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Abstract: Noise barriers are common noise mitigation measures usually implemented near roads
or railways, with proven efficiency. This work presents a study of a porous concrete material incor-
porating expanded clay as aggregate, to be used on the sound-absorption layer of noise barriers.
A theoretical material model is calibrated using experimental data and then used to estimate the
diffuse field sound absorption from the normal incidence sound absorption estimation/measurement.
Validation of such estimation is performed by comparing to reverberant room measurements. Numer-
ical simulations are carried out using the boundary element method (BEM) and the CNOSSOS-EU
calculation method to assess the performance of different types of barriers incorporating this material.
L-shaped and vertical barriers are tested, as well as low-height and conventional (taller) barriers,
employed in the context of a railway noise scenario. Different results are obtained by the two meth-
ods, mainly due to the different underlying physical principles. Good insertion loss values may be
obtained using both conventional and low-height noise barriers together with the porous concrete
material if a careful choice of its location within the barrier is made.

Keywords: noise barriers; porous concrete; absorption coefficient; insertion loss; boundary elements;
CNOSSOS-EU

1. Introduction

Excessive noise levels related to railway infrastructure, both in its construction and use,
are of great importance and cause concern throughout its life cycle. Especially when close
to inhabited areas and environmental protection areas, these concerns are of the utmost
importance since, according to the World Health Organization (WHO), noise exposure
seriously harms human health and interferes with people’s daily activities [1]. Mitigation
measures to reduce the effect of these sources can be implemented: at the sound source,
through the development and enhancement of strategies minimizing the noise generated
by these sources, whether in terms of airborne noise or propagation in solid media; in the
transmission path, mainly with insulating, absorbing, and attenuating systems; or protect-
ing the receiver [2], usually sensitive buildings, thus involving interventions to improve,
for example, façade insulation. Among the main mitigation strategies, the implementation
of acoustic barriers arises as an interesting solution [3], since they can provide more global
protection than measures taken at specific receivers [4,5].

In the case of railways, several noise and vibration sources can be identified, such as
squealing, traction noise, impact noise, rolling noise, and aerodynamic noise; however, at
intermediate and even high velocities (up to 200 km/h), the literature characterizes the
prominent noise as originating from the rolling noise, caused by the wheels/rail contact [5].
The roughness of both contact surfaces generates vibrations in the wheel/rail system,
which are transmitted to the wheel and track structures, leading to sound radiation. This
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rolling noise is velocity dependent (V) at a rate of 30 log10 V (typically for speeds between
60–280 km/h), which means that the sound level increases with increasing velocity [6].
Mitigation of this noise source is an important concern to reduce environmental noise levels
and indeed to allow the railway infrastructure to operate to its full potential, and thus one
of the most relevant mitigation measures consists of the application of noise barriers next
to the railway track.

Noise barriers can be made of different types of materials, and can have different
geometries or heights, among other variable parameters [7–12]. Absorbing barriers, as well
as diffuser systems, can have an active contribution to solving two particular problems
of noise barriers, double reflections from high-sided vehicles and barriers’ reflections on
one side of the way [13]. The addition of absorbing systems in a noise barrier has been
proven to be very effective. Hothersall et al. [14] studied noise barriers for the railway to
mitigate sounds whose sources are in the lower part of the locomotive. According to this
work, the insertion loss values for noise barriers with an absorbing surface were about
6 to 10 dB higher than similar barriers without an absorbing surface. The application of
absorbing areas in rigid barriers increases the insertion loss within a range between 3 and
6 dB. Consequently, the least efficient barrier was a corrugated barrier with a rigid surface.
In contrast, the best-performing barriers were the flat and curved barriers with absorbing
surfaces and a multi-edge barrier containing a partly surface absorbing.

Due to the relevance of using an absorbing layer, in this work, porous materials
were studied to be incorporated on the face of the acoustic barrier exposed to railway
noise. Excellent qualities, such as high workability, low density, and sufficient mechanical
resistance, may be found in porous concrete with light aggregates and an adequate amount
of air. It can also be used to make architectural elements with appropriate acoustic and
thermal behavior [15]. A porous material is made up of a solid structure containing cavities,
tunnels or pores filled with air, and the interaction of sound waves with these two phases
causes sound energy dissipation [13,16]. Consequently, a possible approach to study sound
propagation in a rigid-frame porous material is to model the fluid-filled medium as a
homogeneous fluid with complex, frequency-dependent characteristic impedance and
propagation constant.

Several experimental and theoretical approaches may be used to study porous mate-
rials. As suggested in ISO 10534-2 [17], using an impedance tube to evaluate the sound
absorption coefficient with normal incidence is a low-cost and simple approach that yields
relevant information. However, it has certain drawbacks because different sound incidence
angles are typically present in real-world situations. The values for the material’s surface
impedance are also provided by this approach, though. The method suggested by ISO
354 [18] may be used to experimentally estimate the sample’s sound absorption coefficient
under diffuse field conditions. This experimental methodology is more onerous than the
previous one, but presents the benefit of considering different sound incidence angles and
uses a larger sample, which is a scenario closer to real application.

Theoretical methods have been proposed by some authors in order to derive values
of sound absorption in diffuse field conditions based on values determined with normal
incidence approaches [19]. The transition from the sound absorption coefficient with
normal incidence, obtained using an impedance tube, to the diffuse field coefficient can be
made with London’s equations [6,19]. In these conditions, the medium has to be considered
infinite and the propagation inside the medium is locally reactive. To describe the absorbing
behavior of the porous materials under study, fluid-equivalent models, taking into account
the complex bulk modulus and fluid-equivalent density, have been proposed [14,20–24].

Works related to the sound-absorption properties of granular materials have been
developed by Asdrubali and Horoshenkov [25], showing some expected values of the
macroscopic parameters for materials incorporating expanded clay. Vasina et al. [26] and
Carbajo et al. [27] also presented works with granular materials for sound absorption
purposes. These are of particular interest, revealing some estimated values of the relevant
properties for expanded clay-based materials. Porous concrete, like most porous materials,
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is composed of pores of varying shapes and sizes. Although variation in the shape of the
pores is less important, the statistical parameters of the pore size distribution can have a
considerable effect on the acoustic properties of the porous media [28]. Based on these
previous studies, it becomes possible to predict the behavior of porous materials through
theoretical and numerical models [22,28,29].

In this study, the Horoshenkov–Swift [20] model has been used, since it is quite
adequate to model granular materials. In that model, the porous materials are represented
as equivalent fluids [23]. Four parameters—air-flow resistivity, tortuosity, open porosity,
and the standard deviation of the pore size—are used in this model to describe how the
porous material behaves in terms of sound absorption.

Aside from modeling the acoustic behavior of the surface material of the barriers, it is
of utmost importance to assess the global behavior of the acoustic barrier, in particular in
what concerns the reduction in the environmental noise it provides for protected receivers.
This topic has been addressed by numerous authors, using different methods. Indeed,
engineering calculation methods, such as those proposed in the CNOSSOS-EU methodology
or in the ISO 9613-2 [30] can be used to estimate the insertion loss provided by specific
noise barrier solutions, also taking into account the environmental setting in which it
is implemented. More advanced methods, based on the use of numerical methods that
solve the wave equation in the time or frequency domains, can also be used to have a
more detailed and theoretically accurate view of the effect of these devices. Several works
make use of advanced numerical methods, such as the Boundary Element Method (BEM),
including some reference works, such as [31], and many publications by the co-authors of
the present paper [32–34]. Indeed, the BEM has proven to be an excellent tool to simulate
the scattering of waves around a noise barrier, as it accurately accounts for geometrical
details of the structure and allows including different effects, such as the sound absorption
of its surface. For example, in [34], noise barriers with complex surface geometries are
analyzed, including strong diffusion effects generated by a so-called “s-QRD” barrier
profile. In a more recent paper, meshless methods, such as the Method of Fundamental
Solutions [35], are also used with success.

The present paper intends to contribute to the body of knowledge on this topic by
analyzing noise barriers with absorbing materials, both from a point of view of the material
itself and from the point of view of their simulation, not only as an obstacle, but also
including the effect of the material. The specific case of barriers with an absorbing layer
of porous concrete including expanded clay is addressed. A methodology is here first
developed to derive adequate parameters to model this material using the equivalent fluid
Horoshenkhov–Swift model. This strategy is based on the measurement of the relevant
macroscopic parameters in the laboratory, together with the sound absorption curve (using
an impedance tube), and then, using an optimization algorithm to adjust the macroscopic
parameter values in order to minimize the difference between the result obtained using the
theoretical model and the experimental measurement. Although the strategy is inspired
by other works, such as [36], here, the initial approximation is derived from the material
characterization and not completely obtained by inversion; the optimization process only
allows relatively small variations of those parameters (up to 10%) to allow a better match
between the measured and estimated sound absorptions. Normal incidence sound ab-
sorption results are then used to predict the diffuse field behavior of the material using
different approaches, and results are compared with measurements performed following
ISO 354 [18]. An important question that arises is related to the sensitivity of the numer-
ical and engineering models used in environmental noise simulation with respect to the
sound absorption values ascribed to the noise barrier surface. Indeed, results obtained in a
reverberant chamber can exhibit significant differences from those derived from normal
incidence conditions by applying simple expressions such as the classical ones proposed
by London [19], but the relevance of these differences in simulation models is not really
known. Here, a study considering both the CNOSSOS-EU calculation method and BEM
model are used to address this topic. Since this study has been developed within the scope
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of the development of railway noise barrier solutions, two types of barriers are analyzed,
a classical noise barrier, positioned at a significant distance from the railway track, and a
low-height barrier, positioned very close to the track and subsequently to the noise source.
Two different shapes are analyzed for each case, corresponding to a vertical barrier and
to an L-shaped barrier. For all situations, both purely reflective and absorbing barriers
are simulated.

The paper is organized as follows: first, the materials and methods are presented,
including a description of the used materials and of the test methods adopted for its char-
acterization; results of this characterization are then presented and discussed, considering
normal incidence conditions; this is followed by an estimation of the absorption of the
tested materials considering diffuse field conditions, using different models and comparing
with values measured in a reverberant chamber; finally, numerical simulations consid-
ering the application of the porous concrete in low-height and traditional noise barriers
are performed.

2. Materials and Methods

Following the scope described in the introduction, it is important to clearly define the
materials used in the context of this study and the experimental, theoretical and numerical
methods used in their characterization, modeling and simulation. First, the porous concrete
used in all the analyses is described, followed by a brief description of the experimental
methods used in its characterization, both from a physical and acoustic point of view. The
theoretical models used in the detailed material analysis are then presented, together with
the methods adopted to predict the diffuse-field acoustic behavior under normal incidence
results. Then, an overview of the methods used to simulate the noise barriers is also given.

2.1. Porous Concrete Specimens

Expanded clay with a size range of 0–4 mm was used as aggregate material (Figure 1)
for the production of the specimens analyzed in this work. Granulometric analysis was
performed to characterize this granular material in terms of the distribution of its particles
as a function of its size. The grain size distribution, in accordance with EN 933-1 [37], is
presented in Figure 2.

Having in mind the purpose of performing acoustic measurements in an impedance
tube, several concrete-based mixtures were prepared by incorporating expanded clay
(Figure 3). The cylindrical test specimens had an approximate diameter of 10 cm, and two
sets with thicknesses of 4 and 8 cm were manufactured.

The test specimens with expanded clay were prepared for 3 Aggregate/Cement ratios
(A/C), with a total of 6 samples per porous concrete mixture. Of those, three samples were
made with a thickness of 4 cm, and the remaining three were prepared with a thickness of
8 cm (see Table 1).
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Figure 3. Porous concrete test specimens with expanded clay, prepared for impedance tube measurements.

Table 1. Aggregate/Cement ratio of the porous concrete mixtures.

Expanded Clay A/C Ratio
Percentage, in Mass (%)

Cement Aggregate Water

AE 1 2.93 20.40 59.78 19.82

AE 2 3.71 17.51 64.97 17.52

AE 3 5.18 13.93 72.14 13.93

For the tests performed in the reverberant room in diffuse field conditions, following
ISO 354 [18], an additional porous concrete specimen was produced, with an approximate
total area of 10 m2 (Figure 4). In this case, the porous layer observable in Figure 4 had a
thickness of eight centimeters, was placed over a concrete structural layer and mounted
directly against the floor of the reverberation room with the perimeter edges covered by a
reflective rigid frame (type A mounting, described in Annex B of ISO 354 [18]).
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2.2. Experimental Methods

The adopted experimental and theoretical methodologies are presented below. Firstly,
the macroscopic parameters of the material were experimentally determined, making the
application of a fluid-equivalent material model possible to estimate sound absorption
under normal incidence conditions. Then, the sound absorption coefficient was also
determined under normal incidence conditions using an impedance tube, and for diffuse
field conditions in a reverberant room.

2.2.1. Macroscopic Parameters

To make use of theoretical material models that allow simulating the acoustic behavior
of granular porous materials, it becomes necessary to experimentally obtain a number of
macroscopic parameters that characterize the porous material itself. For the purpose of this
work, the required parameters were the porosity, the tortuosity, the airflow resistivity, and
the standard deviation of the average pore size of the porous concrete samples.

The porosity of the test specimens was determined, after drying the samples to con-
stant mass (at 70 ± 5 ◦C), by weighing the test specimens on a hydrostatic balance and
immediately after removing the excess water with a damp cloth. Porosity was determined
experimentally using the water-saturation method (based on [38]) and this parameter is
given by:

φ = Vf /Vt (1)

in which: Vf =
(

Msat −Mdry

)
/ρwater is the void volume of the porous concrete sample,

and Vt is the sample total volume.
For the determination of the samples’ tortuosity, a laboratory experiment, based on

the electrical conductivity of the sample and described in the work developed by Gerges
and Balvedi [39] (see Figure 5a), was implemented and used. In this technique, the test
specimen is mounted in a PVC tube that is closed by two electrodes. Next, the tube is filled
with a conductive liquid (in this study, salty water) and a power supply generates an electric
field between the two electrodes at the ends. Electrical potential differences in the water
and sample make it possible to determine the tortuosity of the porous concrete sample.

Following this methodology, tortuosity is then given by the following expression:

α∞ = φ
σa

σf
(2)

where: φ is the sample porosity; σa is the electrical resistivity of the sample saturated with
the fluid, and σf is the electrical resistivity of the fluid.

Using the method described in ISO 9053-2 [40], the airflow resistance and airflow
resistivity of the porous concrete samples were determined. This procedure is based
on the alternating airflow method, a condition of paramount relevance to ascertain the



Appl. Sci. 2023, 13, 2638 7 of 21

alternating component of the pressure in the test volume. The following equation defines
the airflow resistivity:

σ =
Rs

d
(3)

with Rs being the specific airflow resistance, of the test specimen, in Pa·s/m, and d being
the thickness of the test specimen in the direction of flow (in m). Figure 5b shows the
experimental apparatus used.

The only parameter that has not been obtained by means of laboratory measurements
was the standard deviation of the average pore size, σp. Indeed, this is not a simple
parameter to estimate in the laboratory, and the authors opted to adopt average values
based on the work of Pereira et al. [36].
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2.2.2. Measurement of the Sound Absorption Coefficient

To obtain the sound absorption coefficient under normal incidence conditions, labora-
tory tests were performed on a circular impedance tube with 100 mm internal diameter
(Figure 6). The test methodology is described in ISO 10534-2 [17], which is based on the
transfer function between two microphones.
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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 and Vibration (Denmark) 46 AE 1/2”
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CCP Free Field microphones, a NI USB-4431 dynamic signal acquisition (DSA) device, from
National Instruments (USA), connected to a PC laptop and the registered pressure data has
been recorded and processed in MATLAB 2016 implemented codes. A random excitation,
provided by a loudspeaker in one end of the impedance tube, was generated from the NI
USB-4431 DSA.

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

r =
pr

pi
. (4)

On the other hand, the sound absorption coefficient can be achieved with the follow-
ing expression:

α = 1− |r|2. (5)

where r is the reflection coefficient. This experimental test also provides an important pa-
rameter that characterizes the acoustic absorbing material, the surface impedance, given by:

Zs f = ρ0c0
(1 + r)
(1− r)

. (6)

where Z0 = ρ0c0 is the characteristic air impedance.
To evaluate the sound absorption in diffuse field conditions, experimental tests were

performed on a reverberant room. This test methodology is proposed in ISO 354 [18].
The diffuse incidence absorption coefficient measurement procedure consists of making
reverberation time (RT) measurements of the reverberant room under two distinct con-
ditions: firstly, with the reverberant room empty and, afterwards, with the sample to be
characterized placed directly over the floor of the reverberation room, with the perimeter
edges of the test specimen sealed with a reflective frame of gypsum boards and reflective
adhesive tape sealing the joints along the perimeter (see Figure 7). In accordance with the
above-mentioned standard, based on Sabine’s formula, the equivalent absorption area of
the porous concrete sample can be achieved with:

AT = A2 − A1 = 55.3V
(

1
c2RT2

− 1
c1RT1

)
− 4V(m2 −m1), (7)

in which V corresponds to the volume of the empty reverberant room, c1 corresponds
to the propagation speed of sound in air at temperature t1 with the empty room, m1
corresponds to the attenuation coefficient due to the presence of air with the empty room,
RT1 corresponds to the reverberation time of the empty room, and c2 corresponds to the
sound propagation velocity in the air at temperature t2 with the sample placed in the room,
m2 corresponds to the attenuation coefficient due to the presence of air with the sample in
the room, and RT2 corresponds to the reverberation time with the sample in the reverberant
room. The sound pressure was measured using two G.R.A.S. Sound and Vibration 46
AE 1/2” CCP Free Field microphones, a Symphonie acquisition system, from 01 dB, with
dBBati32 controlling software.
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2.3. Material Modeling
2.3.1. Horoshenkhov–Swift Model

For porous concrete, the Horoshenkov and Swift [20] model for granular porous
materials was applied by taking into account porosity, φ, airflow resistivity, σ, tortuosity,
α∞, and the standard deviation of the pore size, and σp, as material parameters. The first
three have been calculated empirically [34–37] and by using an inverse technique approach
(see below, in Table 2, experimental and adjusted values). The last parameter, σp, however,
was only determined theoretically. These authors suggest to calculate the volumetric
density and compressibility module of the porous material using the following equations:

ρ =
α∞

φ

(
ρ0 −

jφσ

ωα∞
F̃(ω)

)
, (8)

C =
φ

γP0

γ− ρ0(γ− 1)

ρ0 − j σφ
ωα∞ Npr

F̃
(

Nprω
)
, (9)

in which ω corresponds to the angular frequency, γ to the ratio of specific heats, P0 to the
atmospheric pressure and Npr is the Prandtl number, and F̃(ω) is the viscosity correction
function, that can be presented in the form of a Padé approximation as:

F̃(ω) =
1 + a1ε + a2ε2

1 + b1ε
, (10)

where a1 = θ1/θ2, a2 = θ1 and b1 = a1. Assuming that the geometry of the pores is circular,
in a simplified way, comes the following form factors: θ1 = 4

3 e4ξ − 1, θ2 = e3ξ/2
√

2
, where

ξ =
(
σp ln(2)

)2 and ε =
√

jωρ0α∞/(σφ).

Table 2. Experimental and corrected macroscopic parameters results.

Sample Thickness
[m]

Tortuosity
α∞ [-]

Porosity
Φ [-]

Airflow
Resistivity
σ [Ns/m4]

Average Pore Size
Standard Deviation

σp [-]

Experimental data

AE 2.93 0.08 2.51 0.46 4507.88 0.25
AE 3.71 0.08 2.21 0.45 5044.94 0.25
AE 5.18 0.08 2.37 0.46 4668.45 0.25

Adjusted data

AE 2.93 0.08 2.26 (−9.9%) 0.45 (−2.1%) 4720.11 (+4.7%) 0.26 (+4%)
AE 3.71 0.08 2.14 (−3.2%) 0.45 (0.0%) 5231.79 (+3.7%) 0.27 (+8%)
AE 5.18 0.08 2.14 (−9.7%) 0.50 (+8.7%) 4990.16 (+6.9%) 0.27 (+8%)

In order to theoretically estimate the macroscopic parameters and evaluate a new
sound absorption curve of the porous material, an inverse technique based on a genetic
algorithm was also applied. This methodology is based on the difference between the theo-
retical sound absorption coefficient results, obtained with the Horoshenkov– Swift model,
and the experimental sound absorption coefficient data. Each macroscopic parameter was
given an initial estimation (based on the experimental findings) as well as lower and upper
boundary limits in order to be used with this inversion procedure. A variation limit of 10%
was imposed. This procedure makes sure the values remain within acceptable bounds. The
objective function (11) that follows is then minimized:

Fu = ∑ n f
i=1|α

a
s − αe

s|
2, (11)
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In this equation, nf is the number of discrete frequencies analyzed, αa
s is the absorption

coefficient results determined by the Horoshenkov– Swift model and αe
s corresponds to the

experimental absorption coefficient data.
Figure 8 shows a flowchart of the inversion methodology used to determine the

macroscopic parameters.
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2.3.2. Prediction of Diffuse Field Sound Absorption

The so-called first and second London equations [19] are theoretical models that
employ some simplifications to transform the results obtained in terms of the sound
absorption coefficient for normal incidence to diffuse field coefficients. They are presented
in the following equations:

αb = 8
[

1−
√

1− αn

1 +
√

1− αn

]2[( 2
1−
√

1− αn

)
− 1−

√
1− αn

2
+ 2ln

(
1−
√

1− αn

2

)]
, (12)

αs = 4
[

1−
√

1− αn

1 +
√

1− αn

][
ln
(

2
1−
√

1− αn

)
− 1 +

√
1− αn

2

]
, (13)

where αn is the experimental sound absorption coefficient under normal incidence conditions.

2.4. Noise Barier Modelling

In this work, an attempt was made to understand whether the calculation and simula-
tion models allow taking into account, adequately, the presence of different types of noise
barriers, including reflective and absorbing barriers, as well as traditional (tall) and low-
height barriers (with about 1.5 m). For barriers with an absorbing surface, the properties of
the porous concrete material with expanded clay analyzed before, and with a thickness of
0.08 m [41,42], were considered. Different scenarios were simulated, considering a simple
reference configuration without any acoustic barriers, and then the same scenario with
the presence of acoustic barriers with heights of 1.5 m and 4 m. The distance between the
barriers and the noise source varies according to their height, with the low-height barriers
being positioned 2.83 m from the source, and the traditional tall barriers 7.5 m from it.
These distances were defined assuming a possible railway track as the emitting source,
and so these distances, for the first case, were based on a minimum allowable distance
between the track and the barrier (maintaining the safety conditions), and for the second
case, they were defined based on common distances adopted in the railway infrastructures
in Portugal [43]. Two different barrier shapes were considered, one of them vertical and
the other a L-shaped barriers, and cases with and without an absorbing layer were tested.
Figure 9 presents a schematic representation of these configurations.
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Numerical simulations were performed using two methodologies, the first one based
on a commonly used environmental noise simulation software (CadnaA), implementing
the CNOSSOS-EU methodology [5], and the second adopted a Boundary Element Method
(BEM) in the frequency domain [32–34], developed and implemented in MATLAB.

For the first methodology, the emitting sound source was assumed to be a train,
and the sound powers were corresponding to a BR 1016 train, with a constant speed of
about 80.47 km/h (50 mph) being used for the simulation. Horizontal meshes were made
of receivers placed at heights of 1.5 m and 4 m, spaced 1 m apart, and a vertical mesh,
transverse to the track, with receivers equally spaced 1 m apart was considered. The source
is located at 0.5 m height and the absorption coefficient of the soil was assumed to be 0.3 [5].

For the BEM, the calculation is based on solving the boundary integral equation:

C(ξ)p(ξ) = −iρω
∫
Γ

G(ξ, X)vn(X)dΓ−
∫
Γ

G(ξ, X)

∂n
p(X)dΓ +

NS

∑
k=1

QkG
(

ξ
f
k , ξ
)

(14)

where Γ represents the boundary surface, ρ the propagation medium density (1.22 kg/m3

in the case of air), G
(

ξ
f
k , ξ
)

the incident field generated by a source located at ξ
f
k , and p(X)

and vn(X) represent the unknown pressure and velocity of the particle, respectively. C(ξ)
depends on the boundary geometry and takes the value 1/2 for a smooth boundary.

The sound absorption of the different surfaces is imposed through a Robin-type bound-
ary condition, in which the surface acoustic impedance is prescribed as
Z = ρc

(
1 +
√

1− α
)
/
(
1−
√

1− α
)
, α being the sound absorption coefficient derived from

diffuse field conditions. To allow assigning the necessary impedance conditions to the soil,
it is also discretized using boundary elements along a 25 m extension (from x = −5 m to
x = 20 m). In the simulated cases, it was decided to locate the sound source at the height
of 0.5 m, following the same strategy indicated in the previously described CNOSSOS-
EU model.

The insertion loss (IL) parameter has been used to characterize the acoustic perfor-
mance of the barrier, obtained through the equation:

IL = SPLsb − SPLcb = 20 log
(
|Psb|
|Pcb|

)
(15)

where SPLsb is the sound pressure level without a sound barrier, SPLcb is the sound pressure
level with a sound barrier, Pcb is the sound pressure with a sound barrier and Psb is the
sound pressure without the sound barrier.



Appl. Sci. 2023, 13, 2638 12 of 21

3. Results and Discussion

In this section, a summary of the results obtained in the development of the work
and their respective analysis and discussion are addressed. First, results are presented and
analyzed regarding the acoustic and non-acoustic characterization of the absorbing porous
material, including the macroscopic parameters, sound-absorption coefficient under normal
incidence, and diffuse field conditions, calculated through different methodologies. Next,
the results and respective discussion are presented relative to the effect of incorporating
the studied porous concrete material in different noise barriers.

3.1. Material Parameters and Acoustic Behavior

Table 2 shows the results obtained for the experimental and corrected macroscopic
parameters for each Aggregate/Cement sample shown in Table 1, with a thickness of 8 cm.
These parameters were determined as the average of the experimental test values of three
samples for each Aggregate/Cement ratio.

Observing, first, the experimental values measured in the laboratory, it can be seen
that the measured values of the tortuosity, porosity, and airflow resistivity are relatively
similar for the three sets of samples analyzed, with no significant variations when the
Aggregate/Cement ratio is changed. This result indicates that there is no advantage,
concerning acoustical absorption, in using higher cement quantities in the production of this
type of material, and using the minimum that ensures sufficient mechanical stability and
durability is an adequate choice. Although this was expected, it is also interesting to note
that, if improved mechanical properties are required, for a specific application, the moderate
increase in the cement quantity does not degrade the acoustical absorption properties.

The adjustment procedure proposed above has then been used to fine-tune the macro-
scopic parameters, in order to obtain a better match of the sound absorption estimated
using the Horoshenkhov–Swift model with the one measured using the impedance tube.
One should note that only small variations were allowed, with a maximum of 10%. Observ-
ing the adjusted values of the macroscopic parameters, it is possible to note that the larger
changes occur in the tortuosity values, which reached almost 10% in two of the sets. It
should be mentioned that the test method used, based on the electrical conductivity of the
sample, can pose some challenges in laboratory implementation and can present variations
from specimen to specimen. As for the porosity and airflow resistivity, only the sample type
AE 5.18 required more significant adjustments, while the remaining only required minor
adjustments. The same occurred for the average pore size standard deviation, although in
this case, the initial value was just fixed based on the literature.

The theoretical and experimental curves for the sound absorption coefficient with
incident plane waves are displayed in Figure 10. The experimental outcomes were attained
in compliance with the ISO 10534-2 [17]. The theoretical curves were achieved with the
model proposed by Horoshenkov and Swift, where experimental macroscopic parameters
(PMe) and corrected macroscopic parameters (PMc) were used. The curves exhibit the
typical behavior of a porous concrete material, with a peak–valley structure, in which
a significant peak occurs around 650 Hz. This position of the sound absorption peak is
mainly related to the thickness of the sample, as other tests with different thicknesses have
revealed (presented later in this section).

It can be seen that the experimental results were well-fitted by both theoretical curves,
even before the adjustments were performed. However, it can also be seen that the ad-
justment procedure allowed for a better final agreement between the experimental and
theoretically derived curves, as expected. This is particularly evident in the case of the AE
5.18 sample, which, even after the adjustment, still revealed some discrepancies.
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Figure 10. Experimental and theoretical results of the sound absorption coefficient curves, for normal
incidence waves, (a) for all 8 cm thick samples. Figure (b–d) show the results by type of sample.

Despite having distinct Aggregate/Cement ratios, the samples exhibit relatively simi-
lar behaviors, since the differences between them are negligible. Between 400 and 1000 Hz,
significant sound absorption can be observed for all cases. It can also be seen that the sound
absorption curve shifts very slightly to lower frequencies when higher cement contents
are considered. As the cement composition increases, the sample’s density rises as well,
resulting in narrower pores and channels, hence altering several macroscopic factors that
affect the samples’ acoustic behavior.

An additional cross-validation test was performed, which consisted in calculating
the sound absorption curve under normal incidence considering 4 cm thick specimens,
and comparing it with the same parameter measured in an impedance tube. This com-
parison provides interesting information, since it is performed with specimens that have
not yet been used in the previous calculations, and thus it is truly independent of the
remaining procedure. Figure 11 presents the corresponding results. It is clear, as expected
and mentioned before, that the sound absorption peak is shifted to higher frequencies,
although still maintaining a very high value (almost 1.0). The theoretical curves from the
Horoshenkov–Swift model seem to predict the occurrence of the peak at slightly higher
frequency values, which may be due to different factors, such as the variability of the
porous concrete material itself between samples of 8 cm and 4 cm thickness during the
production stage of the different specimens.
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Figure 11. Cross-validation results of normal incidence sound absorption for 4 cm specimens with
the different Aggregate/Cement ratios.

3.2. Sound Absorption Coefficient under Diffuse Incidence—Experimental vs. London’s Equations

In Figures 12 and 13, the experimental and theoretical sound-absorption coefficient
curves in diffuse field conditions are presented for the mixture AE 5.18. The theoretical
simulation and the experimental results were obtained for all scenarios using a thickness of
8 cm.
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Figure 12. Experimental and theoretical sound-absorption curves in diffuse field conditions, consid-
ering: (a) the directly measured normal incidence sound absorption, and (b) for Horoshenkov–Swift
model with corrected macroscopic parameters.

Results for normal incident waves and for a diffuse field show considerably distinct
behaviors when comparing the sound absorption curves obtained for both scenarios. As
anticipated, the diffuse field curves exhibit a broader frequency range where significant
sound absorption is obtained, clearly demonstrating the action of refracted sound waves
inside the porous concrete material volume.

When comparing the various methods for estimating diffuse field sound absorption,
London’s Equation 1 (London 1 exp.data 008 and London 1 HS PMc 008) appears to fit the
experimental curve more closely, particularly the one produced using the Horoshenkov–
Swift model and the adjusted macroscopic properties of the examined material. Although
it predicts greater values at lower frequencies and smaller absorption values in the mid-
frequency region, the second London equation also yields findings that are comparable. It
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should be emphasized that the predicted diffuse field absorption using London’s equations
is merely a rough estimate and should not be used for anything other than the analysis
of locally reacting materials. Since the tested solution, in this scope, is obviously bulk-
reacting, considerable variations take place. Additionally, the diffuse field laboratory test
was performed on a finite 3 × 3 m2 panel, although all equations apply to infinite panels,
thus resulting in different behavior of the whole solution (see [36]).

Figure 13 shows a final plot comparing the observed sound absorption derived from
the reverberant room test together with the two London models, considering bands of
one-third of an octave and the entire frequency range between 125 Hz and 4000 Hz. These
curves demonstrate that the two simple models provide a good estimation of the trend
of the sound absorption curve, albeit with some apparent inconsistencies and oscillations.
The predictions based on the Horoshenkov–Swift theoretical model along with the London
models appear to relate well with the experimental curve, even in the higher frequency
range beyond 2000 Hz (which was not measured in the impedance tube). Nevertheless, the
match is clearly not perfect and some deviations can be observed.
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3.3. Noise Barrier Simulation

The material analyzed above has been incorporated into different numerical models,
as described in Section 2. Initially, a first set of simulations was performed using CadnaA
prediction software, in order to estimate the change in the noise levels on the source side of
the barrier using the CNOSSOS-EU methodology. Receivers were placed 0.25 m from the
barrier’s surface so as to correctly assess the changes in the noise levels introduced by its
presence. The simulated scenario was also described in Section 2 and considers a passing
train, with the noise emission spectrum calculated from CNOSSOS-EU. Flat barriers were
used in this first comparison, considering both a reflective noise barrier (designated in the
plots as α 0.01) and three variants of the barrier with an absorbing layer, identified as ISO
354, London 1, and London 2. The sound absorption curves of the absorbing layers were
obtained, one experimentally (ISO 354) and the other two through the London equations
(London 1 and London 2), as depicted in Figure 13. It can be observed that the theoretical
curves obtained with both London’s equations are very close to the ones computed from
experimental sound absorption values under diffuse conditions. On the other hand, as
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expected, it appears that next to the absorbing layer of the noise barrier, there are lower
sound pressure levels compared to a reflective barrier. Clearly, the approximation given
by London’s equations is sufficient to allow their use in environmental noise prediction
models without significant loss of accuracy. The influence of the absorbing material is
particularly noticeable in the mid-high and high frequencies (see Figure 14), where the
higher sound absorption values are registered. The same type of behaviour is registered
both for the 4 m and 1.5 m tall barriers, although with different SPL levels values due to the
different distances from the source. It should be noted that on the source side of the barrier,
it is always expected to observe an increase in the sound pressure levels with respect
to a reference situation without any noise barrier (not shown), due to the constructive
combination of the incident wave with the first reflection from the surface.
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Figure 14. Sound pressure levels calculated using the CadnaA CNOSSOS-EU methodology, with the
sound absorption obtained experimentally (ISO 354), through the London equations (London 1 and
London 2) and reflective reference surface (α 0.01), at 0.25 m from the noise barrier: (a) for the 1.5 m
height barrier; and (b) for the 4 m height barrier.

One of the main objectives of this paper was to compare, for different scenarios,
the results obtained with the CNOSSOS-EU methodology with those given by a detailed
numerical code solving the frequency domain acoustic wave equation with the BEM. The
physical principles that form the basis of each calculation method are quite different, with
the first one being energy-based, without accounting for phase change during propagation,
while for the second the complete physical phenomenon is being taken into account in
the modelling process. The chosen parameter for comparison purposes of the acoustic
performance was the Insertion Loss (IL). Flat (α 0.01, ISO 354, London 1, London 2, and
CadnaA) and L-shaped (α 0.01 L, ISO 354 L, London 1 L, London 2 L, and CadnaA L) noise
barriers were used in this evaluation. The studied configurations have been schematically
described in Figure 9, and include reflective barriers (α 0.01) and barriers with an absorbing
layer on the exposed side to the noise source (ISO 354, London 1 and London 2). The
sound-absorption curves of the absorbing layers were obtained experimentally (ISO 354)
and through the London equations (London 1 and London 2).

In Figure 15a,b, results calculated by both methodologies are shown considering a
rigid reflective barrier. Both L-shaped and vertical noise barriers were analysed, both for
the low-height and tall barriers. It is clear that the curves of IL obtained with CNOSSOS-EU
exhibit lower IL values, in particular at lower frequencies, and they tend to have a more
regular behaviour throughout the analysed frequency domain. The fact that this method is
mostly based on following the path and energy of sound waves, without accounting for the
oscillatory character of the wave propagation may help in justifying this result. The BEM
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results exhibit a less regular behaviour, due to the oscillatory character that is accounted for
in this numerical methodology. The two methods seem to predict more similar IL values at
higher frequencies. As expected, the L-shaped cantilevered barrier returns higher insertion
loss values than the flat barrier since the top of the barrier limits the diffractions of the
waves that pass to the other side of the barrier. However, for the BEM calculation and for
the low-height barrier, this difference is quite small.
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Figure 15. Insertion loss curves calculated with Cadna A CNOSSOS-EU and BEM methodologies.
Comparisons for reflective barriers, with heights of: (a) 1.5 m and (b) 4 m.

In Figure 16a,b, the influence of the porous material on the insertion loss curve is
observed. This influence is visible mainly for the mid-high frequencies, for which the
studied material exhibits higher sound absorption values. In that range, noise barriers with
an absorbing layer have somewhat better acoustic performance (higher IL values) than
reflective barriers. However, the change registered in the vertical barrier results, due to
the introduction of sound absorption, is very small and never exceeds 1 dB. In that case,
since the sound absorption is located on the source side it affects mostly the reflected field,
and very little changes occur behind the noise barrier. For an L-shaped barrier with sound
absorption on the inner part, no changes are visible, and thus this case is not represented.
In this respect, it should be noted that all the curves in this plot have been obtained with
BEM. Indeed, when the sound absorption is introduced in the CNOSSOS-EU model of
CadnaA, no differences were registered either in the L-shaped or in the vertical barriers
with respect to the case of the reflective barrier; for those cases, since the sound absorption
is located only on the source side of the barrier, only the sound levels on that side seem to
be affected and no changes are registered behind the noise barrier.

The described behavior changes considerably if the sound-absorbing material is also
introduced on the top of the L-shaped cantilevered noise barrier, whose numerical result
calculated with the BEM is also depicted in Figure 16. Clearly, the presence of the sound-
absorbing porous material seems to have a strong influence on the diffraction phenomenon
that occurs in this barrier, providing an additional attenuation at high frequencies. This
increase can be of up to 5 dB at the higher frequencies, which is quite a remarkable
improvement but one that still requires experimental validation. At this point, it is worth
mentioning that both the low-height and the more traditional tall vertical barrier provide
significant noise protection, which can go up to 25 dB, for the first, and 32 dB, for the second
types of noise mitigation devices. Indeed, this result also indicates that the smaller noise
barriers placed closer to the source can be a viable alternative to the conventional taller
ones whenever space restrictions, aesthetics or visual impact effects are relevant.
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Figure 16. Insertion loss curves calculated with the BEM methodology, for reflective barriers (α 0.01
and α 0.01 L) and for barriers with an absorbing porous concrete layer (ISO 354 and ISO 354 L), with
heights of: (a) 1.5 m and (b) 4 m.

Finally, Figure 17 compares the results obtained with the BEM considering the sound
absorption coefficients derived from the experimental test (ISO 354) and from the applica-
tion of London 1 and 2 equations (Equations (15) and (16)). It is interesting to underline
that differences no greater than 1.5 dB (for the L-shaped barrier, with sound absorption
on the top surface) are registered in this comparison, throughout the frequency range. In
general, the three curves follow very similar trends, for both noise barrier types, which
indicates, once more, that a sufficient level of accuracy can be obtained with a simple
acoustic prediction performed based on London’s equations.
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4. Conclusions 
The main objective of this work was to assess the efficiency of acoustic barriers incor-

porating a sound-absorbing material made of porous concrete in the railway context, de-
fining adequate material models and testing different calculation methodologies. 

For the definition of the material itself, the effect of the Aggregate/Cement ratio and 
thickness of the absorbing porous layer on the solution’s acoustic behavior was first stud-
ied, and the obtained results indicated that, within moderate values of the cement content, 
the open porosity of the material is still effective. A proposal of an inversion technique to 
obtain macroscopic parameters required by the acoustic material model was presented, 
with an optimization algorithm which uses the first approximation macroscopic parame-
ters measured in the laboratory with good results on several mixtures; cross-validation 
with samples with different thicknesses was performed, with acceptable results. Diffuse 
field sound-absorption curves computed from normal incidence coefficients using simple 
expressions proposed by London allowed to obtain good correlation with large specimens 
measured in a reverberant room under diffuse field conditions. 

Several scenarios of noise barriers were simulated, taking into account different bar-
rier shapes and with and without absorbing porous surfaces. Significant differences were 
found between the two calculation methods used here, namely the CNOSSOS-EU and 
BEM models in the frequency domain, with the first providing usually lower predictions 
of the insertion loss acoustic performance. The use of the BEM numerical method allowed 
for a more detailed analysis of the effect of acoustically absorbing materials. A relevant 
observation was related to the inclusion of absorbing material on the top surface of L-
shaped cantilevered barriers, which seems to allow for a significant additional insertion 
loss acoustic performance of these noise barriers. 
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Figure 17. Insertion loss curves calculated with the BEM methodology, with the porous concrete
sound absorption derived from ISO 354 experimental test, and London 1 and London 2 equations,
for noise barriers with heights of: (a) 1.5 m and (b) 4 m. Dashed curves correspond to L-shaped
cantilevered barrier, and continuous lines to a vertical barrier.

4. Conclusions

The main objective of this work was to assess the efficiency of acoustic barriers in-
corporating a sound-absorbing material made of porous concrete in the railway context,
defining adequate material models and testing different calculation methodologies.
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For the definition of the material itself, the effect of the Aggregate/Cement ratio and
thickness of the absorbing porous layer on the solution’s acoustic behavior was first studied,
and the obtained results indicated that, within moderate values of the cement content, the
open porosity of the material is still effective. A proposal of an inversion technique to
obtain macroscopic parameters required by the acoustic material model was presented,
with an optimization algorithm which uses the first approximation macroscopic param-
eters measured in the laboratory with good results on several mixtures; cross-validation
with samples with different thicknesses was performed, with acceptable results. Diffuse
field sound-absorption curves computed from normal incidence coefficients using simple
expressions proposed by London allowed to obtain good correlation with large specimens
measured in a reverberant room under diffuse field conditions.

Several scenarios of noise barriers were simulated, taking into account different barrier
shapes and with and without absorbing porous surfaces. Significant differences were
found between the two calculation methods used here, namely the CNOSSOS-EU and
BEM models in the frequency domain, with the first providing usually lower predictions of
the insertion loss acoustic performance. The use of the BEM numerical method allowed
for a more detailed analysis of the effect of acoustically absorbing materials. A relevant
observation was related to the inclusion of absorbing material on the top surface of L-
shaped cantilevered barriers, which seems to allow for a significant additional insertion
loss acoustic performance of these noise barriers.
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