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ABSTRACT* 

Complementing the effect of porous materials with 

embedded resonators can be a simple and effective strategy 

to improve sound absorption of traffic noise barriers. 

Although several studies exist in the literature, few practical 

applications can be found, and there is ample room for 

defining optimized configurations that may allow improving, 

for example, their low frequency behaviour. For the specific 

case of embedded resonant structures, introducing multiple 

elements with different resonant frequencies, and allowing 

for different neck geometries may be a possible way of 

obtaining such improvement. 

Here, the development of a carefully designed acoustic 

barrier is addressed. A metasurface is introduced, consisting 

of a porous multi-layer system into which tuned resonators 

are integrated. Both the multi-layer arrangement and the 

resonators optimise targeting specific frequency ranges. For 

the case of the resonators, optimal designs are obtained by 

adjusting their dimensions, neck geometry and number of 

different resonators employed. Modelling is performed using 

the Transfer Matrix Method and validated by means of a 

Finite Element Method, and good agreement between the 

two methods has been observed. The final results 

demonstrate the possibility of defining practical and effective 

solutions for application in noise barriers in the context of 

traffic noise mitigation. 
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Absorption, Porous Noise Barriers. 
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1. INTRODUCTION 

Traffic-related noise in Western Europe was estimated to 

result in the loss of one million healthy life years, thereby 

highlighting the considerable public health challenges 

associated with environmental noise sources such as road, 

railway, and air traffic, as well as construction sites, which 

have been linked to adverse health outcomes including 

cardiovascular diseases, sleep disturbances, and cognitive 

impairment [1]. Addressing this problem, porous and fiber 

materials [2], resonators [3], metamaterials [4] and barriers 

[5], play a key role for acoustic purposes. Thus, metaporous 

surfaces offer an excellent compromise between the 

broadband performance of porous layers and the deep 

subwavelength properties of metasurfaces [6]. Given that 

their absorption properties depend on a complex interaction 

between thermal and viscous losses within the porous layer 

and the resonant elements [7]. Therefore, finding the optimal 

combination of different systems is of great practical value, 

as it allows for attenuation across broader frequency ranges 

with high sound absorption. 

In this work, a porous metasurface was designed to achieve 

high absorption over a broad frequency range. Due to the 

lack of sound absorption, at low frequencies, by the porous 

materials [8], by integrating slit-shaped resonant inclusions 

within the solid matrix, the low-frequency performance is 

notably enhanced. These resonators increase the dissipation 

of acoustic energy through thermal and viscous losses 

occurring within the pores [9]. 

A multilayer acoustic barrier has been considered. It consists 

of a porous multilayer system, characterized in this work by 

an equivalent fluid model [10] and the incorporation of 
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resonators described using formulas proposed by Stinson 

[11]. The complete system was assembled using the Transfer 

Matrix Method (TMM) [4], which was validated both by the 

Finite Element Method (FEM) [12] and through 

experimental tests in an impedance tube [13]. 

A parametric analysis was conducted to assess how the 

geometry and arrangement of the slit inclusions influence the 

overall absorption. Analytic and numerical results 

demonstrate that the suggested metamaterial attains 

significantly higher low-frequency absorption compared to 

the porous layer without the inclusions. 

2. METHODOLOGY 

In this work, the objective was to develop a metasurface 

comprising a porous multilayer system with embedded 

resonators (Figure 1). Initially, an extensive study was 

undertaken to characterise the porous material, in this case, 

porous concrete [14-17]. Subsequently, different slit-type 

resonators were examined. The Transfer Matrix Method was 

the chosen approach for this research. 

 

Figure 1. Porous metasurface with 

resonators inclusions 
With regard to the porous concrete made with expanded clay 

(Figure 2), previous studies have been conducted to 

determine its acoustic properties, including macroscopic 

parameters, as well as a comprehensive assessment of its 

sound absorption and surface  impedance [14-17]. 

            
(a) (b) 

Figure 2. Porous concrete samples (a) and 

details of the porous concrete material (b) 

This earlier work encompassed both experimental and 

numerical aspects. In the present study, certain results from 

that prior investigation were used, notably the pre-

established relationships between the material’s density and 

porosity and the remaining macroscopic parameters, 

followed by the determination of the sound absorption curve. 

The intention is to employ this porous material made with 

expanded clay in a noise barrier, prompting the idea of 

creating a multilayer porous system using the same base 

material. For this purpose, the macroscopic parameters of 

each layer were optimised based on the model proposed by 

Horoshenkov and Swift [10], thereby yielding an optimised 

sound absorption curve in comparison to a non-optimised 

multilayer system. The Transfer Matrix Method was 

adopted, relating the sound pressure and the normal velocity 

of acoustic particles at the two faces of each layer [4]. 

Subsequently, a study was carried out on the acoustic 

behaviour of slit-type resonators. The equivalent fluid model 

proposed by Stinson [11] was employed to characterise both 

the neck and the cavity. For slit geometries, the effective 

density and bulk modulus expressions are derived from those 

for rectangular cross-section tubes, under the assumption that 

one dimension is significantly larger than the other [4]. Once 

again, the Transfer Matrix Method was used to describe the 

overall behaviour and to obtain the sound absorption curve. 

In addition, the sound absorption curve was optimised for 

specific frequencies. 

 

Various configurations have been studied, in which the 

number of porous layers as well as the number and geometry 

of the resonators have varied (not all configurations here 

presented). To validate the methodology employed, 

equivalent systems were simulated using the Finite Element 

Method (FEM), and experimental validation tests were 

performed with the two microphones impedance tube 

method [13]. In the experimental validation, melamine was 

used as the porous material (Figure 3), and for its theoretical 

simulation, the more appropriate Delaney-Bazley-Miki 

model (DBM) [18] was chosen. 

            
(a) (b) 

Figure 3. Melamine samples (a) and details of 

the melamine porous material (b) 
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From the experimental campaign, the sound absorption 

curves for melamine and for the complete system, 

comprising a single layer of melamine with the inclusion of 

one slit resonator, were obtained. Additive manufacturing 

was used to manufacture the previously tailored slit 

resonators (Figure 4). 

       
(a) (b) (c) 

Figure 4. Slit resonator (a) and (b), samples 

for sound absorption: system made of 

melamine and a slit resonator embedded (c) 

The samples of melamine are 102 mm thick and a diameter 

of 100 and 38 mm, and the samples with the full system, 

melamine and slit resonator, are 102 mm thick and have a 

diameter of 100 mm. The resonator has internal dimensions 

as in Figure 5: 

 

Figure 5. Schematic samples for sound 

absorption: system made of melamine and a 

slit resonator 

2.1 Transfer Matrix Method (TMM) 

The TMM allows estimating how sound waves are 

transmitted and reflected through a system of acoustic 

components (Figure 6), such as multilayer porous assemblies 

[8]. It establishes the relationship between acoustic pressure 

and particle velocity at the system’s input and output ports, 

considering the acoustic characteristics of each element as 

well as the overall system geometry. Consequently, it serves 

as an excellent tool for predicting sound absorption and 

transmission loss of laterally infinitely layered multilayer 

materials arranged in series[4]. 

 

 

Figure 6. Scheme of an acoustic multilayer 

structure 

The transfer matrix between the two faces of an isotropic and 

homogeneous 1D material, from x = 0 to x = l, is used to 

relate the sound pressure, p, and the normal velocity of 

acoustic particles, v, at the two faces of a single layer of 

material: 

 

[
𝑝
𝑣
]
𝑥=0

= [
cos⁡(𝑘𝑙) i𝑍sin⁡(𝑘𝑙)

isin⁡(𝑘𝑙)/𝑍 cos⁡(𝑘𝑙)
] [
𝑝
𝑣
]
𝑥=𝑙

⁡,   (1)                           

 

in which the wave number of the material is defined as 𝑘 =

𝜔/𝑐 = 𝜔√𝜌/𝐾, with 𝜔 being the angular frequency, c the 

speed of sound propagation, ρ the density, and K the bulk 

modulus. The acoustic impedance is defined as 𝑍 = √𝜌𝐾, 

and i = √−1 is the imaginary unit. A Fourier time 

convention ei𝜔𝑡  is assumed. The transfer matrix, T, 

considering a two-layered system, with layers A and B, can 

be written as: 

T = T𝐴T𝐵⁡⁡,                                   (2) 

with: 

T𝐴 = ⁡[
⁡cos⁡(𝑘𝐴𝑙𝐴)⁡ i𝑍𝐴sin⁡(𝑘𝐴𝑙𝐴)

i⁡sin⁡(𝑘𝐴𝑙𝐴)/𝑍𝐴 cos⁡(𝑘𝐴𝑙𝐴)
]⁡,          (3) 

T𝐵 = [
cos⁡(𝑘𝐵𝑙𝐵) i𝑍𝐵sin⁡(𝑘𝐵𝑙𝐵)

i⁡sin⁡(𝑘𝐵𝑙𝐵)/𝑍𝐵 cos⁡(𝑘𝐵𝑙𝐵)
]⁡,          (4) 

 

Finally, the total transfer matrix, is given by the product of 

the transfer matrices of the N elements of the overall system. 

T = ∏ T𝑛
𝑁
𝑛=1                                    (5) 

P P

T1 T2 T3 T4

T2
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For parallel layers, the transfer matrix between the two faces 

of a homogeneous and isotropic 1D material, extending from 

x = 0 to x = l, that relates the sound pressure, p, and the 

normal velocity of acoustic particles, v, at the two faces is: 

[
𝑣1
𝑣2
] = [

𝑌11 𝑌12
𝑌21⁡⁡𝑌22

] [
𝑝1
𝑝2
],                                   (6) 

where, 𝑝1 and 𝑝2, are the sound pressure, 𝑣1and 𝑣2⁡are the 

normal velocity of acoustic particles, at the two faces, 𝑌11 

and 𝑌22 are the self-admittances and 𝑌12 and 𝑌21 are the 

transfer-admittances calculated with: 

𝑌𝐴 = [
𝑌11
𝐴 ⁡ 𝑌12

𝐴

𝑌21
𝐴 ⁡⁡⁡𝑌22

𝐴 ] = [
−i

cos(𝑘𝐴𝑙𝐴)

𝑍𝐴sin⁡(𝑘𝐴𝑙𝐴)
i

1

𝑍𝐴sin⁡(𝑘𝐴𝑙𝐴)

−i
1

𝑍𝐴sin⁡(𝑘𝐴𝑙𝐴)
i

cos(𝑘𝐴𝑙𝐴)

𝑍𝐴sin⁡(𝑘𝐴𝑙𝐴)

]   (7) 

 

𝑌𝐵 = [
𝑌11
𝐵 ⁡ 𝑌12

𝐵

𝑌21
𝐵 ⁡⁡⁡𝑌22

𝐵 ] = [
−i

cos(𝑘𝐵𝑙𝐵)

𝑍𝐵sin⁡(𝑘𝐵𝑙𝐵)
i

1

𝑍𝐵sin⁡(𝑘𝐵𝑙𝐵)

−i
1

𝑍𝐵sin⁡(𝑘𝐵𝑙𝐵)
i

cos(𝑘𝐵𝑙𝐵)

𝑍𝐵sin⁡(𝑘𝐵𝑙𝐵)

]   (8) 

And, in terms of admittances matrices, a parallel 

combination of 𝑛 layers means that they all share the same 

pressure across two faces:  

𝑌total = ∑  𝑁
𝑛=1 𝑌𝑛⁡𝑟𝑒𝑠𝑜𝑛𝑎𝑡𝑜𝑟+ ∑  𝑀

𝑚=1 𝑌𝑚⁡𝑝𝑜𝑟𝑜𝑢𝑠 ∗ 𝐴𝑠𝑢𝑟 ,  (9) 

where each 𝑌𝑛 is the admittance matrix of a resonator and 

each 𝑌𝑚 is the admittance matrix of a porous layer. 𝐴𝑠𝑢𝑟 is 

the surface area of the porous material. 

2.2 Finite Element Method (FEM) 

In this study, the Finite Element Method (FEM) was 

employed to validate the predictions made using the TMM. 

The FEM analysis involved discretising the acoustic domain 

into finite elements and solving the governing wave equation 

in the frequency domain [12]. The medium’s properties, its 

density (𝜌) and speed of sound (𝑐), are fundamental in 

defining the Helmholtz equation, which . In acoustics, the 

propagation of sound waves is typically described written as: 

∇2𝑃 + (
𝜔2

𝑐2
)𝑃 = 0⁡,                                   (10) 

in which: ω=2πf is the angular frequency and P is the 

acoustic pressure. Adequate boundary conditions are 

employed to account for the interaction between the acoustic 

waves and the geometry’s boundaries. The sound absorption 

coefficient, 𝛼, is calculated based on the pressure measured 

at diverse points: 

α = 1 −⁡|𝑅|2                                   (11) 

in which 𝑅 is the reflectance, that depends on the phase 

difference between the reflected and incident waves: 

𝑅 =
𝐻−e−i𝑘𝑠

ei𝑘𝑠−𝐻
                                   (12) 

where: H is the ratio of the pressures at the two selected 

points P1 and P2, k is the wave number and s is the distance 

between P1 and P2. 

2.3 Impedance Tube 

To characterize the sound absorption coefficient with normal 

incidence, tests were performed on circular impedance tubes 

with 100 and 38 mm in diameter (Figure 7). This 

standardised technique provided reliable measurements of 

sound absorption coefficients under normal incidence 

conditions [13]. 

 

Figure 7. Scheme of 100 mm impedance tube 

The test methodology is indicated in ISO 10534-2 [13], 

where the sound absorption coefficient, 𝛼, is calculated 

according to: 

 

𝛼 = 1 − |𝑅|2                                (13) 

 

where R is the reflection coefficient as defined in Equation 

12. 

3. RESULTS AND ANALYSIS 

3.1 Experimental model validation 

In order to characterize the acoustic absorption properties of 

the system under study, the impedance tube method, was 

employed [13]. The experimental data obtained were 

subsequently used to validate the TMM model applied in this 

study. By comparing the TMM predictions with the 

experimental results from the impedance tube, the accuracy 

and applicability of the model in predicting the acoustic 

performance of the multilayered system were confirmed 

(Figure 8 and Figure 9). The experimental melamine sound 

absorption curve (αEXP_mela) and the theoretical Delany–

Bazley–Miki (αDBM) curve follow similar trends, confirming 

that the DBM model generally captures the main absorption 

characteristics of melamine. Discrepancies, typically at 

lower frequencies, reflect the empirical nature of DBM and 

potential real-world factors in the experimental sample. The 

slit resonator (αTMM_slit) exhibits a sharp absorption peak at its 

resonant frequency, effectively targeting lower frequencies 

with a narrowband. When the theoretical slit resonator is 
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combined with melamine (modelled with DBM), the 

resulting curve shows enhanced absorption in the low-

frequency region, due to the resonator, while still retaining 

the broad mid- to high-frequency absorption typical of 

melamine. This synergy provides a wider effective 

absorption bandwidth than either component alone. 

 

Overall, the obtained results suggest that incorporating a slit 

resonator with a porous material can yield a more 

comprehensive absorption profile across the frequency 

spectrum, especially useful in applications demanding 

improved low-frequency performance (Figure 8). 

 

Figure 8. Sound absorption coefficient for 

melamine, slit and full system 

In Figure 9, the theoretical prediction obtained by combining 

the experimental absorption data of melamine with the TMM 

model for the slit resonator, based on Stinson’s formulation, 

(αEXPmela+TMMslit) and the experimental absorption measured 

for the physical sample comprising melamine plus the slit 

resonator (αEXP-(mela+slit)) are represented. 

 

 

Figure 9. Sound absorption coefficient of full 

system. Experimental data and TMM 

estimated results 

The good agreement between the sound absorption curve 

predicted by the TMM model and the experimental results 

suggests that the model is suitable for predicting the sound 

absorption coefficient of this type of system (a porous 

material with the inclusion of slit-type resonators). In 

particular, the coincidence of resonance peaks and the similar 

behaviour across different frequency ranges indicate that the 

method accurately describes the acoustic propagation, the 

interactions among the porous layers, and the slit resonance 

effects. Consequently, the application of TMM to predict the 

acoustic performance in this case is validated, providing 

confidence in its use for the analysis, optimisation, and 

design of multilayer systems with resonators. 

3.2 Metaporous surface, analythical and numerical 

results 

Complementarily, a verification was also carried out using 

the FEM methodology, now considering a layered system 

with porous concrete. There is a good agreement between 

both curves across almost the entire frequency range (Figure 

10), reinforcing the validity of the TMM as an analysis tool 

for this type of multilayer system with embedded resonators. 

Some discrepancies at certain frequencies may be due to 

model simplifications, as well as the FEM model’s ability to 

account for reflections within the porous medium resulting 

from contact with the resonator’s rigid surface. Overall, the 

correspondence between the results demonstrates the 

consistency of the TMM model, suggesting that it is indeed 

possible to simulate such systems at a lower computational 

cost. 

 

Figure 10. Metasurface with 4 porous layers 

and 1 embedded resonator obtained with 

FEM and TMM models 

Figure 11 shows the performance of a metasurface system, 

composed of 2 porous layers and 3 resonators, using the 

TMM. The resonators’ curves (αTMMres250, αTMMres285, 
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αTMMres300) represent the individual responses of each 

resonator, each displaying a distinct absorption peak at its 

respective resonance frequency. These peaks clearly indicate 

the resonators’ effectiveness in targeting and attenuating 

sound within specific frequency bands. The overall system 

performance (αTMMporous+resonators) demonstrates a broadened 

absorption across the frequency spectrum. This enhanced 

broadband absorption results from the combination of the 

porous layers’ inherent wideband absorption and the 

narrowband contributions of the resonators. 

 

Figure 11. TMM simulation of a 

Metasurface with 2 porous layers and 3 

embedded resonators  

The good agreement between both the individual resonator 

curves and porous curve and the metasurface response 

validates the design approach, suggesting that the TMM 

model accurately captures the acoustic interactions within 

such multilayer systems. Consequently, this method appears 

to be a reliable and computationally efficient tool for the 

analysis, optimisation, and design of advanced acoustic 

barriers and metasurfaces. 

4. FINAL REMARKS 

The results obtained with the Transfer Matrix Method 

(TMM) support the effectiveness of integrating porous layers 

with slit-type resonators to achieve enhanced acoustic 

absorption. The distinct resonance peaks of the individual 

resonators, as well as the porous layers’ absorption curve, 

correspond well with the broader absorption observed in the 

composite system, underscoring the synergistic benefits of 

this type of design. These conclusions confirm that the TMM 

is an accurate and computationally efficient tool for 

predicting the acoustic performance of multilayer systems, 

also allowing the inclusion of resonators. 

 

Furthermore, the theoretical predictions for the porous 

material have been supported by experimental 

measurements, reinforcing the reliability of the baseline 

model. The successful combination of the narrowband 

effects of the resonators with the broadband absorption 

properties of the porous layers offers promising prospects for 

optimising noise reduction across a wide frequency range. 

This paves a way for innovative advancements in the design 

and optimisation of acoustic barriers and metasurfaces. 
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