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Abstract: Combining eco-sustainability and technological efficiency is one of the “hot” topics in
the current construction and architectural sectors. In this work, recycled tire rubber aggregates
and acoustically effective fractal cavities were combined in the design, modeling, and experimental
characterization of lightweight concrete hollow bricks. After analyzing the structural and acoustic
behavior of the brick models by finite element analysis as a function of the type of constituent concrete
material (reference and rubberized cement mixes) and hollow inner geometry (circular- and fractal-
shaped hollow designs), compressive tests and sound-absorption measurements were experimentally
performed to evaluate the real performance of the developed prototypes. Compared to the traditional
circular hollow pattern, fractal cavities improve the mechanical strength of the brick, its structural
efficiency (strength-to-weight ratio), and the medium–high frequency noise damping. The use of
ground waste tire rubber as a total concrete aggregate represents an eco-friendlier solution than the
ordinary cementitious mix design, providing, at the same time, enhanced lightweight properties,
mechanical ductility, and better sound attenuation. The near-compliance of rubber-concrete blocks
with standard requirements and the value-added properties have demonstrated a good potential for
incorporating waste rubber as aggregate for non-structural applications.

Keywords: ground waste tire rubber; hollow concrete brick; fractal; finite element analysis; compres-
sive strength; acoustic absorption; eco-sustainability

1. Introduction

Our dependence on waste tires is clear; just think of the world of transport, in general.
About 800 million tires worldwide reach their end of life each year, and much of the rubber
from which they are made, which represents about 50% of their weight, is lost [1]. To
effectively close the waste management cycle in a circular economy view, such material
can be recycled as a granular product and intended for civil engineering applications. The
key markets for material recovery are as follows [2]: (1) whole tires used to fabricate crash
barriers, bumpers, or artificial reefs; (2) crumb rubber used to produce molded rubber
products, flooring, or matting; and (3) powdered rubber used as modifiers to asphalt
paving mixtures. During the last three decades, researchers investigated the possible use of
ground waste tire rubber (GWTR) in concrete and mortars. Since the pioneering study on
engineering properties of rubberized concrete conducted by Eldin and Senouci [3] in the

J. Compos. Sci. 2022, 6, 107. https://doi.org/10.3390/jcs6040107 https://www.mdpi.com/journal/jcs

https://doi.org/10.3390/jcs6040107
https://doi.org/10.3390/jcs6040107
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcs
https://www.mdpi.com
https://orcid.org/0000-0002-0974-2129
https://orcid.org/0000-0002-0982-970X
https://orcid.org/0000-0002-6298-3693
https://doi.org/10.3390/jcs6040107
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/article/10.3390/jcs6040107?type=check_update&version=1


J. Compos. Sci. 2022, 6, 107 2 of 24

1990s, a large number of research activities have taken place, proving the possibility of cre-
ating alternative and eco-sustainable cementitious mixes, thanks to the presence of rubber
particles recovered from discarded tires that replace the ordinary virgin aggregate. Besides
the environmental benefits, the researchers suggested that cement-based composites incor-
porating GWTR can significantly enhance toughness and energy absorption [4], increase
the mechanical strain capacity [5], achieve better noise attenuation performance [6,7], raise
thermal insulation capacity [8], and improve freeze–thaw resistance with entrapped air
voids [9] compared to plain concrete. However, it is also well documented that replacing
the ordinary aggregates (sand and gravels) with GWTR adversely affects the concrete’s
mechanical properties, such as static stiffness and compressive strength, which can limit its
use in structural applications [10,11].

The literature survey above shows that there is a potential for the use of rubber aggre-
gates in building/architectural elements where the primary requirement is not mechanical
strength but lightweight, thermal–acoustic efficiency, and durability, such as hollow bricks.
Brick is the most basic precast unit for the construction of low-cost houses and multi-stored
apartments. There are remarkable and noteworthy points going in favor of the use of these
hollow components [12]:

• The dead load is much lower than for a solid block; due to this, one can structurally
engineer them and reduce steel consumption in construction;

• The heat insulation of wall structures is achieved due to the inner cavities, which
provide energy saving for all times. Similarly, hollowness results in improved sound at-
tenuation;

• Low maintenance cost, minimal material requirements, and cost competitiveness with
other materials make it a preferred material for today’s building.

The conventional type of brick is made of fired clay [13]. Clay brick manufacturing
is an energy-intensive process. It involves the consumption of a considerable amount
of energy during the firing process, requiring temperatures between 1000 and 1200 ◦C,
depending on the raw materials [14]. Apart from providing the above-listed features,
rubber-concrete hollow bricks could eliminate this drawback, since no fuel and thermal
treatment are necessary for their production. Except for the clinkering concerning the
production of the cement binder, the curing and hardening of concrete bricks takes place at
room temperature, without involving firing or other additional processing. At the same
time, the presence of recycled rubber aggregates would bring valuable benefits from both
an environmental and a technological point of view. Some attempts aimed at the design,
development, and characterization of GWTR-added bricks were made in the past few years.
Turgut and Yesilata [13] investigated the physical–mechanical and thermal performance
of rubberized solid brick with varying sand-crumb rubber volumetric replacement (from
10% v/v to 70% v/v). The thermal insulation performances of these bricks are found to be
better than their ordinary counterpart (percentage-wise insulating improvements up to
11%), and the mechanical properties of the samples satisfied the requirements reported in
the international technical standards. Mohammed et al. [15] developed hollow concrete
blocks by using 0% v/v, 10% v/v, 25% v/v, and 50% v/v GWTR as a replacement for fine
mineral aggregate. The authors discovered that the samples can be produced as load-
bearing hollow blocks, as well as lightweight hollow blocks, providing better thermal
and acoustic performance in comparison with conventional hollow blocks. Fraile-Garcia
et al. [16] examined the acoustic behavior of hollow bricks made of concrete doped with
waste tire rubber (0%, 20%, and 30%). Elements with the maximum percentage of rubber in
their composition provided a better response than the control samples (0% rubber) for low-
frequency noise, both in the case of airborne insulation and impact sound insulation. In the
first case, the improvement was up to 50%, whereas, in the second case, this percentage was
15%. Therefore, highly rubber-modified construction elements are convenient to isolate the
low-frequency sounds, such as instruments or road traffic vehicles (heavy trucks, tractors,
etc.) emissions. Al-Fakih et al. [17] analyzed the mechanical performance of interlocking
masonry walls that were constructed using rubberized hollow bricks (10% v/v of crumb
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rubber). In contrast to conventional masonry walls under compressive loading, GWTR–
cement interlocking walls showed increased ductility, experiencing measurable post-failure
loads with significant displacement, due to the presence of crumb rubber, which allows for
a large expansion of microcracks inside the specimens after failure.

Complementary to the material’s composition, the internal geometry of the brick units
assumes a crucial role in its structural, thermal, and acoustic performance [18]. Supported
by digital design and finite-element modeling tools, several researchers were involved in
studying optimized internal cavities to improve specific performance characteristics of the
hollow bricks. A collection of some works on this research topic is reported in Table 1.

Table 1. Design and shape optimization of hollow concrete bricks: A brief overview.

Research Work Aim of the Study Major Remarks

Del Coz Díaz et al. [19]

Topological optimization of
twelve hollow concrete block
units, varying the number and
shape of inner recesses, with

the aim of reducing the brick’s
weight, keeping suitable

structural properties.

A weight reduction close to 45% is
obtained with respect to the classic
concrete block, keeping comparable

structural efficiency in terms of
strength-to-weight ratio.

Al-Tamimi et al.
[20]

Twenty-three brick designs
with different hole

arrangements and one solid
model were studied for

concrete material to reach the
model with the optimum

holes in terms of
thermal-insulation efficiency.

Increasing the hollow ratio
tends to decrease the heat transfer

from outer to inner brick sides
significantly. At the same hollow

ratio, there was an effect
of the shape of holes in reducing the

thermal flow through
the bricks: rectangular shapes

were more thermo-effective than
circular ones.

Sassine et al.
[21]

Mechanical and thermal
behaviors of ten concrete

hollow-block configurations
are simultaneously studied by

varying the blocks’ internal
shape, aiming at determining

the optimal hollow-block
design and providing the

optimal compromise between
thermal insulation and
mechanical strength.

Longitudinal bulkheads improve
the thermal resistance of the blocks

and, thus, reduce the heat flux
passing through the element. The

mechanical behavior varies slightly
between the investigated models in
vertical compression, reducing the
influence of this parameter in the

selection of the best design.

Valente et al.
[22]

Mechanical performance of
three types of hollow-brick

designs, circular, square, and
hexagonal holes, were

numerically analyzed to select
the best configuration for
rubber–concrete mixes.

Circular and hexagonal hole
designs offer the best result in terms

of compressive strength. The
“honeycomb” geometries have

remarkable thermal and acoustic
functionality; therefore, they have

more attractive
requirements for building.

There are a very limited number of works investigating functional brick configurations
in terms of acoustic performance, which is one of the primary requirements in the design
of building elements. Noise control has become an imperative engineering field in modern
society, not only because of the recent recognition of noise as a serious health hazard, but
also because the standard of living and the quality of life are becoming more important [23].

This study is focused on investigating the performance of GWTR–cement bricks topo-
logically engineered with inner hollow layouts potentially designed for sound attenuating
applications. Specifically, the influence of easy-to-design-and-manufacture fractal cavi-
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ties was analyzed by finite element analysis (FEA), experimentally tested, and compared
with hole shapes (circular) commonly used in brick technology. Fractal geometries were
extensively studied in anti-noise applications, such as acoustic damping cavities for sound-
absorbable systems based on Helmholtz’s resonators [24–26]. Highly irregular cavity shapes
increase the viscous resistance at the cavity boundary by adding geometrical features that
impede the natural direction of airflow. Consequently, the sound wave, interacting with
the cavity, experiences significant dissipation phenomena [26]. The key purpose of the
present research was to model, develop, and characterize brick prototypes with double
technological functionality, which means, deriving both from the rubberized concrete’s
characteristics (lightweight, toughness, thermo-acoustic peculiarities, eco-friendliness) and
the component’s design. The manuscript is structured in three parts:

• Part 1—Description and key properties of the cement mixes (reference and rubberized
concretes) used for hollow bricks manufacturing;

• Part 2—Design, topological optimization, and finite element modeling (mechanical
and acoustic analysis) of hollow brick prototypes based on circular and fractal in-
ner cavities;

• Part 3—Production process of the designed hollow bricks, mechanical and acoustic
experimental characterization, and FEA models validation.

2. Materials and Methods
2.1. Part 1: Raw Materials and Concrete Mixes Characterization
2.1.1. Raw Materials

Constituent materials for concrete mixes included a commercial Type II Portland
limestone cement (strength class 42.5 R) supplied by Colacem (Gubbio, Italy), fine river
sand, and GWTR aggregates. Two fractions of recycled tire rubber particles, 0–1 mm
rubber powder (RP) and 1–3 mm rubber granules (RG), were provided by the European
Tyre Recycling Association (ETRA, Brussels, Belgium) and manufactured by ambient
mechanical shredding processing of waste tires. The polymeric aggregates were used to
produce the rubber–cement mix as a volumetric replacement of the mineral aggregate. The
river sand and GWTR particles involved in this research work are presented in Figure 1.
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Figure 1. River sand and GWTR used in this study.

The density of the aggregates was measured by the pycnometer method. For sand,
water was employed as a test fluid, in agreement with the EN 1097-7 [27] standard method.
Concerning the testing on rubber, the standard protocol was slightly modified, employing
denatured ethylic alcohol (Deterchimica, Viterbo, Italy) as a fluid of known density to
minimize undesired floating phenomena. The water absorption was assessed as the ratio of
the difference between the weight of the aggregates in saturated surface dry (SSD) condition
and oven-dry condition (110 ◦C for 24 h) to the weight of oven-dry aggregates. The physical
properties of the mineral and GWTR aggregates are shown in Table 2.
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Table 2. Physical properties of river sand and GWTR.

Aggregate Density (kg/m3) Water Absorption (%)

River sand 2476 20.0

GWTR 1144 9.6

Figure 2 presents the size-grading analysis of rubber particles and sand, determined
via the vibrating sieving method, following the DIN 51701 [28] standard.
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Figure 2. Particle size distribution of RP, RG, and river sand.

2.1.2. Mix Proportions and Samples Preparation

In this research, a single rubber–cement formulation (designed as RuC) that was
obtained by totally replacing the sand with the two rubber fractions was investigated to
produce the brick prototypes. Specifically, the mix design incorporated fine and coarse
polymer aggregates in equal proportion (50% v/v RP–50% v/v RG). Such selected GWTR
dosage was determined as “optimum” in previous research works conducted by the
authors, where the influence of the tire aggregate size on the physical, mechanical, and
microstructural performances of 3D printable cement [29,30] mixes and rubberized alkali-
activated composites [31] was investigated in detail.

Reference concrete mix (REF), involving 0% v/v of GWTR, was also produced for
comparison purposes. For REF mix, a water-to-cement ratio of 0.42 was chosen in agreement
with common technical requirements to ensure proper cement mass hydration. In the
rubberized formulation, the water dosage was adjusted to achieve proper fluidity and
workability for mold-casting. The mix proportions of investigated formulations are listed
in Table 3.

Table 3. Concrete mix proportions.

Sample ID Cement
(kg/L)

Water
(kg/L)

Sand
(kg/L)

RP
(kg/L)

RG
(kg/L) w/c Ratio

REF 0.72 0.300 1.20 / / 0.42

RuC 0.72 0.325 / 0.275 0.275 0.45

Dry components (cement, sand, and GWTR) were mixed inside a plastic tank to
achieve a homogeneous blend. Tap water was gradually added to the mix until an adequate
fluidity level for the pouring of the hydrated compound into the mold was reached. During
the water addition, the batch was subjected to some vibration cycles, by a Giuliani IG/3
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shaker machine (Giuliani Tecnologie, Turin, Italy), to improve the constituent mixing. Then
the fresh mix was cast into rectangular plastic molds (110 mm × 185 mm × 50 mm). After
casting, an additional vibration operation (2 min) was performed to expel any air bubbles
embedded during the mixing and pouring. Firstly, the samples were cured in air for 24 h,
and then the semi-hardened slabs were extracted from the molds and cured underwater for
28 days. After curing, for each concrete mix, a series of specimens were collected (Table 4) by
wet sawing with an abrasive cutting disk, and they were intended for experimental testing.
The materials characterization, described in detail below, provided the main physical,
mechanical, and acoustic properties of the formulations under examination to be used as
input data for the FEA analysis.

Table 4. Test samples for materials characterization.

Specimen Type Number of Specimens
per Test Test

1 cm3 cubes 3 Density

1 cm3 cubes 3 Permeable porosity

1.5 cm × 1.5 cm × 10 cm beams 3 Three-point flexural test

1.5 cm × 1.5 cm × 3 cm prisms 3 Compressive test

5 cm × 5 cm × 2.5 cm blocks 1 Acoustic flow resistivity

2.1.3. Testing Program and Experimental Results

The density (ρ) of each specimen was measured by the hydrostatic weighing method
described in ASTM D792 standard [32], using a ME54 analytical balance (Mettler Toledo,
Columbus, OH, USA) equipped with a kit for gravimetric measurements.

The permeable porosity (Φ) was evaluated by vacuum saturation technique (ASTM C1202
standard [33]), using the experimental setup and test conditions presented in Figure 3a.
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The mechanical behavior of the samples was studied under flexural and uniaxial
compression, using a Zwick-Roell Z10 (Zwick-Roell Group, Ulm, Germany) universal
machine equipped with a 10 kN load cell. The bending test was performed in a three-point
configuration (Figure 3b) with a support span of 60 mm, a cross head speed of 1 mm/min,
and a pre-load of 5 N. Compressive test (Figure 3c) was run at 1 mm/min in displacement
control. Flexural tensile strength (σt), compressive strength (σc), and compressive elastic
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modulus (Ec) were recorded and analyzed with TestXpert II software (Zwick-Roell Group,
Ulm, Germany).

Measurements of the acoustic flow resistivity (Rf) were executed in an impedance tube
(Figure 3d) in accordance with the test method proposed by Ingard and Dear [34]. More
detailed information about the experimental setup can be found in Reference [35].

Table 5 provides the experimental results for ρ, Φ, σf, σc, Ec, and Rf of REF and RuC
concrete mixes, including the average values with the standard deviation in brackets.

Table 5. Concrete mix proportions.

Sample ID ρ
(kg/m3)

Φ
(%)

σt
(MPa)

σc
(MPa)

Ec
(GPa)

Rf
(N × s ×m−4)

REF 2186 (18) 21.39
(0.25) 11.06 (1.48) 35.89 (7.71) 1.62 (0.47) 13,872

RuC 1281 (21) 22.82
(0.37) 1.65 (0.51) 4.93 (0.57) 0.24 (0.02) 19,862

The unit weight, mechanical strength, and stiffness of RuC mix were expected to be
less than that of REF sample. The decrease is mainly attributed to the replacement of sand
with lightweight polymer aggregates, the difference in deformability between rubber and
cement paste that generates high-stress concentration at the interfacial transition zone (ITZ),
leading to the formation of cracks in that region, the weak bonding between GWTR and
cement matrix, and the entrapped air from the hydrophobic rubber particles, assisting the
generation of internal porosity in the hardened material [36]. Although the addition of
rubber would lead to an increase in the air void rate, experimental Φ-values demonstrated
similar characteristics between REF and rubberized mixes. The proportion ratio between
fine and coarse rubber fractions selected in this research provided beneficial effects in
terms of microstructural properties. In this regard, some researchers have verified that
incorporating varying sizes of GWTR improved the aggregate gradation so that a denser
microstructure is produced to decrease the material’s permeability [37,38]. Rf data showed
a clear improvement in the acoustic properties of the cementitious mix by replacing the
sand with the rubber fractions. GWTR aggregates would provide an additional sound
attenuation mechanism related to their viscoelastic nature. When the rubber aggregate is
vibrated, part of the energy is stored (elastic) and part is dissipated as heat (viscous) within
the polymer. This viscous property results in loss of vibration energy as heat rather than
being radiated as noise [39].

2.2. Part 2: Design, Modeling, and FEA of Hollow Bricks

COMSOL Multiphysics (COMSOL Inc., Stockholm, Sweden) computer aid engineering
(CAI) software was employed for designing the hollow brick prototypes and modeling via
FEA and their mechanical and acoustic behavior as a function of constituent concrete mix
(REF and RuC mixes) and holes configuration.

2.2.1. Hollow Bricks Design

At first, COMSOL Multiphysics 3D geometry tool was used to design the brick models.
The investigated models had the same dimension: rectangular base of 110 mm × 170 mm
and height of 50 mm. Two different inner cavity designs were studied: circular hollow
design (CHD) and fractal hollow design (FHD). Regarding the fractal design, a geometric
configuration of easily modeling and manufacturing was investigated, so it could feasibly
be scaled in brick prototype manufacturing. In this regard, the second-order Minkowski
structure (Figure 4) was selected to produce the fractal pattern. This type of geometry was
successfully implemented by the authors in previous research work for the development
of acoustically active cavities in polymeric Helmholtz resonator prototypes intended for
sound-absorbing interventions in automotive [40].
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The size and number of the holes were defined in accordance with the technical
indications reported in EN 771-1 standard [41] for half-solid bricks, considering a hole con-
centration ratio of 20–30%. The reference standard defines the specific design requirements
as follows:

1. Hole area <1200 mm2;
2. Minimum hole-external-perimeter distance >15 mm;
3. Minimum distance between adjacent holes >8 mm.

By adopting the above-reported design constraints, the circular and fractal cavities
were arranged in the brick models, following a “honeycomb” pattern. Nagy and Orosz [42]
demonstrated that this type of cavity arrangement extends the trajectory of the thermal
flow inside the brick, enhancing the heat insulation performance. Table 6 summarizes the
geometrical details of CHD and FHD models. The 2D layout and the 3D design of the
bricks are presented in Figure 5a,b, respectively.

Table 6. Details of CHD and FHD brick models.

Brick Model Number of Holes Hole Area (mm2)
Hole Concentration

Ratio (%)

CHD 11 490.625 28

FHD 10 425 23
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2.2.2. FEA-Based Mechanical Analysis
Definition of the Problem

To preliminarily recognize the influence of the hollow design pattern on the mechani-
cal performance of the brick, it was necessary to build a numerical FEA model, allowing a
mechanical analysis of the component until the cracking state. The Structural Mechanics
Module in COMSOL Multiphysics software was used for the calculation of the mechanical
response of the hollow blocks under uniaxial compressive load regime. The numerical
analysis consisted of simulating a static force-controlled compressive test, recording the
stress–strain relationship and the mechanical parameters (compressive strength and modu-
lus of elasticity) as a function of the brick’s material and inner design. For this purpose, a
compressive-load function (CLF) was defined as follows (Equation (1)):

CLF = 0.5× ξ (1)

where 0.5 (MPa) is the unit load recommended by the current European technical stan-
dard [43] for mechanical testing on brick masonry, and ξ is a multiplier parameter that
defines the analysis resolution depending on the concrete mix implemented in the model.
By considering the strength values obtained from the material characterization (Part 1), the
following measurement ranges were selected: 0 < ξ < 30 per 100 values and 0 < ξ < 5 per
50 values for REF and RuC-based bricks, respectively). During the analysis, ξ gradually
varied, simulating the application of an incremental compressive load perpendicular to the
holes plain. The simulation reached convergence when the computed failure of the block
occurred. For this purpose, a non-linear model was implemented in COMSOL. Compared
to a linear elastic analysis, in which it is assumed that Hooke’s law governs the material
behavior and the stresses involved are relatively smaller than the brick strength [44], the
non-linear modeling is able to trace the complete response of the component from the
elastic range, through cracking and crushing, up to complete failure [45]. This method was
successfully used for decades by structural engineers for analysis and strengthening of
masonry units [44].

Mathematical Modeling

The micromechanics and the failure behavior of the brick were modeled by adopting
the Willam–Warnke (WW) yield criterion. The WW failure surface can be written as a
tri-parametric criterion, in accordance with Equation (2):

F
(
σxp, σyp, σzp

)
σf

− S(σc, σt, σbc) ≥ 0 (2)

where F is the function of the principal stress state (σxp, σyp, and σzp); S is the failure surface
depending on σc, σt, and biaxial compressive strength (σbc); and σf is the uniaxial crushing
strength (MPa). The graphical representation of failure surface in 3D principal stress space
is illustrated by Figure 6, where parameters η, r1, and r2 refer to the relative magnitudes of
principal stresses on the octahedral plane [46].

Cracking happens when the principal stress in any direction lies outside the failure
surface. Brick failure occurs if all the principal stresses are compressive and lie outside the
WW surface [44].
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Material Properties

The properties of the concrete mixes used in the FEA-based mechanical assay were
taken from the laboratory tests described in Part 1 of the manuscript and are listed below
(Table 7):

Table 7. Material input properties for FEA-based mechanical investigation on brick models.

REF Concrete Mix

Property Value Property Group Evaluation

Density 2186 kg/m3 Basic Experimental

Porosity 21.39% Basic Experimental

Elastic modulus 1.62 GPa Basic Experimental

Poisson’s ratio (ν) 0.32 Basic ν = 0.0895 + 0.0063× σc [47]

Compressive strength 35.89 MPa WW model Experimental

Tensile strength 11.06 MPa WW model Experimental

Biaxial compressive
strength 43.07 MPa WW model σbc = 1.2× σc [44]

RuC Concrete Mix

Property Value Property Group Evaluation

Density 1281 kg/m3 Basic Experimental

Porosity 22.82% Basic Experimental

Elastic modulus 0.24 GPa Basic Experimental

Poisson’s ratio (ν) 0.12 Basic ν = 0.0895 + 0.0063× σc [45]

Compressive strength 4.93 MPa WW model Experimental

Tensile strength 1.65 MPa WW model Experimental

Biaxial compressive
strength 5.92 MPa WW model σbc = 1.2× σc [44]

Boundary Conditions

The boundary conditions selected in the analyses (Figure 7) involved a “boundary
load” condition on the upper surface of the brick, applying a pressure defined by CLF
(see Equation (1)). For the other boundaries of the model, the displacement in X, Y, and
Z directions was constrained by setting “Prescribed displacement” equal to 0. With this
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condition, the translations and rotations of the selected boundary, along a specific spatial
direction, are disabled.
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Figure 7. Schematic of the boundary conditions adopted in the FEA-based mechanical analysis.

A tetrahedral-shaped mesh was used for the numerical analysis. A “fine” element size
(minimum mesh element size 3.5 mm and maximum mesh element size 28 mm) was chosen
for meshing to achieve a good compromise among the results’ accuracy and computational
effort. Figure 8 illustrates the changes in WW damage index distribution on the brick
surface for CHD (Figure 8a) and FHD (Figure 8b) models as ξ varies.
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2.2.3. FEA-Based Acoustic Analysis
Definition of the Problem

To explore the acoustic performance of the brick designs, a 2D FEA model was es-
tablished through the Pressure Acoustic Module of COMSOL. The analysis aimed to
characterize the absorption properties—more specifically, acoustic absorption coefficient
(α)—of the hollow bricks in terms of sound frequency.
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Mathematical Modeling

Two kinds of domains existed in the numerical model (Figure 9): (1) the background
sound pressure field (Domain 1), which supplied a normal-incidence sound wave on the
brick; and (2) the brick domain (Domain 2), which consisted of the air domain for the
perforation holes and the concrete material matrix described by the Delany–Bazley (DB)
poro-acoustic model. The DB model includes an empirical formulation for estimating
acoustic impedance of porous materials. The acoustic impedance (Za) and wave-number
(k) of the sound waves in a porous medium mainly depend on the frequency and on the
static airflow resistivity (Rf) of the material. The expression of Za and k are as follows
(Equations (3) and (4)):

Za = ρ0 × c0

1 + 0.057×
(

ρ0 × f
R f

)−0.754

− i0.087×
(

ρ0 × f
R f

)−0.732
 (3)

k =
2π f
c0
×

1 + 0.0978×
(

ρ0 × f
R f

)−0.700

− i0.189×
(

ρ0 × f
R f

)−0.595
 (4)

where ρ0 is the air density (kg/m3), c0 is the sound velocity in air (m/s), f is the sound
frequency (Hz), and i is the imaginary unit.
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The incident background pressure field (Pi) is given as follows (Equation (5)):

Pi = e−i(k·x) (5)

where k is the wave vector defining the propagation of the incident sound wave. The
pressure, P, solved in the model is the total field, and the scattered field (Pscat) is given as
Pscat = P − Pi. The α-coefficient, which represents the ratio of the absorbed and incident
energy, is defined as follows (Equation (6)):

α = 1− |R|2 (6)

where R is the pressure reflection coefficient that gives the ratio of Pscat and Pinc. In the
simulation, α-coefficient for CHD and FHD bricks was analyzed at different frequencies
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(up to 1000 Hz), in accordance with the permitted working range of the impedance tube
used in the experimental validation.

Material Properties

The input parameters for concrete mixes required from the FEA model are presented in
Table 8. The air-cavity domain was modeled by adopting the value available in COMSOL’s
material library.

Table 8. Material input properties for FEA-based acoustic investigation on brick models.

REF Concrete Mix

Property Value Property Group Evaluation

Density 2186 kg/m3 Basic Experimental

Porosity 21.39% Basic Experimental

Acoustic flow resistivity 13, 872 N× s×m−4 DB model Experimental

RuC Concrete Mix

Property Value Property Group Evaluation

Density 1281 kg/m3 Basic Experimental

Porosity 22.82% Basic Experimental

Acoustic flow resistivity 19, 862 N× s×m−4 DB model Experimental

Boundary Conditions

As to boundary conditions, the lateral boundaries are all set as rigid walls, owing to
the periodicity of unit cells for normal sound incidence, and the bottom of the brick domain
is also rigid according to reproduce the common test configuration in sound absorption
measurements. Normal-sized tetrahedral mesh (minimum mesh element size of 0.375 mm
and maximum mesh element size of 83.8 mm) was selected in the study.

2.3. Part 3: Hollow-Brick Production and Testing
2.3.1. Fabrication of the Brick Mold

A custom-made polypropylene (PP) vessel was employed as a master mold. Circular
and fractal-shaped columns were implanted on the mold’s base to realize the cavities in
the brick prototypes. To accurately reproduce the geometry of the holes, especially in the
case of fractal configuration, the columns were cut from a slab of high-density polystyrene
(HDPS) by a computerized numerical control (CNC) milling machine (Falcon 1500, Valmec,
Pescara, Italy). The cutting parameters are reported in Table 9. Figure 10 elucidates some
phases of the cutting operations.

Table 9. Cutting parameters selected for CNC cutting of high-density polystyrene columns.

Cutter Type Cutter Diameter Cutting Depth Spindle speed Feed Rate

End mill 3 mm 2 mm 5000 rpm 30 mm/s

The correct alignment of the columns on the mold’s base was made possible through
the fabrication of masks that exactly reproduced the hollow surface of the designed bricks.
Tailored cardboard masks (Figure 10a) were produced by high-precision laser-cutting
technology (Figure 10b), using a Birio 1000 laser cutter (Birio, Naples, Italy). After posi-
tioning and gluing the columns, we removed the guide-masks were, and the mold was
left to settle to allow the complete fixing of the columns on the vessel’s base The com-
pleted and ready-to-use brick molds (FHD and CHD configurations) are illustrated in
Figure 11c,d, respectively.
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2.3.2. Casting and Bricks Manufacturing

The concrete mixes preparation, casting procedure, and curing method followed the
same protocol implemented in Section 2.1.2. After 28 days of curing, the bricks were
demolded and the columns were removed both manually and by chemical etching with
pure acetone. Then the surface of the brick specimens was polished by a diamond saw.
For each brick design (CHD and FHD) and concrete mix (Figure 12), three replicates
were produced.

2.3.3. Testing

The brick samples were mechanically characterized by compressive test (Figure 13a),
using a Zwick-Roell Z150 (Zwick-Roell Group, Ulm, Germany) universal machine with a
150 kN load cell. The pre-load and loading rate were set to 20 N and 5 mm/min, respectively.
Two brick specimens were tested for each combination (concrete material + inner design).
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The sound-absorption properties of the bricks were experimentally investigated by
means of the impedance tube system by applying the standing wave ratio method (ASTM
C384-95 standard [48]). The testing principle can be found in detail in Reference [35]. The
measuring system included a 190 cm–long (L) Poly (vinyl chloride) (PVC) tube with an
inner diameter (D) of 16 cm, a sound source (MPA30BT loudspeaker, Behringer, Willich,
Germany), a 1

4 ” condenser microphone (ECM800, Behringer, Willich, Germany), a Scarlett
2i4 audio interface (Focusrite, High Wycombe, UK), and Room EQ Wizard software (GIK
Acoustic, Atlanta, GA, USA) test software. The sound source was mounted at one end of the
tube, emitting a sine wave acoustic signal. Half-brick sample is placed at the other end fixed
on a reflective termination (Figure 13b). The microphone moved along the length of the
tube during the test, recording the sound pressure level at various frequencies. According
to this system, the normal incidence α-coefficient was determined by Equation (7):

α ( f ) = 1−
∣∣∣∣SWR− 1
SWR + 1

∣∣∣∣2 (7)

where the standing wave ratio (SWR) index is defined as the ratio between the maximum
and minimum sound pressure level values (in dB) measured along the tube for each acoustic
frequency investigated. For the tube used in this study, the maximum operating frequency
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was 1270 Hz. Then α-measurements were performed in third-octave bands at 125, 250, 500,
and 1000 Hz

3. Results
3.1. FEA-Based Mechanical Analysis

The results of the mechanical FEA study are presented in Figure 14a (load–strain
curves) and Figure 14b (WW damage index–load curves).
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Figure 14. FEA-based mechanical results: (a) load–strain curves and (b) WW damage index–
strain curves.

Regardless of the hollow brick design, a clear difference in mechanical behavior
between the investigated concrete mixes can be observed. The FEA mechanical model
implemented in this work faithfully reproduces the clear difference in the stress–strain
relationship between ordinary and rubberized concrete. The former showed the typical
brittle characteristic of ordinary cementitious materials. By considering RuC mix properties,
the curve changes toward a more ductile behavior, showing lower mechanical strength
and larger deformations compared to the plain concrete sample under the same loading
conditions. From this evidence, it can be deduced that the features of the rubberized mix
would be favorable in optimizing the strain capacity and, thus, the energy-absorption
ability of the brick element. Therefore, an improvement to conventional concrete in terms
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of attained vibro-acoustic performance could be achieved [49], representing an attractive
requirement for building applications. In addition to yielding at lower compressive loads,
the brick prototypes in RuC mix experienced a higher damage index than those modeled
with REF properties, reflecting the strength vulnerability of the rubberized mixes compared
to plain concrete.

When analyzing the effect of the hollow configuration, we can see that slight differ-
ences were noted between CHD and FHD in terms of elasto-mechanical characteristics.
Cavities’ geometry had little influence on the mechanical stiffness of the brick model. For
the REF mix, the computed elastic moduli (EFEA) were 2.01 GPa for CHD and 1.95 GPa
for FHD. For the RuC mix, EFEA-values were 0.25 GPa and 0.24 GPa. The fractal design
performed better in terms of mechanical strength. The simulated compressive strengths
(σFEA

c ) of the REF-modeled brick were 9.39 MPa and 10.30 MPa for CHD and FHD bricks,
respectively. The σFEA

c values of the RuC-modeled brick were 1.42 MPa and 1.51 MPa for
CHD and FHD bricks, respectively. Overall, an increase in mechanical-strength proper-
ties of 7% (RuC mix) and 10% (REF mix) was achieved when passing from CHD to FHD
configurations. No supporting works in the literature are available on the mechanical
influence of this type of fractal-like cavity to corroborate the results obtained. However,
some research work verified that structural components topologically optimized with frac-
tal geometries gained significantly in terms of load-bearing capacity [50,51]. The damage
level of the brick model would seem to be less affected by the cavities’ geometry. With
the same material properties, the fractal design provided slightly higher WW indices than
the circular configuration, while showing greater strength performance. The fractal cavity
contains internal square hollow shapes, where their sharp edges would induce more stress
concentration than the circular hole. This effect, although potentially deleterious to the
mechanical performance of the brick, is well-balanced by the lower hole concentration
ratio in FHD arrangement, which therefore exposes a greater load-bearing strength to the
applied stress.

3.2. FEA-Based Acoustic Analysis

In addition to evaluating the acoustic response of the brick models as a function of
the constituent concrete material and type of hollow pattern, an FEA acoustic simulation
was also used to predict the noise attenuation characteristics in low-frequency regimes.
Low-frequency sound absorption for noise mitigation remains challenging because the slow
fluctuation of low-frequency acoustic waves leads to poor interaction between materials
or structures and the viscous air medium, resulting in inefficient dissipation of sound
energy [52]. Moreover, the fundamental frequencies of most engineering and civil structures
are usually below 50 Hz; therefore, their attenuation must be addressed to avoid unwanted
vibro-acoustic phenomena [53]. The low-frequency acoustic performances are difficult
to analyze experimentally. Common measurement methods, including impedance tube
or reverberation room, provide working ranges strictly related to the dimensions of the
measuring apparatus. For instance, the minimum admitted frequency (fmin ∝ c0

L−D ) of
the impedance tube device used in this research was 150 Hz, thus not allowing accurate
measurements in the low-frequency band. In this regard, the FEA model implemented in
this work was also used to analyze the sound-absorbing properties of the modeled brick in
this acoustic region of great engineering interest.

The low-frequency acoustic spectrum (Figure 15a) highlights the weakest sound-
absorbing ability (α < 0.20) and a negligible influence of the internal design of the brick on
the acoustic performance. The constituent concrete material, on the other hand, provides a
certain effect within 60 Hz. The physical–acoustic properties of RuC mix would seem to
confer better attenuation performance than those of REF mix. The considerable increase in
Rf following the replacement of sand with GWTR (see discussion in Section 2.1.3) could
be the key factor in the brick prototype’s higher low-frequency performance. FEA results
find good agreement with previous studies [53,54] wherein the improved low-frequency
noise-suppression capacity of rubber–concrete mixes has been demonstrated. At around
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60 Hz, an inversion point was detected: α-curves grew continuously, converging to a value
close to 0.9 (around 1000 Hz), indicating that high frequencies are more easily attenuated.
In the high-frequency acoustic range (Figure 15b), the physical–acoustic properties of
the REF mix ensured higher sound absorption rates than those of rubberized concrete.
Above 500 Hz, passing from a circular hollow internal geometry to a fractal one, a very
slight improvement in acoustic performance is appreciated by FEA modeling. It can be
hypothesized that the different acoustic behavior of the two brick models is due to the
cavity resonance sound-absorption mechanism. According to the thermo-viscous acoustic
theory of irregular cavities, sound propagation in the air is related to the displacement and
movement speed of small particles. When the shape of the sound-absorbing cavity is more
complex, the surfaces are more reflective, and the smaller particles need to travel more
distance. Therefore, the sound waves are reflected more frequently in the irregular space of
the cavity wall, which consumes more sound energy and improves the sound absorption
ability [55].
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Figure 15. FEA-based acoustic results: (a) low-frequency α-coefficient curves and (b) middle-high-
frequency α-coefficient curves.

3.3. Experimental Mechanical Testing

In accordance with the results predicted by the simulation, the mechanical tests reveal
the marked difference in the load–strain relationship (Figure 16) between REF (brittle
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behavior) and RuC (ductile behavior) mixes, indicating, for the latter, a predictable deteri-
oration in strength and an increase in post-peak strain capacity because of the influence
of rubber particles. The curves, normalized with respect to the holes concentration ratio,
also allow us to detect the difference between the hollow designs under study. Regardless
of the type of concrete mix, the FHD sample provided higher stiffness and compressive
strength than the CHD brick. The numerical analysis (Figure 14a) reports a similar trend
in the compressive behavior of the bricks but underestimates the mechanical resistance
values. Indeed, there is an average level of agreement between experimental and simulated
compressive strength of 45% and 55% for REF and RuC-based bricks, respectively. This
discrepancy can be attributed to several approximations considered in the building of the
COMSOL model:

• The FEA model considers the material as homogeneous, neglecting the composite
nature of the cementitious formulations under study and, therefore, the contribution
of mineral (sand) and polymeric (GWTR) aggregates on the mechanical behavior of the
model, including interface interactions, stress distribution, deformation mechanisms
induced by the different nature of the aggregates, etc.;

• Some fundamental input properties for the WW failure criterion (such as ν and σbc)
were obtained indirectly from constitutive models and may not reflect the real me-
chanical behavior of the material;

• Dimensional variations between the digital model and real brick prototype due to
the hygrometric shrinkage of the material, the geometric accuracy of the cavities, and
surface roughness can inevitably affect the mechanical response of the samples.
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Figure 17 elucidates the average values of compressive strength obtained from mechan-
ical testing. REF-based bricks satisfy the strength requirement for load-bearing masonry
units. The minimum compressive strength value of 11.7 MPa is necessary for this case,
as reported in the ASTM C90 standard [56]. The strengths dramatically decrease in the
rubberized hollow brick, as expected. Both the bricks provide mechanical strengths very
close to the minimum ASTM requirements [57] for non-load bearing hollow concrete ma-
sonry blocks (minimum strength requirement of 3.45 MPa). Furthermore, the histograms
clearly show the increase in mechanical performance induced by the fractal-shaped hollow
pattern. From CHD to FHD, increments of 22% and 18% are detected by considering REF
mix and RuC mix, respectively, confirming the efficiency of fractal design on the mechanical
behavior of the brick. To determine the best brick solutions from the structural point of
view, a structural efficiency index (SEI) is defined. This value is computed as the ratio
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between the compressive strength (σexp
c ), which is obtained from the experimental testing,

and its weight (Equation (8)):

SEI =
σ

exp
c

Weight
(8)
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Figure 17. Compressive strength and SEI values for developed hollow bricks.

The greater SEI values found in FHD designs indicate the higher overall structural
effectiveness of the block, which behaves better from a structural and handling point of
view [19]. The results achieved represent a noteworthy starting point for researchers. With
careful optimization and engineering of both GWTR–concrete mix and structural design, it
is possible to reach a highly eco-sustainable brick (0% natural aggregates) with a mechanical
performance suitable for applications in construction.

3.4. Experimental Acoustic Testing

The experimental sound–absorption curves (α vs. f ) are presented in Figure 18.
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Figure 18. Experimental sound–absorption curves (α vs. f ).

Considering the trend of α-curves, the experimental results follow with fairly good
agreement the numerical analysis (Figure 15b). The acoustic absorption of the hollow brick
prototypes tends to have the highest α-values as the frequency increases. In contrast to the
simulation, however, lower attenuation levels are recorded. At 1000 Hz, α-coefficient varies
between 0.62 (CHD brick-RuC) and 0.72 (FHD brick-RuC), compared to values close to
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0.90 detected in the acoustic-based FEA modeling. The inconsistency between simulation
and experimental analysis is primarily attributable to the poro-acoustic model adopted
to describe the sound–material interaction and the acoustic impedance provided by the
cementitious medium. DB’s model was derived for fibrous sound-absorbing materials,
such as glass wool and rock wool [58] and could induce uncertainties in the prediction
of the acoustic response of concrete-based materials. In addition, the model required a
limited number of input acoustic data referring to the material, affecting the accurate
prediction of its real sound-absorbing performance. In this regard, it will be advisable, in
future works, to implement more complete acoustic models suitable for concrete, including
Neithalath’s model [59] and Kim and Lee’s model [60], which need a greater number of
acoustic parameters describing the material’s performance.

The experimental α-coefficients indicate a very good acoustic performance of the
developed hollow bricks. Referring to the classification presented by Fediuk et al. [61],
the samples exhibit sound-absorbing levels in the range of aerated and foamed concretes
(α = 0.15–0.75), which represent the major solutions in building noise-attenuation inter-
ventions. Furthermore, the sound-absorbing ability of the proposed rubberized bricks is
significantly higher than the experimental results obtained by Mohammed et al. [15], which
found α-values less than 0.25 in concrete hollow blocks loaded with different amounts
(10%, 25%, and 50%) of tire crumb rubber. In good agreement with FEA, the experimental
α-curves highlight the better acoustic performance of FHD design above 400 Hz for both
cement mixes. The sharpest incremental rate in sound absorption, moving from CHD
to FHD, is recorded for RuC-based samples: +13% at 500 Hz and +18% at 1000 Hz. In
the same frequency band, the GWTR–cement mix yields superior acoustic attenuation
capacities compared to REF material, regardless of the internal geometry of the brick,
indicating the acoustic functionality induced by the polymeric aggregate on the concrete’s
damping [62]. The improved acoustic efficiency of fractal-shaped cavities coupled with the
sound abatement peculiarities deriving from the tire aggregate would provide attractive
solutions for acoustic dampening at medium–high frequencies, which are of particular
interest concerning the mitigation of traffic and urban-deriving noise [63].

4. Conclusions

In this study, ground waste tire rubber and fractal-shaped cavities were combined
with the purpose of producing eco-friendly and lightweight hollow concrete bricks with
improved acoustic efficiency and acceptable strength requirements for non-structural appli-
cations. The rubberized concrete mix was prepared by using two rubber fractions (0–1 mm
rubber powder and 1–3 mm rubber granules) as a total aggregate. Firstly, its physical and
mechanical properties were experimentally characterized and compared with an ordinary
concrete mix (0% rubber) taken as a reference. A finite element analysis was implemented
to build predictive models for the mechanical and acoustic absorption behavior of two
kinds of brick models based on circular (traditional geometry) and Minkowski-like fractal
cavities. Hollow-brick prototypes were manufactured and tested, evaluating the influence
of constituent materials (reference and rubberized mixes) and inner hollow design on their
mechanical and acoustic performance. The results revealed the following main findings:

• Regardless of the concrete mix, the fractal hollow pattern provides a significant im-
provement in the engineering performance of the brick in terms of mechanical strength,
structural efficiency, and acoustic absorption over 500 Hz. Considering the rubber–
cement mix as a constituting brick’s material, an increase of 18% in compressive
strength and 1000 Hz sound absorption coefficient can be achieved, moving from
circular to fractal hole designs.

• Circular and fractal design bricks made up of ordinary concrete mix satisfy the min-
imum ASTM strength for load-bearing masonry units. A rubber–concrete mix in-
volves a predictable loss in mechanical strength properties. However, the compressive
strengths of rubberized blocks were very close to ASTM requirements for non-load-
bearing applications.
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• The samples investigated can be considered as “good” concrete sound absorbers. The
rubber-functionalized cement mix yielded superior acoustic attenuation capacities
compared to the reference material, regardless of the internal geometry of the brick,
indicating the positive influence induced by the polymeric aggregates on the concrete’s
sound-absorbing efficiency.

• From the numerical analysis by finite element method, the physical–acoustic param-
eters of the investigated rubberized mixes would seem to predict better attenuation
performances to the brick, even at low frequencies, which are noise events of great
interest in engineering field.

In summary, the present study has proven that fractal geometries and waste aggregates
can be successfully integrated into brick technology to obtain eco-friendlier solutions with
enhanced structural and acoustic behavior. As a future trend, we plan to propose a careful
optimization of the rubber–cement mix design to achieve mechanical performances that are
fully within the strength requirements for lightweight masonry applications. In this regard,
it will also be necessary to refine the finite element predictive models and to strengthen the
connection between simulation and experiment for a more accurate optimization of the
material and component’s design.
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