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The use of natural materials has become more important as a result of the growing need to conserve
energy, exploit renewable materials, and incorporate architecture and construction into sustainable
methods of production. Accordingly, the present work investigates the engineering properties of a new
earthen building material. This proposal is based on traditional unfired earthen masonry and consists
of compressed earth blocks stabilised with natural polymers and wool fibers for use as insulating and
structural load-bearing walls in buildings. The conducted experimental study enabled us to determine
the mechanical performance, thermal conductivity, noise mitigation, modulus of elasticity, porosity per-
centage, and diameter through mercury intrusion porosimetry. The influence of soil characteristics on
thermophysical and acoustic properties of tested material were investigated. The experimental data
show good efficiency and a significant improvement in the engineering properties of these materials
compared to traditional compressed earth blocks. In this research, a comprehensive analysis of the inter-
action of different properties is proposed as an assessment methodology that could be applied to any kind
of stabilised soil material. The correlation of the results, being the type of soil the only variable of the ana-
lyzed samples, has allowed identifying sample key features and tests so as to obtain the best mechanical,
thermal and acoustic performances.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

In the current situation in which the model of human growth is
increasingly revealed as an unsustainable path, since it involves a
growing demand for finite raw materials, greater energy consump-
tion and an increase in greenhouse gas emissions [1-4], it is of
utmost importance to revisit eco-friendlier traditional construction
methods, adapting them from new technological standpoints.

Despite the downturn following the economic crisis of 2008, the
construction industry continues to be one of the main and most
active sectors throughout Europe, directly and indirectly repre-
senting about 28% of employment in industry and an average of
7.5% of the European economy in terms of GDP [5]. With an annual
turnover of 1200 billion euros, this sector accounts for 25% of all
European industrial production, reaching, in the case of Spain,
more than 124 billion euros considering civil engineering works,
residential buildings, and refurbishment interventions [6]. Current
forecasts seem to indicate that, in global terms, the construction
industry will continue to grow at a rapid pace over the next decade.

Although from a contemporary perspective, it could be seen as a
building material of the past, almost 50% of the world’s population
lives nowadays in earth-based housing [7]. While it is true that
most of earth constructions are located in developing countries,
it is also true that this type of construction can be found in devel-
oped countries as well, such as in Europe, the United States, Brazil,
or Australia [8,9]. Raw earth is, in fact, the subject of renewed
interest in developed countries, although these new initiatives face
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in some of these countries many problems, including the absence
of regulations. Guidelines about earth materials are quite uneven
depending on the country, which determines the difficulties for
the constructive use of these types of materials despite their envi-
ronmental advantages and their growing demand. Several coun-
tries already have earth construction-related standards. In Spain,
since 2008 with the standard UNE 41410:2008 [10] publication,
the country occupies a leadership position in the field of European
earth regulations, as this standard is the only non-experimental
regulation in Europe. In 2008 the German Foundation for the Envi-
ronment proposed a set of technical recommendations known as
the ‘‘Lehmbau Regeln’’ [11]. In 2001 the Australian Earth Building
Handbook [12] was published. In New Zealand, the earth building
regulations are set according to the maximum height of the build-
ing [13]. And, in the Southern African community, since 2014, a
regulation based on the ‘‘Code of Practice for Rammed Earth Struc-
tures” [14] is available. Most of these standards refer to structural
considerations, leaving aside others relating to performance
aspects such as thermal conductivity and noise mitigation, which
would favor the systematisation of recommendations for the con-
structive use of this type of earth-based materials.

The physical properties of different formulations of earth mate-
rials have been studied on their own, or by comparison with other
building materials. In most cases by addressing their mechanical
performance [15-17]. The analysis of thermal performance of
earth-based materials has been also widely studied in the litera-
ture [18-27]. Recently, Narayanaswamy et al. [18] concluded that
thermal conductivities of these materials using the processed
ground blast furnace slag were noticeably lower. Saidi et al. [28]
obtained some results showing that the thermal conductivity of
stabilised earth bricks increases as a function of stabilisers con-
tents. And Rincón et al. [29] investigate the microclimatic potential
of earth walls due to their high thermal inertia. Far less work has
been done to quantify the noise mitigation and sound frequency
response of these materials [30-33]. Ben Mansour et al. [34] proved
that the acoustic and mechanical behavior of CEBs were strongly
influenced by the applied compaction pressure including, inter alia,
the bulk density of the specimen and the added cement used as
stabilizer. Tamas-Gavrea and Dénes [35] determined in their work
the high acoustic absorption at high frequencies (0.93 at 2360 Hz)
of an earth mortar with rice paste and sheep wool fibres. Finally,
Niresh et al. [36] studied the sound absorption characteristics of
the single and multi-layered porous materials with the help of an
impedance tube. Earthen materials reveal a great disparity in the
results of these insulation properties. This is due to the significant
differences between the manufacturing and stabilization methods
but, principally, in the composition of the soils used to produce
them [37]. Hence the importance of evaluating the influence of soil
parameters in physical–mechanical characteristics of earthen
materials, such as mechanical resistance, thermal conductivity,
and also their acoustic properties, due to the scarcity of studies
in that regard [38]. The influence of the formulation of the soils
and namely the chemical and mineralogical composition, the plas-
ticity index, and the resultant porosity in the mixes, are also con-
sidered important towards the evaluation of the behavior of each
sample and the improvement of its characteristics towards optimi-
sation. Considering that indoor comfort mainly depends on tem-
perature, humidity, and noise abatement [38], not only
mechanical but thermal and acoustic comfort, are particularly sig-
nificant factors towards achieving optimal building habitability.

The present research involves three different types of clayish
soil, in terms of chemical composition, texture, and appearance
used to produce natural polymer-stabilized earth blocks. The
mixes are based on soil, wool fibers, and alginate, a natural poly-
mer obtained from seaweed. The mixes were prepared under con-
trolled laboratory conditions where the samples were produced
2

and then characterized in dry state. Several tests were performed
on the samples to evaluate the physical–mechanical properties
such as thermal insulation, thermal conductivity, noise mitigation,
modulus of elasticity, determination of the porosity distribution
through mercury intrusion porosimetry, and mechanical perfor-
mance. Additionally, the microstructure of the samples was stud-
ied by Scanning Electron Microscopy (SEM) in order to better
determine pore size and internal microcracks features.

The aim of this paper is the evaluation of the mechanical, ther-
mal, and acoustic properties of three soil formulations of a new
eco-efficient clayish earth material. Since the only mix variable is
the type of soil, the study aims to define an assessment methodol-
ogy by identifying which are the most decisive soil test results, and
which physical characteristics of the samples, after the curing pro-
cess and for this type of natural-stabilised earthen materials, most
affect the final efficiency of the analysed building products in order
to determine those with the best overall performance.
2. Materials and methods

2.1. Raw materials

The three types of soil used in this study were provided by the
Andalusian Technological Center of Ceramics (INNOVARCILLA)
[39]. Clayish soils were collected from the area of Bailen (Spain),
all of them being common raw materials in the manufacture of
ceramic products in the local industry. Due to their appearance,
the soils are named after their colour: red, yellow, and black. Once
in the laboratory, soils were dried and crushed with a ball mill so as
to obtain a powder between 1 mm and 200 lm. Their mineralogi-
cal composition and Atterberg limits classification were deter-
mined and carried out by X-ray diffraction with an X-ray powder
diffractometer, XRD, (Empyrean PANALYTICAL) and according to
ASTM D 422 [40] and ASTM D 4318 [41] respectively. The results
are shown in Table 1. Similarly, untreated animal wool was used
as a reinforcement fiber. Sheep wool was obtained from Spanish
agricultural surpluses that turn hundreds of kilos of this material
into agroforestry waste every year. The fibers were unraveled from
raw sheep fur and cut to 10 mm in length before being added to the
mixes.
2.2. Stabilization and sample preparation

The stabilizer used was alginate, specifically a formulation
called CIMALGIN HS4 manufactured by the company CIMAPREM
[42] consisting of a white-greyish powder. The use of this variety
was due to the length of the gelling process that allowed the sam-
ples to be completely shaped by its components. The alginate is a
natural polymer that contributes not only to flexibility and
strength but also has a high water-retaining capacity, improves
viscosity, stabilizes emulsion s, and provides cohesion to mineral
particles and soils [43]. Previous research has corroborated the
benefits of the use of wool fiber and alginate as earthen materials
stabilizers [44]. To produce of the samples from the three soil
types: red, yellow, and black, the same dosage was used as it is dis-
played in Table 2. The percentage of stabilizer used was decided
based on previous research results [44].

The products tested consisted of CSEB (compressed stabilized
earth blocks) as all samples were pressed and stabilized. For the
performance of the scheduled tests, specimens of different sizes
were produced. For this purpose, two laboratory presses were
used: a manual block press manufactured by the company GRACO-
MAQ and a hydraulic press model MIGNON SS and branded NAN-
NETTI. The number and size of the samples are reported in Table 3.
The lab codes assigned to the samples were SR for red soil, SY for



Table 1
Chemical composition and physical characteristics of the three soils.

Soil sample Red Yellow Black

Chemical analysis (bulk) (%) in weight SiO2 58.5 56.6 54.2
Al2O3 16.7 12.1 12.3
Fe2O3 7.0 4.2 4.3
MnO 0.1 0.0 0.1
MgO 2.8 2.2 2.1
CaO 2.2 9.1 10.4
Na2O 0.2 1.7 1.4
K2O 5.0 3.1 2.9
TiO2 0.8 0.0 0.7
P2O5 0.2 0.0 0.1
L.O.I. 0.08 10.8 12.2

Mineralogical composition Clay minerals (%) Q 32 40 43
Fd 5 tr. 3
C tr. 15 18
D 10 tr. 4
Fl 53 45 32

Phyllosilicates (<2 mm) (%) Sm Ud. 40 32
Ill 66 60 58
Ka 33 Ud. 10
Ch tr. tr. Ud.
P Ud. Ud. Ud.

Grain-size distribution Rejection at 63 mm(obtained by wet sieving)
(%)

51.1 23.8 43.8

Atterberg limits Liquid limit (%) 25.6 32.8 38.8
Plastic limit (%) 14.1 11.1 18.6
Plasticity index (%) 11.5 21.7 20.2

Table 2
Percentages of the different components of the samples.

Sample components Quantity (gr) %

Soil (red, yellow or black) 3070 76,75
Alginate 120 3,00
Water 800 20,00
Organic fiber (Sheep wool) 10 0,25

Table 3
Number and sizes of the manufactured samples according to the test.

Test Number of samples per sample
composition (SR, SY, and SB)

Dimensions of
each sample
(mm)

Dry bulk density 4 160 � 40 � 40
Thermal conductivity 3 108 � 54 � 12
Acoustic

characterization
5 108 � 54 � 12

Modulus of elasticity 5 160 � 40 � 20
Mechanical testing

(Compression
strength)

6 40 � 40 � 40

Mechanical testing
(Flexural strength)

6 160 � 40 � 40

Hg porosimetry 1 78 � 40 � 40
Calorific value 1 78 � 40 � 40
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yellow, and SB for black soil respectively. All the samples were cov-
ered with plastic film and kept at room temperature for a curing
during 28 days before being tested.

2.3. Physical and mechanical testing

2.3.1. Dry bulk density
The dry bulk density of each sample was determined following

the UNE EN 772-13:2001 standard [45] for densities greater than
1,000 kg/m3. To carry out the tests, a precision balance branded
METTLER, model TOLEDO, with an accuracy of 0.01 g, was used.
According to this procedure, samples are first dried in an oven at
a (60 ± 3)�C, in order not to alter the organic nature of each sample.
3

The constant mass is reached when the mass loss does not exceed
0.2% of the mass of the piece, between two consecutive weighing
processes performed at 24-hour intervals. The final dry mass (mdry)
is registered. The apparent volume corresponds to the sample vol-
ume plus closed-pore volume being obtained from its length,
width, and height, through a digital caliper, following the mathe-
matical expression:

V ¼ lu �wu � hu mm3� � ½1�
To calculate the dry bulk density of each sample, the final dry

mass (mdry) is divided by the apparent volume (Vg) of each piece
according to the equation:

qp ¼
mdry

Vg
� 106 kg

m3

� �
½2�
2.3.2. Thermal conductivity testing
The determination of thermal conductivity is based on an adap-

tation of the hot wire technique performed by the commercial
equipment THB (Transient Hot Bridge), model THB-1, branded LIN-
SEIS, with an accuracy of 0,00001 W/mK. The hot wire technique,
established in standards like the UNE-EN ISO 8894–1:2010 [46]
and UNE-EN 993-15:2005 [47], is a non-stationary measuring
method (dependent on measurement period) whose greatest
advantage is a significant reduction in comparison to the time
required in stationary measuring methods. Previous to the perfor-
mance of the test, a calibration of the equipment is carried out
using a PMMA standard [48] measured with the aid of a pattern.
To this end, the sensor is placed between the two PMMA test
pieces, without projecting out the sides, making a sandwich, the
readings of its thermal conductivity are then registered, and the
obtained value validated, calibration of the equipment is thus com-
pleted (Fig. 1).

After calibration of the equipment, five rectangular test pieces
of 108 � 54 � 12 mm were taken from each one of the samples
whose thermal conductivity is intended to be determined, with
at least one of the faces forming a rough plane. Test pieces are
dried in an oven at (60 ± 3)�C, as not to alter the organic nature



Fig. 1. a), b) and c) Equipment calibration and sample preparation. d), e) and f) thermal conductivity tests performed on the SR, SY, and SB samples respectively.
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being subsequently left in a monitored desiccator at room temper-
ature to cool down, avoiding any surface dust before measuring the
thermal conductivity. For determination of the thermal conductiv-
ity, a sensor is positioned between both sample layers, ensuring
proper contact between its surface and the surface of the sensor.
An electric current is then applied to the sensor; generating a heat
flow which gives rise to an increase in temperature. This thermal
upsurge corresponds to the properties of the heat transport of
the material and, therefore, allows the determination of its thermal
conductivity.
2.3.3. Acoustic characterization
To perform the test, cylindrical samples were prepared using a

BCN3D IGNIS laser cutter with an optical system and X-Y axes. The
optical system formed by the laser tube, the mirror, and the lens,
was used to focus the radiation beam from the laser tube, through
the mirrors to the 400 focal-length lens located at the head of the
device. The laser beam was moved over the work surface by the
action of the motors of trails X, Y. The following figure shows a dia-
gram of the equipment (Fig. 2).

Average sound frequency response and transmission loss mea-
surements were determined by means of a impedance tube
branded BRÜEL&KJAER model 4206-T, with an accuracy of 1 Hz.
The components of the acoustic testing setup consisted in two
29 mm diameter impedance tubes (50 Hz – 6,6kHz), a power
amplifier model 2735, with two user-selectable gain settings of
0 dB and 20 dB, a sound calibrator model 2431 with an accuracy
of ± 0.2 dB, four (¼ inch) pressure-field microphones model
4954-B, with a sensitivity of 2.8 mV/Pa, PULSETM analysis software
[49] and a laptop (Fig. 3). Tests were performed in accordance with
the international standards: ASTM 1050-12 [50] for absorption
coefficient, and ASTM E2611-17 [51] for transmission loss. The
reverberation room method is superior to the impedance tube
method regarding transmission loss testing in some respects. First,
the measurement is performed with a diffuse sound field, i.e. under
conditions which are closer to many practical installations. Second,
there are no limitations concerning the type and construction of
the absorber. Nevertheless, with the impedance tube can be
4

obtained the normal incidence absorption coefficient of a sample
with a small diameter (usually less than 10 cm). The results can
be used to compare the basic absorption performance of a material
and for acoustics simulations. This method has previously been
used to determine the sound attenuation values of different porous
materials [52-54]. Cylindrical samples, 29 mm in diameter, were
tested, once mechanized as described before, within the frequency
range between 500 and 6400Hzaccording with the standards pro-
cedures. The dynamic range of the analyzer greater than 85 dB, and
the signal-to-noise ratio greater than 10 dB.

The test device must be calibrated before performing acoustic
measurements. This is done by performing two signal measure-
ments received by both microphones, interchanging their posi-
tions. Once the calibration is performed, the microphones were
placed back in their original positions and the measurement of
each sample is performed. The signal generated by each speaker
is a plane wave and the power was approximately 100 dB since a
signal of at least 10 dB above the background noise must be gener-
ated. Before placing each of the test samples in the sample holders,
its thickness was measured, with an accuracy of 0.01 mm. Sec-
ondly, the sample was placed inside the sample holder tube. Then,
due to the dimensions of the test samples and to ensure their
water-tightness, they were sealed on the lateral sides with vaseline
(petroleum jelly) so as to avoid mistakes caused by the loss of an
acoustic signal in the case that the sample is not properly sealed
with the impedance tube. Finally, the O-ring (sealing ring) is posi-
tioned and the sample holder is screwed on (Fig. 4).

Acoustic measurements were determined as the difference
between the level of the incident and the transmitted acoustic
power, in other words, the drop in the level of acoustic power of
a wave when going through the filter. Transmission Loss (TL) calcu-
lation is obtained according to the equation:

TL ¼ 10 � log Wi

Wt
¼ Lwi � Lwt ½3�

where (Wi) corresponds to the incident) power, (Wt) the transmit-
ted power, and (Lwi) and (Lwt) refer to the incident and transmitted
acoustic pressures, respectively.



Fig. 2. Components of BCN3D IGNIS laser cutter, used for the preparation of the samples.

Fig. 3. Experiment setup used to perform the acoustic tests.

Fig. 4. a) and b) Test setup with the impedance tube kit. c) Test sample placed inside the tube.
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2.3.4. Dynamic modulus of elasticity measurement
The dynamic modulus of elasticity, or dynamic Young’s modu-

lus (MOE), is an intrinsic material property, which can be deter-
mined through ASTM E1875–13 standard [55]. Following this
5

standard, in the present research, MOE was determined from the
resonant frequency of the material in response to an impact. With
the purpose of performing the tests, a data acquisition module
branded BRÜEL & KJAER, model 3052, with an accuracy of
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0.1 kHz, a piezoelectric accelerometer (of up to 6000 Hz) branded
BRÜEL & KJAER, model 4500-A, with a sensitivity given in the cal-
ibration of 0,316 pC/ms�2, and a modal hammer sledge branded
BRÜEL & KJAER, model 8208, sensitivity of 0.225 mV/N, were used.

For each of the mixes, a minimum of 4 samples, with the appro-
priate dimensions to guarantee a resonant frequency lower than
6000 Hz, were obtained by using a disc cutter. Once prepared,
the samples were dried in an oven at (60 ± 3) oC, so that their
organic nature does not result altered. Afterward, the samples
were cooled in a desiccator, in the room where the measurement
is performed including the sensor in it, to favor the tempering.

The samples were placed on the flexing support system, the dis-
tance between each support and the corresponding end of the test
piece was 0.224 L, being L the length of the sample. The accelerom-
eter was placed on the sample surface, coinciding with one of the
supports. The impacts were applied on the center of the sample.
Samples preparation and their arrangement on the flexing support
system during the test are shown in Fig. 5.

MOE determination test was performed by impulse excitation
of vibration and the subsequent analysis of the resonant basic fre-
quency. The most important task is to obtain the fundamental
mode resonant frequency when the specimen is subjected to an
instantaneous pulse (beating) and to register the signal or the fre-
quency spectrum that this beating produces. The signal is analyzed
by Fast Fourier Transform (FFT) with adequate software. From the
value of the corresponding resonant frequency, (f) given in Hz, of
the first harmonic’s wavelength, 2L in m, can be obtained the pulse
velocity (v) in m/s.

v ¼ 2Lf ð4Þ
being (L) is sample’s length (0.160 m).
And, using the density value, (q) en kg/m3, it is possible to cal-

culate the MOE value:

MOE ¼ qv2 ð5Þ
The value used as resonant frequency is the average value of six

successive readings obtained with a maximum difference of 1%
between them.

Holding the specimens in the corresponding face to the bottom
of the mould (face 1) and rotating them 90�and holding them in a
lateral side of the mould (face 2), successive readings of the flexu-
ral resonant frequencies are made. Specifications described in
ASTM E1875–13 standard [55] referring to the conditions of the
holders, results calculations, etc., have been followed.

2.3.5. Mercury intrusion porosimetry determination
In the current work, the porosity characterization of the dry

samples was performed through Mercury Intrusion Porosimetry
(MIP), a technique through which the pores are infiltrated with
mercury as a result of the application of pressure. This technique
Fig. 5. a) Mechanization of the 158 � 40 � 40 mm samples. b) Equipm

6

is based on the capillarity generated by the mercury, which does
not dampen the solid it is in contact with. The mercury does not
spontaneously penetrate the capillary pipes but requires a pressure
inversely proportional to the diameter (D) of the pipes or pores
through which it intrudes. [56]. This filling and controlled pressure
cast generate intrusion and extrusion curves characteristic for each
material, in the range of pore sizes, 0.003–360 mm. The MIP does
not only turn out to be of enormous interest for covering a wide
range of pore sizes (five orders of magnitude) but because the data
that it provides (volume of intruded mercury intruded according to
applied pressure) is indicative of different characteristics of the
porous space and may correlate with different physical properties
of the material [57]. The measurement was carried following stan-
dards: ASTM D 4284-03 [58] and ASTM D 4404-84 [59]. For non-
wetting liquids like mercury, and cylindrical pores, this phe-
nomenon is expressed by the Lucas–Washburn equation [60]:

D ¼ �4 g cos q=P ð6Þ
where (P) corresponds to the applied pressure, (D) is the diameter of
the pore, (q) the contact angle of between the solid and the mer-
cury, and (g) refers to the surface tension of the fluid.

This method provides the volume of the sample (Vc) and the
volume of the pores filled with mercury (Vpores) which enable
determination of the effective porosity, open to the penetration
of the mercury, (E%) according to the expression:

E% ¼ Vpores=Vc
� �

x100 ð7Þ
The total porosity (TP %), accesible and inaccesible, cannot be

calculated using MIP. Densities of the sample are included in its
calculation.

TP% ¼ 100 x 1� Db=Drð Þ ð8Þ
where (Db) is the bulk density, established as the relation between
the dry mass and the volume of the test piece, and (Dr) corresponds
to the skeletal density of the mineral or grain phase (specific
weight), obtained through the helium pycnometer testing.

Different parameters concerning the samples analyzed in the
current research were obtained through MIP: Total intrusion vol-
ume, Total area of pores, Average diameter of the pore (concerning
the volume or area), Apparent density (of the sample fragment at a
certain pressure, 0.00262 MPa), Skeletal density, Porosity (E%) (de-
fined as the relation between the total volume of pores (Vpores) and
the total volume of the sample (Vc), and Percentage of the capillary.

MIP tests were performed using the model AUTOPORE Series IV
9500, branded MICROMETRICS with pore size ranges from 0.003 to
1100 mm, and an accuracy of 0,005 mm. The equipment allows,
through the forced intrusion of mercury, the measurements of pore
diameters in a range between 0.003 mm and 360 mm. Once sam-
ples were dried in an oven at 60 �C for 24 h and placed in the sam-
ple holder, two consecutive measurements, one at low pressure
ent for determining MOE by impact and c) MOE test performance.
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and another one at high pressure until it reaches the limit imposed
by the equipment and its consequent depressurization were
required to perform the measurements. Pores with diameters
between 360 mm and 3.6 lm are intruded in the range of low pres-
sures (345 kPa), while in the high-pressure port, the maximum
pressures are reached (228 MPa), and the range of pores studies
varies from 6 mm and 0.0055 lm in diameter. The glass sample
holders (penetrometers) have a conductively coated capillary that
allows registration of the volume of mercury lodged in it through
its capacitance, as well as its variation in the successive increases
in pressure.
2.3.6. Mechanical assessment
Flexural strength tests procedure: Bending strength was deter-

mined on six specimens for each mix under study by using the
three-point test on the specimens, in agreement with the specifica-
tions of UNE-EN 1015–11:2000/A1:2007 standard [61] for the
determination of bending strength of mortars used for rough cast-
ings and mortar linings. Flexural tests were conducted at room
temperature (20 �C) on a multi-test machine branded CODEIN S.
L., model MCO-30/139, (maximum load 10 kN), with an accuracy
of 0,2N, in a three-point bending configuration. These tests pro-
vided twomechanical properties for the analyzed samples, namely,
the ultimate stress and the ultimate strain.

Compressive strength tests procedure: After breaking the pris-
matic specimen in a three-point bending strength test, each half
was used to determine compressive strength. Tests were con-
ducted following the same UNE-EN 1015-11:2000/A1:2007 stan-
dard [62]. A total of 36 compressive strength tests were
conducted. The equipment used was the same CODEIN S.L., MCO-
30/139 multi-test machine than was previously employed for the
performance of the flexural tests.
2.3.7. Moisture and calorific value determination
The calorific value of the samples and the water content was

also determined, both on a dry and wet basis. For a proper under-
standing of the subsequent results, the following definitions
should be kept in mind:

The Higher Calorific Value (HCV) is defined as the total quantity
of heat given off in the complete combustion of a volume unit of
the material, when the water vapour caused by the combustion
is condensed and, as a consequence, the heat given off in this phase
change is measured.

Lower Calorific Value (LCV) or net calorific value, is the total
quantity of heat given off in the complete combustion of a volume
unit of the material without taking into account the fraction corre-
sponding to the latent heat from water vapor generated in the
combustion, considering no phase change, and it is expelled as
vapor.

The methodology followed for the determination of the mois-
ture of each sample is based on the following applicable standards:
UNE-EN ISO 18134-1:2016 [48], UNE-EN ISO 18134-2:2016 [63],
and UNE-EN ISO 18134-3:2016 [64]. Similarly, the methodology
through which the determination of the calorific value of each of
the three samples was performed is detailed in the UNE-EN
14918:2011 standard [65].

Samples preparation was performed through the prior grinding
of a fraction of each material, using agate mortar. Quantification of
water content is performed through oven drying to constant mass
at a temperature of 60 ± 5 �C, to alter the composition of the sam-
ples. To measure the calorific value, due to the low density of the
samples tested, it was necessary to prepare the bars for each one
of the materials, through pressing of 0.5 ± 0.01 g of mass, a force
strong enough for producing a compact test piece under the spec-
ifications of the calorimeter used to perform the test.
7

The calorimetric determination consisted of two separate
experiments: the combustion of the calibration material (benzoic
acid) and the combustion of each of the three samples analysed,
all under the same conditions. The calorimetric procedure for the
two types of experiments was essentially the same and consists
of quantitatively carrying out a combustion reaction (with a high
oxygen pressure in the calorimetric bomb) on defined combustion
products, and of measuring the change in temperature caused by
the whole process. The adiabatic calorimetric bomb used, or oxy-
gen combustion calorimeter, was the model 6300, branded PARR,
which is configured to ensure an accuracy of 0,1%.

2.3.8. SEM analysis
Additionally, in order to complement the results of the

porosimetry study, Scanning Electron Microscopy (SEM) analysis
was performed. SEM is a useful tool not only to verify the structure
and topography of the samples but also to achieve the direct mon-
itoring of polymer-soil and fiber-soil matrix interfaces [43]. Differ-
ent SEM studies have been useful to illustrate the spatial
correlations between the numerous components within soil matri-
ces [32,66]. The samples, in this research, were examined using a
JSM-6460LV model, branded JEOL, scanning electron microscope.
Several samples of each soil-mix were analyzed at low and high
magnification for identification of their morphological features,
the variations in the pore distribution networks, and the internal
drying microcracks features.
3. Results and discussion

In this section, the main results of the three mixes tested (SR,
SY, and SB) will be displayed and confronted with the main objec-
tive of identifying the soil characteristics determining better ther-
mal, acoustic and mechanical global performance.

3.1. Porosimetry of mercury intrusion (MIP)

In this work, the applicability of the mercury intrusion tech-
nique has been used to the study of the porosity and pore size dis-
tribution of samples of three natural-polymer stabilized soils. The
analysis aims at a better knowledge of the structure of the samples,
that is, their mechanical, thermal, and acoustic properties. In the
following plotts, some of the results obtained for the porosity anal-
ysis of the three samples tested are shown (Figs. 6-7). A higher
porosity 36,18%, and a lower average pore diameter 57,8 nm in
SR can be appreciated, these results correspond to a more homoge-
neous distribution of the pores in the sample as observed in Fig. 6.
By contrast, SY and SB have much higher average pore diameters
115,2 nm and 129,9 nm, respectively, for lower percentages of
porosity, 35,85% for SY and 32,83% for SB. This indicates a worse
distribution of pores in these samples. Furthermore, correlating
porosity with the uncertainty of the dry bulk density, much higher
for SB 1,390 (±130) kg/m3, this indicates that, not only the pore dis-
tribution is more irregular in these samples, but also that these dis-
parities imply a greater heterogeneity of the internal features
among them.

3.2. Acoustic characterization

The acoustic characterization, determination of the sound fre-
quency response of the samples of the three soil types stabilized
with alginate and reinforced with wool fibres is represented graph-
ically below (Fig. 8).

In the previous figure, the curves show that SY samples present
a greater loss than the rest of the samples, approximately 2 dB
higher than SR samples and 4 dB in comparison with the SB sam-



SR 
SY 
SB 

Fig. 6. Intrusion volume versus pore diameter determined through MIP.

Fig. 7. a) Intrusion volume (accumulated) versus pore diameter determined through MIP and b) Intrusion volume (accumulated) versus pressure through MIP.

Fig. 8. Plotted sound frequency response results of the three soil-mixes, obtained as an average value from all the tested samples of each formulation.
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ples. This data could be understood considering the mass law
affecting the transmission of noise were, the greater mass the
greater the insulation. This mass was quantified being, for SY sam-
ples, 19.5 kg/m2, for SR samples, 19.3 kg/m2, and, for SB sample,
16.5 kg/m2.
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Considering that the tube used covers a range of frequencies
between 50 and 6400 Hz, it can be estimated that the resonant fre-
quency of the samples is 440 Hz for SY samples, 448 Hz for SR sam-
ples, and 440 Hz for SB samples. In this case, SR samples present
lower damping than the other two, implying a greater rigidity in
this case.
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An analysis of the results reveals the non-existence of reso-
nances (presence or lack thereof of maxima and minima in an
approximate range of 2 times the resonant frequency, meaning
up to 1000 Hz) and the non-existence of critical frequencies in
the range studied can also be established. However, the analysis
has been carried out up to 6400 Hz, and they could be seen beyond
this frequency. Although frequency response for building acoustics
are only interesting from 100 to 3150 Hz in this paper the maxi-
mum range of results, depending on the tool sensitivity used, has
been shown.

Another relevant aspect based on the acoustic analysis is that it
did not show that the gradient of the curves increases by a 6 dB
octave band, which implies a 6-dB increase in transmission losses
when doubling the mass. This is due to the non-ceramic nature of
the samples, made from raw soil stabilized through alginate poly-
mer. Finally, from acoustic transmittance measurements, and con-
sidering the results, SY samples presented the greatest acoustic
insulation properties.

Previous investigations reported a relationship between poros-
ity and acoustic conductivity [67]. Moreover, it was found that an
optimal pore in terms of aperture diameter ratio reduced average
porosity and improved the sound absorption coefficient [68]. In
Fig. 9. Plotted impact graphs obtained during the MOE testing performance of two diffe
(dB) = -3.9224).

Table 4
Main results summary considering all the tests performed.

Test Assessed value

Density Dry Bulk Density (kg/m3)
Thermal characterization Thermal Conductivity (W/mK)
Acoustic characterization Transmission Loss (dB)

Resonant Frequency (Hz)
Younǵs Modulus Dynamic Modulus of Elasticity (GPa)
Mechanical testing Compression strength (MPa)

Flexural strength (MPa)
Internal Structure Total Intrusion Volume (ml/g)

Total Pore Area (m2/g)
Diameter of Pore (Volume) (nm)
Diameter of Pore (Area) (nm)
Average Pore Diameter (nm)
Bulk Density (A 0,0345 MPa) (g/ml)
Skeletal Density (g/ml)
Porosity (%)

Moisture Moisture (W.B.) (%)
Moisture (D.B.) (%)

Calorific (Heat) Capacity High Calorific Value (D.B.) (Kcal/kg)
Low Calorific Value (W.B.) (Kcal/kg)
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the present investigation, it is not possible to establish such a
direct correlation. An explanation for this could reside in the use
of reinforcement fibers [69,70]; although all mixtures include
fibers in the same proportion, the fiber–matrix interface may vary
depending on the type of soil.
3.3. Thermal characterization

Results obtained by the thermal characterization of the tested
samples provide a data range for the thermal conductivity coeffi-
cient between 0.53 and 0.68 W/mK. Specifically, these coefficients
were determined to be 0.53 for SR, 0.68 for SY, and 0.61 for SB. In
this test, the soil displaying the best thermal properties corre-
sponded to the ‘red’ case, as shown by the results of the SR
samples.

From a review of the literature, regarding the response to heat
transmission of this type of material, it could be said that the
results are within the obtained range, that is, between 0.5 and
1.0 W/mK, and even below the average of the most frequent ther-
mal conductivity coefficients, i.e. between 0.7 and 1.0 W/mK
[27,32,71,72].
rent samples of the SR formulation (amplitude error at the frequency peak 3500 Hz

Sample

SR SY SB

1.510 (±90) 1.450 (±80) 1.390 (±130)
0,53 0,68 0,61
X + 2 X + 4 X
448 440 440
28,4 30,4 –
3,85 3,79 1,70
0,91 0,86 0,39
0,2120 0,2109 0,2216
14,681 7,322 6,825
528,7 789,9 713,2
14,4 17,5 19,7
57,8 115,2 129,9
1,7043 1,6986 1,4803
2,6737 2,6496 2,2055
36,18 35,85 32,83
2,91 2,68 2,47
3,00 2,75 2,53
17,14 71,95 102,74
16,64 70,02 100,20



Fig. 10. a), b) and c) SEM images at low magnification SR, SY, SB respectively. And c), d) and f) SEM images at high magnification SR, SY, SB respectively.

Fig. 11. Voids’ radius measurements at the fiber–matrix interface for a) SR, b) SY, and c) SB.
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In this case, it is also possible to establish a correlation between
the results of thermal conductivity, dry bulk density, and total area
of the pores tests [73,74]. This decrease in thermal conductivity
could be associated with the decrease of dry bulk density and
the increase of porosity. However, this correlation can be only
established in the case of SR (with a dry bulk density of
1.510 kg/m3 and porosity of 36,18%) and SY (with a dry bulk den-
sity of 1.445 kg/m3 and a porosity of 35,85%), unlike the case of SB
(with a dry bulk density of 1.390 kg/m3 and a porosity of 32,83%),
since the dry bulk density decrease was mainly due to drying
microcracks rather than a substantial porous network.

3.4. Dynamic Young’s modulus (MOE)

The usual methods for the determination of the MOE are per-
formed in the laboratory and are based on static tests allow an
accurate measurement of stresses and deformations, or in the
application of acoustic waves that easily determine the dynamic
module. The latter, based on the application of acoustic waves gen-
erated from impacts, has been successfully used in other materials
such as wood [75] concrete [76] and polymers [77].
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For some specific materials, such as stone [78] and refractory
products [79], there are standards for the determination of their
MOE based on the application of analysis techniques of its reso-
nance frequency. However, this standardization it is not specifi-
cally about mortars or stabilized earth materials, therefore, this
research has followed the analysis methodology developed in this
sense in previous works [80]. As an example, the results obtained
for some of the test pieces of SR mix are shown below (Fig. 9).

The test could only be applied to two of the three formulations
owing to the fact that the weak internal cohesion of the SB samples
hampered the extraction of valid test results. These results corre-
sponded to (28.0 ± 6.0) GPa for SR and (30.0 ± 7.0) GPa for SY,
respectively. Although both parameters are similar, SY displays less
mechanical stiffness than SR, which is consistent with the acoustic
insulation properties of each of these mixes.
3.5. Results overview

The main results of the tests carried out on the three mixes ana-
lyzed in this work, SR, SY, and SB, are synthesized below. This
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batch-format display aims to facilitate the cross-reading under-
standing of this data set (Table 4).
3.6. Additional performance considerations

Concerning the mechanical results, in the hardened state, a
clear similarity can be appreciated in the performance at 28 days
of SR and SY in both, the compression and flexural tests. Some rela-
tionships between porosity and mechanical performance can also
be observed. Tests carried out with the SB formulation are in a
strength range 40–60% lower compared to the previous ones. This
difference cannot be fully explained by large disparities in dry bulk
density or compactness of the samples. Rather, it must be inter-
preted in light of the plasticity test results that reveal higher
degrees for both, plastic and liquid limit, for SB samples. These
plasticity variations were verified in the specimens’ manufacturing
process and the subsequent curing defects.

The interpretation of the calorific value tests, both high and low,
since the rest of the ingredients of the mixes are constant, must be
done considering the components with the highest potential
calorific value of each type of soil. In this sense, the chemical com-
position, richer in carbonates and possible organic compounds
detected in the loss on ignition fraction of black and, to a lesser
extent, yellow soils, would explain the remarkable increase in
the values of SB and SY respectively. Apart from that, wet and
dry basis moisture tests do not present noticeable dissimilarity in
the values of the three mixes which would be consistent with
porosity results in a correlated sequence of percentages.

In addition to MIP, the scanning electron microscopy (SEM)
technique was also used in this research in order to determine
the specificities of the porosity and microstructure of the samples.
On the micrographic images, at low and high magnification, a ser-
ies of porous networks and micro-cracks, due to the drying process
and voids around the wool fibers, were observed (Fig. 10).

Further examination of the samples at the fiber–matrix inter-
face implied variations in the radius measurements of these
perimeter voids around the fibers. The difference may be due to
the combination of the soil water retention curves owing to the dif-
ferent Atterberg limits of the soils (the highest index of plasticity
21.7% corresponds to SY, if compared to 11.5% for SR and 20.2%
for SB) and the absorption–desorption processes of the wool fibers
[81,82]. These measurements could be established in different
ranges, being � 20 mm for SR, between 20 and 30 mm for SY,
and � 30 mm for SB (Fig. 11). This data added to the average pore
diameter extracted from the MIP tests, and considering that voids
surround the fibers all along their length, could be translated into a
certain heterogeneity in the size of the pores for a certain mixture
favouring properties such as acoustic damping. In fact, the combi-
nation of these factors could properly explain the better acoustic
performance of SY compared to SR and SB.

After the test benchmarking, for both, raw soils and hardened
samples, it can be stated that: Atterberg limit is a key test to pre-
dict, for soils used as part of earthen materials stabilised with nat-
ural polymers and fibers, parameters related to dry bulk density
and internal porous network characteristics. Furthermore, a direct
correlation can be established between the samples dry bulk den-
sity results and mechanical performance. Regarding the thermal
conductivity, total pore area and average pore diameter, are partic-
ularly significant sample features to be considered. While the
acoustic performance, although also influenced by dry bulk density
and porosity, results could be more affected by the homogeneity of
the porous structure, so those factors that can alter it, such as
fiber–matrix interaction during the curing process, must be
observed.
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4. Conclusions

This investigation analysed the effect of different soil types on
the physical and mechanical characteristics of biocomposites made
from soil stabilized with a natural polymer and reinforced with
wool fibers. The work has identified parameters involved in their
mechanical, thermal and acoustic performance to adapt these
materials to the necessary technical and functional requirements.
The design of the experimental programme, in addition to the
characterisation of the soils themselves, was based on tests on
hardened samples of three types of mixes with the only variable
of the soil. The main conclusions of the study are summarized
below:

The physical, chemical, and mineralogical characteristics of the
soils, especially the different values of the Atterberg limits, modi-
fied mechanical, thermal, and acoustic properties of the mixtures.
As expected, a direct relationship can be established between dry
bulk density and porosity regarding mechanical performance
results. The highest dry bulk density data, 1.510 (±90) kg/m3 for
SR, implies the highest mechanical results: 3,85 MPa (compression
strength) and 0,91 MPa (flexural strength); similarly, the lowest
density, 1.390 (±130) kg/m3 for SB, implies the lowest mechanical
results: 1,70 MPa (compression strength) and 0,39 MPa (flexural
strength). However, this relationship was not linearly related in
the case of all three soils due to the shrinkage and micro-cracks
curing issues in SB samples. In addition to dry bulk density, aver-
age pore diameter and porosity are the samples features most
affecting the thermal conductivity result. In this case the lowest
conductivity, 0,53 W/mK for SR correspond with the highest dry
bulk density data, 1.510 (±90) kg/m3, the smaller average pore
diameter 57,8 nm, and the highest porosity percentage, 36,18%.
Porosity also affects dry bulk density and acoustic performance.
Nevertheless, transmission loss is additionally affected by the use
of reinforcement fibers and their impact in terms of open porosity.

These results prove that soil selection is a key factor in deter-
mining stabilized earth materials suitability. Their thermal perfor-
mance and potential acoustic response are significantly dependent
on appropriate soil selection. Consequently, the present research
can serve as a basis for establishing the minimum criteria for both
the selection of soils and the characterization of hardened samples.

Concerning future research arising from the results of this work,
it would be interesting to analyze not only the soil effect, but the
influence of adding different percentages and types of fibers to
the mixes. On the other hand, considering moisture effects of these
earthen materials, it seems appropriate for soil selection criteria, to
establish a correlation between open porosity and capillary-water
absorption and suction coefficients, with their impact on mechan-
ical performance and thermal and acoustic insulation potential
losses.
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