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Abstract
Sonic Crystals offer a promising alternative to tradi-
tional noise barriers through the creation of spectral
bandgaps. However, the performance of rigid scatter-
ers is often limited by narrow attenuation zones. This
study investigates the enhancement of SC barriers by
utilizing a novel porous concrete matrix modified with
recycled rubber shreds or cork powder.
Initially, the acoustic properties of the mixtures were
characterized via impedance tube measurements, re-
vealing that rubber additives shift the absorption peak
toward higher frequencies, while cork powder signif-
icantly broadens the absorption bandwidth. These
findings were then applied to a case study of a mod-
ular SC barrier. Numerical simulations performed
after laboratory measurements of the new mixtures,
from which equivalent fluid parameters were obtained,
demonstrate that scatterers composed of modified
porous concrete provide a synergistic effect: the peri-
odic arrangement maintains Bragg interference, while
the intrinsic material absorption complements the
insertion loss spectrum. The results indicate that
cork-modified scatterers are particularly effective for
broadband urban noise, while rubber-modified com-
posites allow for targeted attenuation. This research
highlights the potential of functionalized cement-based
composites as high-performance, sustainable noise con-
trol structures.
Keywords: porous concrete, sonic crystal, noise barrier,
acoustic absorption

1. Introduction
Noise in urban environments is an increasing problem,
with major sources including road traffic, construction,
and aircraft. Conventional mitigation methods rely on
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concrete, metal, or glass barriers, which mainly reflect
sound rather than dissipate it. In many applications,
sound-absorbing materials are preferable. Common
absorbers are fibrous materials (e.g., melamine and
rockwool), but they require additional protection for
outdoor use.
Porous concrete (PC) is a promising sound-absorbing
construction material. It is produced by modifying
the aggregate composition to create an interconnected
pore network [1]. As sound propagates through these
pores, part of its energy is dissipated as heat and struc-
tural vibrations [2]. PC is widely used in pavements
and highway noise barriers.
Modifying the concrete mix with alternative aggre-
gates is a common strategy to improve its perfor-
mance. Kim and Lee [3] investigated expanded shale
aggregates and found that higher porosity and better-
connected pore pathways increase sound absorption
through enhanced viscous and thermal losses. Park
et al. [4] showed that recycled crushed cement waste
alters pore geometry and airflow resistivity, shifting
the frequency range of maximum absorption. Overall,
these studies demonstrate that controlling void ratio
and aggregate selection enables porous concrete to
achieve improved acoustic performance while main-
taining structural viability.
A key advantage of PC is its compatibility with recy-
cled and natural aggregates. Holmes et al. [5] replaced
part of the fine aggregate with crumb rubber from
recycled tires, showing that elastic inclusions modify
pore structure and improve acoustic performance with
limited structural compromise. Similarly, Novais et al.
[6] investigated cork-based alkali-activated fly ash com-
posites and reported significant improvements in noise
reduction, although mainly for mixtures containing at
least 60% cork.
This work investigates the acoustic performance of
porous concrete made with expanded clay as the base
aggregate and modified with cork or rubber particles.
Several mixtures were prepared by replacing portions
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of expanded clay with these aggregates and by increas-
ing the cement content. The absorption coefficient
(α) was measured with an impedance tube follow-
ing ISO 10534 [7], the open porosity (ϕ) using the
pressure/mass method [8], and the airflow resistivity
(σ) following ISO 9053 [9]. The measured absorption
curves were then used to estimate the remaining equiv-
alent fluid parameters, tortuosity (τ∞) and pore size
(s̄), through optimization of a transfer matrix method
(TMM) model. Finally, the resulting material proper-
ties were implemented in a 2D FEM simulation of a
sonic crystal (SC) to evaluate the acoustic benefits of
the modified aggregates.

2. Materials and experimental methods
2.1. Concrete mix proportions

The original PC mixture was characterized by M.
Pereira et al. in [10]. For this study, we are taking
what the authors in the study called Mix 2 with an ag-
gregate grain size of 0 to 2 mm. Originally, M. Pereira
defined the recipe in mass proportions. To directly
create the mixture, the weight proportions are useful.
However, to replace the original aggregate (expanded
clay) volume proportions are more appropriate. The
used base PC composition in volume proportion is the
following:

Table 1: A/C/W proportions (%) in volume of the pro-
duced porous concrete samples taken from [10].

Granular
mixture

Exp. clay-A
(%)

Cement-C
(%)

Water-W
(%)

Mixture 2
0–2 (mm) 69.18 18.59 12.23

For the mixtures analyzed in this work, 50% of the
aggregate volume proportion was changed for either
cork (K) or rubber (B). After initial trials, it was ob-
served that, especially when using cork, the structural
integrity of the samples was insufficient for testing.
Consequently, three sets of samples were created for
each new aggregate, increasing the amount of cement
(C) by 0.1 kg. The following table describes the density
and grain size of the new aggregates.

Table 2: Measured density and grain size from the sup-
plier of the used cork and rubber shreds.

Aggregate Density (kg/m3) Grain size (mm)
Cork (K) 98.51 Powder

Rubber (B) 494.37 0 - 2

Having defined the proportions of all the components,
the final values for the used mixtures in weight are:

Figure 1: Example of the created samples (a) Pure
porous concrete (PC). (b) PC mixed with rubber (B). (c)
PC mixed with cork (K).

Table 3: PC mixed with cork (K) weight values (kg) to
create 1 kg of mixture

Material 1C 2C 3C
A 0.26 0.26 0.26
K 0.06 0.06 0.06
W 0.23 0.23 0.23
C 0.45 0.55 0.65

Table 4: PC mixed with rubber (B) weight values (kg)
to create 1 kg of mixture

Material 1C 2C 3C
A 0.21 0.21 0.21
K 0.25 0.25 0.25
W 0.18 0.18 0.18
C 0.36 0.46 0.56

Using these mixtures, three cylindrical specimens were
cast for each combination of cement content and mate-
rial type to be used in posterior experimental testing.
The samples have an internal diameter of 10 cm and
a height of 5 cm.

2.2. Direct experimental characterization
Once the samples were created, they needed at least
two weeks to fully cure and dry. After that time, they
can be experimentally tested. To numerically model
absorbing materials, equivalent fluid models are used.
They mathematically describe the material through a
series of parameters. For the case of this study, the
JCA model was selected. This model is widely used
to describe multiple types of absorbing materials.
The original PC mixture has the following properties
to model it:
s̄ is important in this work because, with it, the viscous
(Λ) and thermal (Λ’) characteristic lengths through
the equations developed in [11].

Λ = s̄e−5/2(σp log 2)2
, (1)

Λ′ = s̄e3/2(σp log 2)2
. (2)

For the new PC compositions, it is necessary to obtain
the same properties as the original PC mixture. σ
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Table 5: Material properties for the pure porous concrete
mixture.

Parameter Value
σ (N s/m4) 3896.06

ϕ 0.46
τ∞ 1.89
σp 0.25

s̄ (mm) 0.35

Figure 2: Open porosity (ϕ) testing machine with sample.

and ϕ can be directly measured using specialized labo-
ratory equipment. τ∞ and s̄ will be obtained through
an optimization adjusting the experimental α curve
with one obtained numerically using the JCA model.
The optimization procedure is better described in Sec.
3.
2.2.1. Porosity
The work developed by Salissou and Panneton [8] de-
scribes a gas porosimeter test method that determines
the open porosity of a solid by performing four pre-
cise mass measurements at two static pressures, and
applying the perfect gas law to interpret the results.
The procedure uses a rigid airtight cylinder that is
alternately evacuated and pressurized with a gas (i.
e., air, argon). First, the empty chamber is weighed
at low pressure and high pressure; then the sample
is inserted, and the same two measurements are re-
peated. Because the mass of gas inside the chamber
changes with pressure and with the volume displaced
by the solid phase of the sample, comparing these four
masses allows the researchers to compute the solid
phase volume Vs. Once the latter is known, the open
porosity follows directly from ϕ = Vs/Vtotal.
2.2.2. Airflow resistivity
The method used to obtain σ is described in the
ISO 9053-1:2026 standard [9]. The standard defines
the laboratory procedure for measuring the static
airflow resistivity of open-porous materials. The test
operates by forcing a steady, unidirectional, laminar
airflow through a specimen of known thickness (d) and
cross-sectional area (A) while measuring the resulting
static pressure drop (∆p) across its faces. By dividing
this pressure differential by the linear airflow velocity
(v), the method determines the material’s specific
airflow resistance (Rs = ∆p/v). Dividing Rs by the
sample thickness yields the static airflow resistivity

Figure 3: Airflow resistivity (σ) testing machine with
sample.

(σ = Rs/d), expressed in Pa · s/m2, which quantifies
the resistance the material’s internal pore network
poses to moving air per unit depth.

2.2.3. Absorption coefficient
α was experimentally obtained by following the ISO
10534-2 standard [7]. The measurements were per-
formed using the transfer function method. This
method computes the ratio of complex pressures reg-
istered by the two microphones; by doing this, it is
possible to determine the change between incident
and reflected waves. The experimental setup will mea-
sure the complex reflection coefficient R. The sound
absorption coefficient, α, is therefore calculated by:
α = 1 − |R|2

3. JCA parameter optimization
3.1. Inverse optimization
To fully characterize the acoustic behavior of the ma-
terial using the JCA equivalent fluid model, an inverse
characterization method is employed. While macro-
scopic properties such as σ and ϕ were measured ex-
perimentally, non-acoustic parameters like τ∞ and the
characteristic lengths are highly complex to determine
directly.
This problem is framed as a bounded, non-linear opti-
mization routine. The objective is to find the optimal
vector of state variables, x = [τ∞, s̄, σ, ϕ], that min-
imizes the root-mean-square error (RMSE) between
the analytically predicted sound absorption coefficient,
αmodel, and the experimentally measured values, αexp,
obtained via the impedance tube method. The opti-
mization problem is defined as:

Figure 4: Impedance tube used to experimentally mea-
sure the sound absorption coefficient (α) with sample on
the right side.
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min
x

F (x) =

√√√√ 1
N

N∑
i=1

(αmodel(fi, x) − αexp(fi))2 (3)

subject to the boundary constraints:

xlb ≤ x ≤ xub, (4)

Where N is the total number of frequency points evalu-
ated. To account for instrumental uncertainties in the
macroscopic measurements, σ and ϕ are not rigidly
fixed; rather, they are bounded by their measured
nominal values plus or minus the known tolerance of
the testing equipment, allowing the algorithm suffi-
cient flexibility to converge on a physically accurate
global minimum.
The optimization is implemented using a Sequential
Quadratic Programming (SQP) algorithm. To ensure
the reliability of the fit, the experimental dataset is
strictly filtered to the 200 Hz to 2000 Hz range, cor-
responding to the valid plane-wave frequency limits
of the impedance tube apparatus and minimizing the
influence of low-frequency phase errors. During each
iteration, the algorithm updates the state variables
and calculates the frequency-dependent dynamic mass
density and bulk modulus. For this specific implemen-
tation, the viscous and thermal characteristic lengths
are calculated using Eqs. 1 and 2.
The surface impedance (Z) is then derived from the
equivalent fluid properties, and the theoretical absorp-
tion coefficient is computed at each target frequency
point fi. The SQP algorithm evaluates the gradient
of the objective function, iteratively refining the pa-
rameter set x until the step size or the change in the
RMSE falls below the convergence tolerance, yielding
the finalized material properties.

3.2. Results
Fig. 5 illustrates the different measured α of the pure
PC mixture, the PC mixtures with K and B, and
the calculated α curve of the new mixtures after the
optimization routine. Overall the agreement between
the calculated and experimental curves is good. For 5
of the 6 cases the peak matches in frequency and am-
plitude. Fig. 5 (b) is the only mixture where the used
base optimization was not enough to approximate the
macroscopic parameters to a point where the material
is correctly characterized. For this case further refine-
ment is necessary. Furthermore, all the cases show a
shift to low frequencies in the peak absorption and
a general widening of the curve. This effect is cause
by the reduction of the larger interconnected voids
in the concrete matrix. The rubber or cork bridge
those bigger pores increasing the porosity and airflow
resistivity. A moderate increase in σ increases the
damping, which broadens the absorption curve and
shifts the peak absorption toward lower frequencies.
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Figure 5: Comparison between experimentally measured
absorption coefficient (α), calculated α curve of the new
mixtures after the optimization routine, and measured α
of the pure PC mixture for: (a) 1C-B, (b) 2C-B, (c) 3C-B,
(c) 3C-B, (d) 1C-K, (e) 2C-K, (f) 3C-K.

Tab. 6 summarizes the final values that characterize
each mixture.

Table 6: Optimized material properties for the different
porous concrete mixtures.

Mixture σ ϕ τ∞ s̄

1C-B 4976.67 0.588 4.605 0.43
2C-B 3624.44 0.634 2.699 0.25
3C-B 3581.11 0.641 2.906 0.27
1C-K 9493.33 0.717 2.954 0.34
2C-K 8725.22 0.729 2.587 0.23
3C-K 10950 0.716 3.027 0.25

4. Application to sonic crystal noise bar-
rier

4.1. Numerical setup
To test an application of the newly characterized mix-
tures, the authors developed a case study with a sonic
crystal with a 2 cm layer of PC as an external ab-
sorbing layer. The external (d1) and internal (d2)
diameter of the SC are 12 and 8 cm, respectively. The
lattice constant (a) is 17 cm, which means that the
peak of attenuation will theoretically occur at 1000
Hz. Fig. 6 (a) shows the geometric parameters of the
used geometry. Fig. 6 (b) illustrates the used mesh.
The used frequency range goes from 50 to 2000 Hz.
The maximum element size of the mesh is a sixth of
the wavelength of the maximum study frequency.
The interest parameter to evaluate the SC is insertion
loss (IL), which is defined as:
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Figure 6: Used FEM model for the SC noise barrier eval-
uation. (a) Domain definition and geometric parameters.
(b) Used mesh for the system.
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Figure 7: IL results per microphone for the absorbing
layer configuration SC.

IL = SPLwithout − SPLwith [dB] (5)

where SPLwithout corresponds to the sound pressure
level (SPL) values without the SC, and SPLwith are
the SPL values when the SC is applied.

4.2. Acoustic performance evaluation
Fig. 7 illustrates the IL results when updating the
porous layer properties to match the optimized pa-
rameters summarized in Tab. 6. As expected, the ref-
erence PC mixture exhibits the lowest acoustic perfor-
mance across all evaluated cases. In the low-frequency
regime, only the cork-based mixtures enhance the
performance of the sonic crystal (SC), whereas the
rubber-based mixtures yield negligible impact below
the Bragg band gap. Because cork possesses intra-
granular porosity, its inclusion creates a dual-porosity
matrix. This dual-porosity mechanism enhances low-
frequency sound absorption within the cementitious

matrix, an effect absent in the rubber mixtures due
to rubber’s predominantly reflective nature.
Both additive types induce a slight shift of the primary
band gap toward lower frequencies. The heightened ab-
sorption within the porous layer enhances destructive
interference, further attenuating the acoustic energy
associated with the Bragg scattering of the SC. The
distinction between the two material types becomes
most pronounced above the band gap. Here, the rub-
ber mixtures increase the IL by approximately 3 dB or
more between 1200 Hz and 1500 Hz, regardless of the
cement content. While the cork mixture 1C-K exhibits
a trend similar to the rubber samples in this range,
the remaining two cork compositions yield substantial
gains, elevating the IL by 5 dB or more. Furthermore,
the absorbing layer completely suppresses the second
Bragg band gap of the SC, leading to a significant
overall IL enhancement at higher frequencies.

5. Conclusion
This study successfully characterized and modeled the
acoustic performance of novel porous concrete (PC)
composites modified with recycled rubber shreds and
cork powder. By pairing direct laboratory measure-
ments with a JCA based inverse optimization routine,
the equivalent fluid parameters of the new mixtures
were accurately determined. The structural integra-
tion of these low-density, elastic inclusions modified
the internal pore network, leading to a moderate in-
crease σ and ϕ. This physical shift successfully broad-
ened the overall sound absorption curves and shifted
the peak acoustic absorption toward lower frequencies
compared to conventional porous concrete.
When applied as a 2 cm external absorbing layer in
a SC noise barrier, both modified composites signif-
icantly outperformed the reference porous concrete.
Due to the intragranular porosity of cork, which cre-
ates a dual porosity matrix, its mixtures enhanced
acoustic performance in the low-frequency regime be-
low the Bragg band gap. Above the main band gap,
the cork composites achieved substantial IL gains of
5 dB or more, while the rubber composites provided
a targeted IL increase of approximately 3 dB or more
between 1200 Hz and 1500 Hz. Furthermore, both
additives shifted the primary band gap toward lower
frequencies and suppressed the secondary Bragg band
gap of the SC.
Ultimately, cement composites with sustainable, re-
cycled materials provide a highly viable, eco-friendly
design pathway for high-performance urban noise con-
trol structures. The combination of periodic Bragg
scattering and localized material absorption offers a
powerful synergistic mechanism for broadband noise
mitigation.
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