, a wider frequency range with 

higher sound absorption coefficient is seen for the diffuse field, clearly revealing the effect of refracted 

sound waves within the material volume. 

Analysing the different approaches for the estimation of diffuse field absorption, the curve obtained by the 

equation suggested in ISO 10534-2 [5] (α ISO10534-2 exp.data 008) presents significant differences when 

compared with the experimental curve measured in a reverberant room (α ISO354 008). 

On the other hand, London’s equation 1 (α London 1 exp.data 008 and α London 1 HS PMc 008) seems to adjust 

better to the experimental curve, especially the one obtained with the Horoshenkov and Swift model and the 

corrected macroscopic parameters of the studied material. The second London equation also leads to similar 

results, but seems to estimate higher values at lower frequencies, and lower absorptions in the mid-frequency 

range. It should be noted that the calculated diffuse field absorption resulting both from ISO 10534-2 and 

from London’s equations is an approximate estimation which should only be valid when locally reacting 

materials are analysed. In the present case, the tested solution is clearly bulk-reacting, and so significant 

deviations occur. Additionally, all equations refer to infinite panels, while the diffuse field test was 

performed for a finite 3x3 m2 panel, which induces a different behaviour of the whole solution (see [19]). 

One final plot is presented in Figure 7, depicting the comparison between the measured sound absorption in 

the reverberant room with the two London models, considering 1/3 octave bands, and the complete 

frequency range between 125 Hz and 4000 Hz. Observing these curves, it can be seen that the global trend is 

correctly predicted by the two simplified models, although with some discrepancies and oscillations being 
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visible. Even in the higher frequency range above 2000 Hz (which was not measured in the impedance tube), 

the global trend seems to be followed by the predictions based in the Horoshenkov and Swift theoretical 

model together with the London models. 

 
Figure 7 – Experimental and theoretical sound absorption curves in diffuse field, in 1/3 octave bands, for 

both London models. 

5 Conclusions 

Different approaches can be used to study the acoustic behaviour of porous materials. This work intends to 

study sound absorption provided by porous cement-based materials and evaluate different estimating 

strategies. Different experimental and theoretical models were used. 

Several porous concrete samples, composed of expanded clay, cement and water, were tested. These 

revealed the expected sound absorption behaviour, with a structure of peaks and valleys which is related to 

the specimen thickness and to its macroscopic parameters. 

A theoretical model proposed by Horoshenkov and Swift proved to be efficient to predict the sound 

absorption behaviour, when subject to plane waves, of this type of material. The inverse method used to 

obtain the corrected macroscopic parameters enables the Horoshenkov and Swift curves to adjust better to 

the experimental curves. 

For the diffuse field conditions analyses, all tested models seem to provided only a rough approximation of 

the sound absorption curve, with clear differences being registered between both the simplified and the 

measured results. Indeed, this is a complex problem, and the bulk reactive character of the solution together 

with its finite size and with possible internal heterogeneities within the material lead to the necessity of better 

estimation tools. Numerical tools, based on the BEM or FEM may be an option to perform more accurate 

estimation. 
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