MATERIALES DE CONSTRUCCION

Vol. 65, Issue 320, October—December 2015, e072
ISSN-L: 0465-2746
http://dx.doi.org/10.3989/mc.2015.01115

Acoustic properties of porous concrete made from
arlite and vermiculite lightweight aggregates

J. Carbajo’s2, T.V. Esquerdo-Lloret”, J. Ramis®, A.V. Nadal-Gisbert, FE.D. Denia*

a. Department of Physics, Systems Engineering and Signal Theory, University of Alicante (Alicante, Spain)
b. Instituto de Disefo para la Fabricacion y Produccion Automatizada, Universitat Politécnica de Valencia (Valencia, Spain)
c. Instituto de Tecnologia de Materiales, Universitat Politécnica de Valencia (Valencia, Spain)
d. Centro de Investigacion en Ingenieria Mecanica, Universitat Politécnica de Valencia (Valencia, Spain)
P<jesus.carbajo@ua.es

Received 9 February 2015
Accepted 11 May 2015
Available on line 12 November 2015

ABSTRACT: The use of sustainable materials is becoming a common practice for noise abatement in building
and civil engineering industries. In this context, many applications have been found for porous concrete made
from lightweight aggregates. This work investigates the acoustic properties of porous concrete made from arlite
and vermiculite lightweight aggregates. These natural resources can still be regarded as sustainable since they
can be recycled and do not generate environmentally hazardous waste. The experimental basis used consists of
different type specimens whose acoustic performance is assessed in an impedance tube. Additionally, a simple
theoretical model for granular porous media, based on parameters measurable with basic experimental proce-
dures, is adopted to predict the acoustic properties of the prepared mixes. The theoretical predictions compare
well with the absorption measurements. Preliminary results show the good absorption capability of these mate-
rials, making them a promising alternative to traditional porous concrete solutions.
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RESUMEN: Propiedades acuisticas del hormigon poroso a base de aridos ligeros de arlita y vermiculita. El uso
de materiales sostenibles se esta convirtiendo en una practica comun para la reduccion de ruido en las indus-
trias de la edificacion e ingenieria civil. Este trabajo investiga las propiedades actsticas de hormigoén poroso
fabricado a partir de aridos ligeros de arlita y vermiculita. Estos recursos naturales todavia pueden consi-
derarse sostenibles ya que pueden ser reciclados y no generan residuos peligrosos para el medio ambiente.
La base experimental utilizada se compone de especimenes de diferente tipo cuyas prestaciones acusticas se
evaluan en un tubo de impedancia. Adicionalmente, se ha adoptado un modelo teérico simple para medios
porosos granulares, basado en parametros medibles con procedimientos experimentales basicos, con objeto de
predecir las propiedades acusticas de las mezclas preparadas. Las predicciones tedricas muestran una buena
concordancia con las medidas de absorcion. Los resultados preliminares demuestran la buena capacidad
absorbente de estos materiales, haciendo de ellos una alternativa prometedora a las soluciones de hormigéon
poroso tradicionales.
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1. INTRODUCTION

Porous concrete manufactured from lightweight
aggregates is each passing day more commonly used
for passive noise reduction in the building industry
(1,2). Concrete materials, unlike ordinary foams and
fibrous absorbers, meet potential properties when
used for structural purposes (durability, structural
strength, stiffness, etc.) along with a good acous-
tic performance if properly designed. These con-
solidated granular materials are also widely used in
numerous outdoor noise control applications such
as noise barriers (3, 4) and in ground surfaces (5-9).
In this context, the need to reduce CO, emissions
while limiting traffic noise (10, 11) has prompted the
civil engineering industry to focus efforts on devel-
opment of new environmentally friendly granular
materials while providing similar sound absorbing
characteristics.

Some research has been devoted to study sus-
tainable concrete-based materials, which are usu-
ally made from natural or recycled materials. The
former, which can be made from vegetable particles,
are of great interest inasmuch as they are renew-
able (12) and often present good sound absorption
capabilities (13). Other materials, also called “green
materials”, come from recycling processes; some of
them use residues coming from construction and
demolition wastes (14, 15), crumb rubber (16) or
plastic waste from recycling of electric wires (17).
Besides, these new kinds of materials are expected
to satisfy thermal, acoustical and increasingly struc-
tural demands. A review of sustainable materials for
acoustic applications, either natural or made from
recycled materials, can be found in (18). Among
these, expanded ceramic materials obtained by exfo-
liation, as in the case of arlite and vermiculite, can
still be regarded as sustainable (19) since they can be
recycled and do not generate environmentally haz-
ardous waste.

The expanded materials consist of very light dry
clay and are obtained from open-pit mining. The
virgin rock crushed is placed in an oven at 1200 °C to
generate thermal shock. Combustion gases generate
clay expansion, thus increasing arlite and vermiculite
particles 5 and 15 times the original size, respectively.
The grains of arlite acquire a dark grey colour and
a variable size between 2 and 20 mm, while for ver-
miculite a yellowish layered structure is generated
and particles vary between 0.1 and 15 mm. They
are marketed in bags of 50 to 100 liters or bulk.
Furthermore, not only do they offer a fair durability,
but also a low manufacturing cost and good thermal
insulation (20). Concrete produced from this type
of clays and derivatives presents low density values
appropriate for lightweight applications (21-23).
The material here considered can be crushed and
reused in the preparation of new lightened concrete.
Arlite and vermiculite can be used as substitutes for

other arids usually employed, e.g., sand and gravel,
and also present interesting properties such as non-
toxicity and insolubility in water and other organic
solvents. They are also harmless, odorless, inert and
sterile. In addition, they exhibit stability and insen-
sitivity to atmospheric agents, these properties being
kept over time. Raw materials are a natural aggre-
gate, being the use of non-renewable energy in the
manufacturing process the main source of environ-
mental pollution. Concerning their use with acousti-
cal purposes, profit from their microporosity looks
promising and makes them become an interesting
alternative to typically used solutions. Consequently,
an experimental and theoretical characterization
process is required so as to evaluate their acoustical
behaviour. Thereby, the use of predictive impedance
models to analize granular porous media is of great
interest and may help on the choice of an optimal
mix composition providing the maximum average
absorption within a prescribed frequency band.

Numerous works have been dedicated to derive
formulations of the acoustic impedance of granu-
lar porous media (24-27). Most of them assume
the material to be composed of stacked discrete ele-
ments and include empirical shape factors whose
values are frequently fitted to experimental data
(28). Early works (29) lead to the assertion that the
acoustic properties of consolidated materials, as in
the case of porous concrete, are largely influenced
by the consolidation process. For these cases, a still
simple and practical theoretical alternative was pro-
posed by Horoshenkov and Swift (30), who success-
fully tested the method on a representative selection
of consolidated and non-consolidated porous granu-
lar materials. This model was based on four measur-
able non-acoustic parameters (porosity, tortuosity,
flow resistivity and standard deviation of the pore
size) assuming a given pore geometry and a pore
size distribution close to log-normal, which is often
found in granular materials. The prediction method
was subsequently shown to be in good agreement
with the experimental data for other consolidated
granular mixes of concrete using aluminous aggre-
gate (31) and expanded clay granulates (32). This
leads to the choice of this model for the study of
porous concrete made from lightweight materials as
those of the aforementioned type.

The present work aims to explore the effect of
arlite and vermiculite lightweight aggregates of dif-
ferent sizes and types on the acoustic performance
of porous concrete. For this purpose, five sets of
consolidated granular mixes are prepared and there-
from test specimens are manufactured. The nor-
malized surface impedance and sound absorption
coefficient under normal incidence of these samples
are determined by means of an impedance tube.
The experimental results are compared to the pre-
dictions of the Horoshenkov and Swift model (30),
which uses as input the measured data for porosity,
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tortuosity, flow resistivity and standard deviation
of the pore size. The theoretical model shows a rea-
sonable good agreement with the measurements and
can thus be used in different areas of construction
engineering to acoustically design concrete made
from lightweight arlite and vermiculite aggregates.

The structure of the paper is as follows. Section
2 introduces the theoretical background to study
the acoustic properties of granular porous media
and reviews the well-established Horoshenkov and
Swift model. In section 3, the samples preparation
process is explained in detail and the experimental
setup used to determine the input parameters of the
model and to validate it is briefly described. In addi-
tion, an optimization process is presented to derive
these parameters when some measurement difficul-
ties arise. In section 4, impedance tube measurement
results are analysed and compared to those obtained
in the predictions for some of the manufactured
mixes. A discussion on the derived physical param-
eters and the applicability of the theoretical model
are presented together. Finally, section 5 describes
the main conclusions of this work.

2. THEORETICAL BACKGROUND
2.1. Acoustic modeling of granular porous media

Sound propagation in granular porous media
is difficult to study on a microscopic scale because
of the complex geometry of the frame. Instead, a
macroscopic formulation under rigid frame approx-
imation is commonly employed. As the frame is
assumed to be motionless, a simplified equivalent
fluid approach can be used to derive frequency-
dependent expressions of its relevant acoustic prop-
erties, namely characteristic impedance, Z (®), and
complex wave number, k (®):

Z(w)=p(w)/C(v), [1]
k(o) =o\p(0)C(0), [2]

where @ is the angular frequency, p () is the
equivalent fluid density and C () is the compressibil-
ity of the fluid. These quantities account for the vis-
cous friction and thermal loss mechanisms at the pore
walls, and are linked to the size of the pores and the
proportion of open pores through p (@) and C (®).

The surface impedance Z; and sound absorp-
tion coefficient o of a hard-backed granular layer
of thickness / for the case of normal incidence are
calculated using the following expressions:

Z =7 coth (—jkh), [3]

2
azl_ZS_pOCO

Zs+ PoCo

[4]

where p, and ¢, are the density and the sound
propagation velocity in air, respectively. The surface
impedance is also usually expressed normalized to

o Co-

Although basic equations [1] to [4] are generic to
study the acoustic properties of porous media, they
constitute the fundamentals for most of the existing
theoretical approaches and will serve for the model
adopted here.

2.2. Horoshenkov and Swift model

Horoshenkov and Swift (30) derived equations
of the previous properties for rigid frame granu-
lar media with a log-normal pore size distribution.
These expressions can be written in the following
form [5, 6]:

p(@)= ¢(po R )], 5)
_ o[ poo(r-1)
C(w)_TPO [J’ 7@0(1\71)@) ], (6]

where o, is the tortuosity, ¢ is the porosity, R is the

flow resistivity, y is the ratio of specific heats, P, is the

atmospheric pressure and N, is the Prandtl number.

F is the viscosity correction function, which can be

presented in the form of a Padé approximation as [7]:
1+ ae+ae’

Flo)= 1+ be 7

Wlth alzel/ez, a2:61 and b]zal, belng 91:4645/3—1
and 922335/2/\/5 for the circular pore geometry
assumption, where &= (o In 2)* and o is the stan-
dard deviation in the log-normally distributed pore
size, and &=/—jwpoc../(R¢) is a dimensionless
parameter.

The presented model is used in this work to predict
the acoustic properties of various consolidated gran-
ular samples made from arlite and vermiculite aggre-
gates using a cementitious binder. The corresponding
material preparation is described next.

3. METHODOLOGY
3.1. Sample preparation

The acoustical and non-acoustical properties of
five sets of consolidated granular mixes made from
lightweight aggregates using cementitious binder are
to be investigated experimentally. Each set comprises
six samples having the same dimensions and the
five sets consist of small and large grain arlite, small
and large grain vermiculite type 2 and large grain
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vermiculite type 3. This number of samples was con-
sidered representative enough for comparison between
sets. Figure 1 shows the morphology of the three types
of lightweight aggregates used in this study.

First, since the starting arlite and vermiculite
grains have various sizes, a tapping sieve analysis
was carried out to assess the gradation of the aggre-
gates. It was performed using the digital mechani-
cal shaker CISA model RP09 with perforated plate
sieves following the UNE-EN 933-2 standard (33).
The test results showed that the arlite grains range
mainly from 2 to 8§ mm in diameter, whereas the
vermiculite type 2 grains range from 0.25 to 2 mm
and the vermiculite type 3 from 0.5 to 4 mm. As
mentioned previously, two different particle size
ranges were extracted for the arlite and vermiculite
type 2 sets.

In a following step, and in order to produce a
firm consolidated porous structure from the loose
granular material, a kneading process was under-
taken by means of a cementitious binder. In this
work, the samples were made by dissolving high
strength white Portland cement BL I 52.5 R in water

il ga"||.'||||llllf
¥

until having a homogeneous mixture and then add-
ing the aggregates while using a mechanical auto-
clave type orbital BOMANN model CB 332 at
69 r.p.m (level 3) for about 10-15 minutes following
the UNE EN 196-1 standard (34). No plasticizers
or extra admixtures were added. The resulting mixes
were arranged in 72 mm diameter and 50 mm thick
moulds for 48 hours before being extracted for the
complete curing of the samples for a period 30 days
at 23 °C and 34% relative humidity at ambient con-
ditions and weighing thereof. It should be noted that
this consolidation process may have a substantial
influence on the acoustic properties of the samples,
i.e., the binder quantity used has a critical effect on
the size and distribution of the pores in the final
mix. In our case, preliminary trial and error tests
were necessary to choose adequate binder quanti-
ties to ensure enough cohesion for subsequent han-
dling and sufficient proportion of open pores. This
work phase led to the use of a lower aggregate-
binder ratio for the case of large grain vermiculite
type 2, obtaining a morphology similar to that of
the consolidated mix of large grain arlite but much

FIGURE 1. Morphology of the three types of lightweight aggregates used: (a) arlite; (b) vermiculite type 2 and (c) vermiculite type 3.

Materiales de Construccion 65 (320), October—December 2015, e072. ISSN-L: 0465-2746. doi: http://dx.doi.org/10.3989/mc.2015.01115


http://dx.doi.org/10.3989/mc.2015.01115

Acoustic properties of porous concrete made from arlite and vermiculite lightweight aggregates ¢ 5

TABLE 1. Granular mixes preparation data
Grainsize A/C/W"  Dry density

Granular mix (mm) (%) (kg/m®)
Arlite (A) <4 50/33/17 650

>4 50/33/17 700
Vermiculite type 2 (V2) <1 11/55/34 640

>1 12/49/39 560
Vermiculite type 3 (V3) 0.5-4 11/56/33 690

* A/C/W indicates the Aggregate, Cement and Water proportions
of each mix, respectively.

less dense. Special attention was paid to the fact
that the vermiculite offers a higher water absorb-
ing capacity when compared to arlite. Furthermore,
each grain of the final consolidated mix may con-
tain several particles of aggregate.

The granular mixes preparation data for the five
sets is given in Table 1. Hereinafter, each mix will be
denoted using the following abbreviations: A (arlite);
V2 (vermiculite type 2) and V3 (vermiculite type 3),
distinguishing two grain sizes (small and large) for
the two first mix types. The description of the charac-
teristics for the tested samples is provided in Table 2.
Photographs of three consolidated specimens corre-
sponding to the sets of large grain A, large grain V2
and V3 are shown in Figure 2. It is worth recalling
the relatively similar morphology for the two first
cases in spite of having a significant density reduc-
tion in the case of large grain V2. A more detailed
view of these samples is also given in the images cap-
tured using a photo camera attached to a magnifying
glass system and trimming the resulting image to a
circular diameter of 22 mm using an image editor. In
these images, the previously mentioned bonding dif-
ficulties for the case of vermiculite stand out.

3.2. Experimental setup

The theoretical model described in Section 2.2 is
based on four measurable physical properties: poros-
ity, tortuosity, flow resistivity and standard deviation
of the pore size. The corresponding values can be
determined using basic experimental procedures.

The porosity measures the empty space in a mate-
rial and is calculated from ¢=V,/V,, where V;is the
volume of fluid-space and ¥, the total volume of the
material sample. In the case of consolidated porous
concrete, the dry samples volume is measured before
immersing them in water for 24 hours to be mois-
turized. Thereafter, the samples are placed in a ves-
sel and water is poured on it until pore structure
is saturated. Then, the filling liquid is removed to
a flask and the volume of evicted water measured.
This procedure has been shown to provide similar
results to those used in other previously referred
works (4, 6, 32). Consolidated materials have more
complex pore networks that include closed pores
(or non-connected cavities), nevertheless they may
be neglected as considered inaccessible to airflow.

The tortuosity is a property that gives a mea-
sure of the geometric complexity of a porous mate-
rial as the ratio of the real distance between both
extremes and that of a straight line. That is to say,
it indicates the ease of an acoustic wave to propa-
gate inside the material. Given the inherent pseudo-
destructive features in using any of the commonly
adopted chemical methods (35) that require the use
of an electrolyte, an inverse methodology described
later was used instead to determine this property.

The flow resistivity measures the resistance that
a porous structure offers to the air flow and hence
gives an idea of the energy loss occurring inside
the material. Even though standardized laboratory
procedures to measure this parameter exist (36), a
simpler alternative acoustic method developed by
Ingard and Dear (37) was used. This method is based
on acoustic measurements in an impedance tube
with a pair of microphones, here conducted in an
improved way using a digital analyser that generates
a random signal. The resistivity itself is thereupon
obtained as the ordinate value from a linear fit of the
flow resistivity values at audible frequencies where
the sample-rigid termination distance is an odd
number of quarter wavelengths, being the thickness
of the sample under test necessarily much smaller
than the wavelength involved. This method can be
regarded as indirect inasmuch as it estimates the
zero frequency flow resistivity from higher frequency
values measured.

TABLE 2. Characteristics of the prepared samples

Effective Dry
Granular mix thickness (mm), / weight (g)
Arlite (A) <4 mm 51.0 (0.5) 135 (8)
>4 mm 50.7 (1.0) 143 (3)
Vermiculite type 2 (V2) <l mm 50.6 (1.0) 135 (7)
>1 mm 50.5 (1.5) 115 (6)
Vermiculite type 3 (V3) 0.5-4 mm 50.9 (0.4) 144 (7)

The values in parenthesis indicate the maximum deviation from the averaged value.
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(a)

FIGURE 2. (Left) Photographs and (Right) trimmed zoomed image for test specimens of
porous concrete made from: (a) large grain A; (b) large grain V2 and (c) V3.

The mean pore size and its standard deviation are
other important parameters when studying acoustic
porous materials, the latter being an input of the
model used in this work. This parameter measures
the dispersion from the average pore size and gives
an idea of the distribution of pores. The standard
deviation can be determined through theoretically
fitting the cumulative pore size distribution mea-
sured using the water suction method (38) to the
integration of a log-normal statistical distribution
with the probability density function [8]:

1 Ae-tor /o)
o~2r

PDF ()= , [8]

with s being the pore size in standard units deter-
mined from the experiment, ¢ is defined as ¢ =—log,s
and the median value is calculated as (@) = —log, (s).

In a second step, and so as to validate the applica-
tion of the theoretical model to this type of mixes,
the sound absorption coefficient under normal inci-
dence of the prepared samples was measured follow-
ing the standardized impedance tube method (39) in
the frequency range 200-2200 Hz. Both impedance
tube methods, that of Ingard and Dear (37) and that
just mentioned, were performed arranging the sam-
ples so that the incoming acoustic wave impinges
on the rougher surface of the sample. This setup
consists of two custom-made tubes: one for the
loudspeaker section and the other for the rigid ter-
mination, coupled by a sample holder as indicated
in the schematic of Figure 3. The specimen is placed
in this sample holder and this in turn attached to the

tubes using adjustable screws on threaded bars. An
additional rigid piece is placed behind the sample for
the absorption measurements whereas it is removed
for the flow resistivity experiments. In this manner,
both methods can be performed in a versatile way
using a unique experimental rig. The tubes have cir-
cular cross-section with a thickness of 6 mm and a
cut-off frequency around 2500 Hz. All the elements
are made from stainless steel. A random excitation is
provided to the loudspeaker from the analyser (OR34
Compact Analyser) and the corresponding pressure
transfer functions are measured subsequently using
two 1/2 in. pressure microphones (B&K Type 4188)
mounted flush with the inner surface of the tubes
at their respective locations (1, 2: absorption; 3, 4:
flow resistivity). Acquisition data was post-processed
in Matlab. Since the acoustic analysis of the pres-
ent study is based upon linear models, the incident
sound pressure level in the impedance tube has been
kept below 90 dB. The frequency range of analysis

158

Sample
= holder

M @ @ (4)ﬂ1

Loudspeaker

f

Sample Rigid piece

1625 h 890

FIGURE 3. Schematic of the impedance tube used for both
absorption and flow resistivity measurements (dimensions
are in mm). / is the sample thickness and (i=1...4)
are the microphone positions.
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was chosen to ensure plane wave propagation and
avoid excitations of higher order modes. The resul-
tant sound absorption coefficient and flow resistivity
of the absorbent materials can thus be obtained.

3.3. Inverse numerical method

To avoid some of the limitations discussed above,
it is common to use some optimization method to
determine indirectly the input parameters that let the
acoustic model obtain the best fit to the impedance
tube measurements (40, 41). This procedure is also
recurrently used when any of the previous physical
parameters are difficult to measure or cannot be
properly determined, as it was in the current inves-
tigation for the tortuosity. The Nelder-Mead direct
search optimization method (42) is a technique that
minimizes an objective function of one or several
variables from an initial estimate and serial itera-
tions until the specified tolerance is achieved, though
it can sometimes present discontinuities or no con-
vergence problems. Hence, for these cases where the
required adjustment is within the experimental toler-
ance values, this inverse numerical method is proven
to be a useful tool to accurately estimate the physical
properties of granular mixes in a simple manner.

For this purpose, the following objective function
is defined [9]:

N
OF (0)=) e fiy-6(f;, o), (9

i=1

where o f;) and 6(f;) correspond to the measured
and the estimated sound absorption coefficient under
normal incidence for each frequency of interest f,
respectively. Hereby, the design variable parameter
(tortuosity o, in our case) that best fits the experi-
mental data to the theoretical model is obtained.

4. RESULTS AND DISCUSSION
4.1. Physical parameters
Table 3 summarizes the physical properties of

the five granular mixes tested. These are obtained
by averaging the values measured in each of the six

samples of their respective sets. The prediction of
the acoustic properties was carried out using these
values as input data in the theoretical model.

Porosity measurements for the prepared mixes
indicate similar values of around 39% for this mate-
rial property. As stated above, vermiculite high water
absorbing capacity can result in very misleading val-
ues of porosity if not carefully measured, but are still
acceptable for practical purposes. Tortuosity values
indicate that for the same mix type the grain size has
a slight influence on them. Nevertheless, it should be
recalled that this property has been obtained through
an inverse method and therefore it is worth noting
that further experimental work is required to con-
firm this. Flow resistivity values show to be inversely
proportional to the grain particle size of the samples,
as the sound propagation damping increases with
the reduced grain size. This assertion is not true for
excessively high values of flow resistivity, as it would
involve too high characteristic impedance values and
therefore worsen air-granular mix impedance cou-
pling, yielding less sound absorption. With this in
mind, lower grain sizes attain higher flow resistivity
values for the cases examined.

Figure 4 displays the average cumulative pore
size distribution obtained experimentally and the
theoretical fitted curve using equation [8] for each
granular mix set. The average standard deviation fit-
ted values are in the range 0.17-0.24. The resulting
data verifies that the pore size distribution is log-
normal for these granular materials. The vermiculite
type 3 mixes exhibit smaller pores and highest value
of standard deviation of pore size, somewhat due to
the relatively broadest grain size range.

4.2. Acoustic properties

Figure 5 shows the average measured sound ab-
sorption coefficient for the sets of granular mixes
tested. The acoustic behaviour of these materials is
governed by their dimensions, the porosity, the pore
shape and size along with their distribution. Indeed,
the dimensions and the porosity are of the same
order for all the samples so that maximum absorp-
tion frequency range 1000-1400 Hz is alike, being
the differences of the sound absorption coefficient

TABLE 3. Average measured physical properties of the granular mixes used in the theoretical model

Flow resistivity Standard

Granular mix Porosity, ¢  Tortuosity, a. (Pa-s-m_z), R deviation, o
Arlite (A) <4 mm 0.39 1.82 2176 0.21

>4 mm 0.38 1.87 1839 0.16
Vermiculite type 2 (V2) <l mm 0.39 1.70 2230 0.17

>1 mm 0.37 1.73 1424 0.17
Vermiculite type 3 (V3) 0.5-4 mm 0.40 1.70 1720 0.24

* Tortuosity values were obtained with the inverse numerical method described in Section 3.3.
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FIGURE 4. Cumulative pore size distribution for the granular
mix sets analyzed. The markers denote experimental
data and the dotted lines the theoretical fit.
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FIGURE 5. Sound absorption coefficient for
the different sets of granular mixes.

amplitude particularly due to the two latter param-
eters. This bandwidth depends on the design param-
eters of the granular mix (grain size, binder, A/C/W
proportions,...), whose modification could even
lead to different absorption properties. The imped-
ance tube experiments suggest that the smaller grain
mixes show higher sound absorption and a broader
frequency range than those made from larger grains.
This is partly due to their relatively higher flow
resistivity, whilst the enhanced sound attenuation in
the high frequency range may be attributed to the
major importance of viscothermal loss mechanisms
through the narrower porous structure. Moreover,
the peak frequency shift towards lower frequencies
as the grain size is reduced might be also linked to a
higher value of flow resistivity, which is associated
with the higher attenuation of the acoustic waves
in the granular material. Notice that for the ana-
lysed cases a slight porosity reduction results in a
poorer acoustic performance, somehow due to the
binder effects on the grain disposition and final pore
structure.

The SEM images on a cut flat surface of residual
grains of the large grain A and the V3 mixes illus-
trate some differences between arlite and vermicu-
lite aggregates (Figure 6). While arlite evidences the
expansion process in the form of an internal macro-
porous product, vermiculite provides a flat and well
defined lamellar structure surrounded by cement on
its boundaries. In both cases, a fairly good adhe-
sion with a continuous interface aggregate-cement is
observed.

Figure 7 depicts the average real and imaginary
parts of the normalized surface impedance of the
large grain A mix, the small grain V2 mix and the
V3 mix. For the large grain mix, the real and imagi-
nary parts of the surface impedance increase in
amplitude at low frequencies and above 1800 Hz,
while for the other mixes this occurs at lower values.
As a consequence, the width of the frequency range

FIGURE 6. SEM image for test samples of porous concrete made from: (a) large grain A and (b) V3.
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FIGURE 7. Normalized surface resistance (continuous line)
and reactance (dotted line) for the large grain
A, small grain V2 and V3 mixes.

at which sound absorption is effective becomes
reduced for the large grain mix. This raise in the
surface impedance also yields lower absorption val-
ues for this mix type and explains the worst imped-
ance match in the air-granular mix interaction
region. On the other hand, the frequency associated
with the zero value of the surface reactance (imagi-
nary part of the surface impedance) is observed to
be nearly unchanged from this mix set to the others.
A frequency shift of the sound absorption peak
towards lower frequencies is more pronounced for
the small grain with respect to the large grain of the
same aggregate type, as it was prior appreciated in
Figure 5.

In addition, the experimental results for the sound
absorption coefficient have been compared to those
predicted by the theoretical model using the mea-
sured physical parameters for some of the manufac-
tured mixes. In Figure § a good agreement between
the predictions and the impedance tube tests is veri-
fied throughout the frequency range 500-1800 Hz,
showing some discrepancies at frequencies above
1800 Hz and in the low frequency range. A closest
match is found for the case of large grain A whereas
the theoretical model is less accurate in the case of
large grain V2 and V3, likely due to the lower reli-
ability of the experiments involving water in this
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type of samples and/or other measurement errors.
These differences may be a result of both front sur-
face roughness and no flow occurring through dead-
end pores (pores connected to the exterior at only
one end of the sample). Furthermore, the circular
pore shape assumption may not be as close to man-
ufactured samples. Alternatively, other pore geom-
etries could be used for the predictions, though this
is usually unknown or not easy to define.

5. CONCLUSIONS

This work presents and analyses the acoustic
properties of porous concrete made from light-
weight arlite and vermiculite aggregates of different
sizes and types. For this purpose, several mixes were
prepared and impedance tube measurements were
performed on manufactured specimens. The results
indicate that these consolidated materials yield a
relative high sound absorption and can thus become
a sustainable alternative to other commonly used
solutions in practical applications. Additionally,
predictions are obtained for the sound absorption
coefficient based upon a general theoretical model
whose input parameters (porosity, tortuosity, flow
resistivity and standard deviation of the pore size)
have been easily determined through basic experi-
mental procedures. In general, measured and esti-
mated values showed a relative good agreement and
confirm that the model can be successfully used for
the design of porous concrete made from arlite and
vermiculite aggregates.

Summarizing, these materials (arlite and vermic-
ulite) have adequate structural strength for manufac-
turing and manipulation purposes. The final concrete
product is attachable to existing elements such as
plasterboard, plaster and false ceilings, and can be
used as visible or hidden construction solutions. A
number of different characteristics can be obtained,
including texture, roughness, arbitrary shape and
thickness. In the case of sound walls, these can be
manufactured with special shapes like undulations
or projections. In addition, these materials allow
aesthetic applications and can include perforations.
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FIGURE 8. Measurement (markers) and prediction (dotted line) results of sound absorption
coefficient for: (left) large grain A, (center) large grain V2 and (right) V3.
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As indicated in the Introduction, interesting prop-
erties regarding sustainability are obtained, as arlite
and vermiculite are ecological products. These include
recyclability as well as nontoxicity, insolubility in water
and other organic solvents, and also chemical stabil-
ity over time. In addition, they are relatively cheap,
thus providing relevant advantages from a commer-
cial point of view. The concrete lightened with these
products can be crushed and recycled to prepare new
lightweight concrete.

Even though further research is needed to assess
the acoustic performance for other mix proportions,
preliminary results look promising and encourage
work on the development of porous concrete made
from these materials for its use in building and civil
engineering industries.
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