
Abstract
Raw earth, like wood and stone, is one of the oldest building

materials used across the world. Nowadays, given the growing
role of circular economy, researchers are ever more interested in
raw earth-based building materials, because they are widely avail-
able and environmentally friendly. The use of this traditional
material has positive environmental consequences, especially in
traditional rural building reuse and in rural landscape preservation.
In fact, raw earth is locally available and totally recyclable and,
thanks to its perfect integration into the landscape, it improves site
visual perception. Additives and/or chemical stabilizer agents (i.e.,
Portland cement) are often used in the production of raw earth-
based building components in order to increase their mechanical
performance and durability. This production process reduces the

environmental sustainability of the base material and causes a rel-
evant increase on the embodied energy (i.e., the total energy
required for the extraction, processing, manufacturing, and deliv-
ery of building components). This research work aimed at investi-
gating how to improve the mix-design of earth-based building
materials in order to increase their mechanical properties without
any addition of chemical agents. A physical stabilization was per-
formed on an original texture soil by adding various particle sizes.
Mechanical tests were carried out on five different soil mixes by
changing soil composition, aggregates, and water. Specimens
made with mix-design 5 offered the best results in terms of flexu-
ral and compressive strength values which were 1.65 MPa and
6.74 MPa, respectively. Mix 3 obtained the lowest linear shrink-
age rate (6.04%).  Since raw earth-based materials are highly sen-
sitive to soil composition and aggregates, this study attempted to
obtain a repeatable process to produce semi-industrial adobes by
optimizing and controlling various natural materials (i.e., soils,
aggregates, and water).

Introduction
The rediscovery of raw earthen constructions and raw earth-

based building-components is becoming an important topic in the
construction sector, because raw earth is widely available and
environmentally friendly. Across the world raw earth has always
had a prominent place among traditional building materials
throughout centuries, As stated by Houben and Guillaud (2006)
one-third of the world population lives in earthen dwellings and
raw earth buildings are widespread in many countries from Latin
America to Africa, from Central Europe to Middle East, especially
in rural areas (Avrami et al., 2008). Raw earth can be extracted
and worked directly in the building site with a significant reduc-
tion of environmental costs, since no transport-related pollution is
generated (Gallipoli et al., 2017). This is an important aspect to be
considered in order to improve the environmental sustainability of
rural building renovation or construction. 

The use of raw earth has positive environmental conse-
quences, especially in traditional rural building reuse and in rural
landscape preservation. In fact, raw earth is locally available and
totally recyclable and also improves the site visual perception
thanks to its perfect integration into the landscape (Picuno, 2016).

Furthermore, raw earthen constructions and raw earth-based
building-components offer indoor thermal and acoustic comfort as
well as the capacity to absorb toxic volatile compounds (Fagone et
al., 2019). In fact, due to their breathability and high thermal
mass, raw earth building materials could stabilize hydrothermal
indoor conditions and control temperature variation, especially
during summer. Despite the aforementioned benefits from the use
of raw earth materials, the development of earthen constructions is
currently limited, because of the difficulties in controlling the mix
design and the high vulnerability due to the washing action of
rainfall. In addition, quality specifications for the technological
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process are lacking and often structures are wrongly dimensioned.
Barbari et al. (2014a) proposed a simple structural calculation
method in order to satisfy the minimum structural safety require-
ments for earthen buildings. This method is suitable especially for
rural areas in developing countries ‘for both the construction of
buildings and the training of local technicians’ (Barbari et al.,
2014a). 

Moreover, a weakness in the production process of raw earth-
based building materials is the long time required to harden and the
high manual labour cost. Some of these problems could be solved
by adding aggregates to the mix design (e.g., synthetic binders,
cement, and admixtures) that improve the mechanical behaviour of
the earth-based building components and accelerate the hardening
process (Perrot et al., 2018). Some studies reported how to apply
the cement production process developed in the concrete industry
to earthen construction in order to improve their performance
(Giuffrida et al., 2019). Further innovative processing methods
like self-compacting clays, hyper compaction and extrusion, have
also been used to improve workability of raw earth building mate-
rials and reducing the curing time (Ouellet-Plamondon and Habert,
2016). 

Numerous studies proposed the addition of reinforcement
fibres to raw earth mix in order to improve their mechanical
behaviour. Araya-Letelier et al. (2018) assessed the use of animal
fibres (i.e. pig hair) in mixes. In this study, the experimental eval-
uation included flexural toughness, flexural and compressive
strength, ultrasonic pulse velocity, drying shrinkage distributed
cracking, and impact strength tests. The mechanical behaviour of
adobe mixes without fibres was compared to adobe specimens
reinforced with pig hair. The results of the mechanical tests
showed that the addition of these fibres reduced flexural and com-
pressive strengths. In particular the compressive strength value
was 1.20 MPa for adobes with fibres and 2.02 MPa for adobes
without fibres. On the other hand, addition of pig hair in adobe
mixes increased flexural toughness and reduced drying shrinkage
(Araya-Letelier et al., 2018). Statuto et al. (2018) compared the
mechanical properties of adobe made with natural fibres (i.e.,
sheep wool and wheat straw) with those obtained without adding
fibres (Statuto et al., 2018). The results showed that the compres-
sion strength values of adobes made without fibre addition was
higher than in those incorporating vegetal fibres, respectively 2.05
N/mm2 and 1.86 N/mm2. However, the addition of animal fibres to
the mix improved significantly the compression strength value,

which increased to about 4.32 N/mm2. 
With regard to the mechanical properties of raw earth-based

building components, their performance depends mainly on the
correct selection of the mix design in the production process. In the
study described in this paper, the mechanical properties of five dif-
ferent soil mixes were evaluated and compared in order to obtain
best performance without adding chemical stabilizers. Therefore,
the novelty of this study relies in the attempt to find an optimal mix
recipe to build adobes made of a type of earthen material produced
from a clay present in Sicily, traditionally used in the past for the
production of bricks, and a pyroclastic sand typical of the Etna vol-
cano area (Sicily), commonly used for mortar and concrete produc-
tion (Belfiore et al., 2020).

Materials and methods

Soil 
In a recent study (Giuffrida et al., 2019), five Sicilian soils

were analysed in order to select the most suitable for raw earth
materials. Their chemical composition, plasticity and particle size
were evaluated. After these qualitative experimental analyses, a
soil extracted close to Syracuse named ‘Terra di Floridia’ (Figure
1A) was selected, because of its higher amount of clay, easy
extraction, and lower transport cost. On the basis of the plasticity
test performed on the fine fraction, Floridia soil (FS) was classified
as a kaolinite soil, with 47.30% liquid limit (LL), 30.68% plastic
limit (PL) and 16.62% plasticity index (PI = LL – PL).

Kaolinite soils have a limited specific surface area (about 10
m2/g) and, therefore, have a reduced swelling and shrinkage, in
both case, dry and/or wet (Gallipoli et al., 2017). 

The grading of FS is shown in Figure 1B. Particle size distri-
bution was determined through a sieve analysis carried out in
accordance with the ASTM D7928-17 requirements, by using
material dried in an oven at 100°C.

FS was modified (FSM) according to an optimization proce-
dure aimed to improve its mechanical behaviour through a physi-
cal stabilization process (Achenza and Sanna, 2009). The particle
size distribution of FS was changed by adding clay, according to a
ratio of 58% FS soil to 42% clay, in weight. As shown in the liter-
ature, good results were achieved with a similar soil composition

                             Article

Figure 1. A-B) Floridia soil used in the experiments.
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(Galán-Marín et al., 2013). Indeed, clay improves plasticity,
mechanical characteristics and cohesion, and can reduces water
absorption enhancing erosion resistance to wind and waterproofing
toward capillarity water. For the purpose of preventing shrinkage
and cracking problems and improving its mechanical resistance,
FS and clay (FSM) were mixed with pyroclastic sand, sieved to 2
millimetres. The pyroclastic sand used is called ‘azolo’ and is typ-
ical of the Etna volcano area. ‘Azolo’ forms on the surface of lava,
when glassy materials generated by the quick cooling of magma
are crushed. 

Sample manufacturing process
Once the material mix was ready, specimens were manually

made and compacted. The process of specimen preparation started
with the addition of sand, in different percentages, to FSM. When
the blend was completely homogeneous, water was manually
added in four steps by mixing between each addition. 

In accordance with the European standards (EN 1015-11:2019)
for the mechanical testing of mortar, 6 prismatic samples
160×40×40 mm were prepared for each different mix. Standard
steel moulds for prismatic specimens, previously moisturized to
prevent adherence, were used. The specimens were cast in consec-
utive layers and manually compacted. Three days after the casting,
specimens were demoulded and kept in an open space in dry con-
ditions (temperature ranged between 13.1°C-15.5°C and air
humidity between 76.7%-80%) for 28 days for curing before test-
ing. This curing procedure is in accordance with the New Zealand
Code (NZA 4298, 1998) and was already used in previous
research, also with non-cement stabilized earth samples (Türkmen
et al., 2017).

The five soil mixes reported in Table 1 were tested to assess the
influence of water and sand percentages on their mechanical prop-
erties. For each mix, six repetitions were prepared. By following
the same methodology for achieving physical stabilization with no
addition of any chemical agent (Hall and Djerbib, 2004), soil
mixes numbered 1, 2, 3, 4 and 5 were made by increasing sand per-
centage from 25% up to 35% and decreasing the FSM percentage,
from 60% to 45%. To get a consistency that could easy to work and

a low total shrinkage, all samples were produced by using 20% of
water and 80% of soil (FSM added with sand) except for the spec-
imens built with mix 4, which were made with 25% of water and
75% of soil. This increment of water was required in order to
improve the workability of the mix.

Mechanical resistance tests
Since an earth-based building material is heterogeneous and

anisotropic, the methodology used to carry out the mechanical tests
(e.g., flexural and compressive strength) was the same as the one
used for natural and artificial stone. Therefore, 30 specimens, i.e.,
six repetitions for each mix, were tested by conducting flexural and
compressive tests according to the EN standard 1015-11:2019. 

The trials started with the flexural tests on each specimen.
Then, whenever a specimen failed, the two parts obtained were
tested under compression. After flexural tests, the residual portions
of the specimens were undamaged and suitable for compression
tests, as shown in Figure 2B. Breaking loads were determined
under the maximum load reached during the tests. 

The flexural strength of each beam specimen was assessed by
applying a single point load at the mid-span of the prismatic spec-
imen. The test setup was mounted on the universal testing machine
(UTM) by positioning the sample on two rollers (Figure 2A) with
a 100-mm wheelbase. UTM was connected with a load cell
Hottinger Baldwin and load values were recorded for each speci-
men from the start of the test until the sample breaking under a
load of 10 N/s. Data acquisition was implemented by Catman
Software for Tests with Huge Channel Counts.

                             Article

Figure 2. A-B) Universal Testing Machine connected with a Hottinger Baldwin Load Cell used to carry out the mechanical resistance
tests.

Table 1. Soil mixes.

Soil mix ID          FSM (%)               Sand (%)             Water (%)

1                                        60.00                              20.00                                20
2                                        55.00                              25.00                                20
3                                        50.00                              30.00                                20
4                                        42.00                              33.00                                25
5                                        45.00                              35.00                                20
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The flexural strength value (sf) of each specimen was deter-
mined using Eq. (1), where F was the maximum applied load, L
was the span between supports (100 mm), b was the width of the
specimen at the mid-section and d was the average depth of the
specimen at the fracture section.

                                                                       

(1)

The compressive strength value (sf) was determined by
Equation 2, by carrying out the compressive tests on the two
remaining prismatic parts obtained after the flexural fracture of
each beam specimens (Figure 2B). The samples were renamed
keeping the flexural ID and adding number 1 and 2.

                                                                       

(2)

In Equation 2, F was the maximum applied load and S was the
area of the loaded section. 

During the drying process, a physical phenomenon called
shrinkage occurs in the brick due to the evaporation of the moisture
content. Shrinkage causes the cracking of the material due to some
residual adherence of the soil to the mould and continuous and fast
drying.

For earthen materials, linear shrinkage is commonly evaluated
in accordance to testing method ASTM C326-09, therefore, linear
drying shrinkage (Sd) was calculated by using Equation 3, 

                                                                 

(3)

where L was the drying length of specimen after 28 days, measured
by using a calibre, and L0 was the internal length of mould (160
mm). 

Results and discussion
Flexural strength could be considered as an indicator of the

capability for energy absorption. The maximum value obtained
was 1.65 MPa for soil mix 5, while the lowest was 0.89 MPa for
specimens made with soil mix 4. This lowest value is probably due
to a greater water percentage in the mix, which was 25% instead of
20%. Specimens sudden showed a drop in load, because of the for-
mation of unstable macroscopic cracks after the maximum load
was reached (Figure 3).

The average of the flexural strength values calculated for each
mix design are compared in Table 2.

After the flexural failure, compressive strength tests were car-
ried out for each part of the residual specimens. Table 3 shows the
average values obtained for the 5 soil mixes. The highest value was
6.74 MPa for soil mix 5, while the lowest value was 3.05 MPa for
soil mix 4. As already stated in the previously paragraph, this low
value is probably due to the larger amount of water used in the mix. 

The shrinkage rate for specimens of the different mixes were
obtained by Equation 3. As expected, specimens made with soil
mix 4 showed the highest shrinkage rate, which was equal to about
8.23%. On the contrary, specimens made with soil mix 5 exhibited
the lowest shrinkage rate of 6.04% (Table 4).

                             Article

Figure 3. Failure mode of specimens.

Table 2. Average flexural strength values obtained for the five soil mixes.

Soil mix no.                      Average maximum load (N)                 SD                               Average flexural strength (MPa)           SD

1                                                                              411.06                                               7.97                                                                         1.27                                               0.28
2                                                                              529.62                                               8.87                                                                         1.57                                               0.26
3                                                                              529.95                                               5.34                                                                         1.52                                               0.14
4                                                                              345.00                                               6.90                                                                         0.89                                               0.19
5                                                                              546.91                                               1.76                                                                         1.65                                               0.04
SD, standard deviation.

Table 3. Average compressive strength values obtained for the five soil mixes.

Soil mix no.          Average maximum load (kN)    SD        Average dry density (kg/m3)      Average compressive strength (MPa)    SD

1                                                                 7.72                                 0.52                                   1960.00                                                                      4.82                                          0.32
2                                                                10.14                                0.75                                   1980.00                                                                      6.34                                          0.47
3                                                                10.22                                0.98                                   2150.00                                                                      6.39                                          0.61
4                                                                 5.09                                 0.68                                   1960.00                                                                      3.05                                          0.43
5                                                                10.95                                0.81                                   1960.00                                                                      6.74                                          0.35
SD, standard deviation.
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The results of this study showed that compression strength val-
ues ranged between 3.05 MPa and 6.74 MPa. These values were
above the minimum required by the most important raw earth con-
struction international standards, such as 1.3 MPa required by New
Mexico Earthen Building Code, and 2.0 MPa imposed by New
Zealand Regulation. Soil mix 5, made of 45% FSM, 35% sand, and
20% water, exhibited the best upshots. In fact, the compression
strength value was 6.74 MPa and the flexural strength was 1.65
MPa. These values were significantly higher than other results
found in previous studies. Araya-Letelier et al. (2018) and Statuto
et al. (2018) compared the mechanical behaviour of adobes made
with and without natural fibres addition. Adobes without fibres
exhibited a compression strength ranging between 2.02 MPa and
2.05 MPa and a flexural strength of around 0.49 MPa (Araya-
Letelier et al., 2018; Statuto et al., 2018). The highest values
obtained in the trials carried out in this study are mainly due to the
soil mix that incorporates a siliceous inert like ‘azolo’ that is com-
monly used in the concrete industry and provides high resistance
to compression. With regard to flexural strength, it ranged between
0.89 MPa and 1.65 MPa. Also these values are greater than the
minimum required by some international code, such as the New
Zealand Regulation that prescribes at least 0.25 MPa (New
Mexico, 2009; NZA 4298, 1998). All flexural strengths obtained in
this study ranging between 0.89 MPa and 1.65 MPa were above
this minimum value. Moreover, the obtained flexural strength val-
ues are less than 25% of the related compressive strength values.
This was in line with other results obtained in similar studies,
where flexural strength was 30% lower than compressive strength
with a compressive strength multiplier of 3.5 times the flexural
strength (Barbari et al., 2014b). By analysing the obtained results,
it is evident that maximum loads, compressive and flexural
strengths were increased for specimens with a higher quantity of
‘azolo’ sand. Moreover, with respect to the standard deviation of
flexural strength values, specimens with a higher percentage of
sand have a lower standard deviation. 

Furthermore, as shown in Table 3, specimens of soil mix 5
have a low density, but exhibit the best characteristic strength. As
already observed in previous studies, this means that no correlation
was found between the dry density and the compressive strength of
the samples (Ciancio et al., 2013). The correlation coefficient was
calculated to establish the relationship between dry density and
compressive strength. The result was a low correlation coefficient
of R2 0.14.

As to the shrinkage rate, soil mix design 3 reached the lowest
rate, which was equal to 6.04%. However, the shrinkage rate was
too high for all mix design compared to the acceptable values of
raw earth shrinkage (Woyciechowski et al., 2017). As already
demonstrated in a comparative analysis, the shrinkage rate could

be reduced by adding both natural or artificial fibres to the mix
design (Vega et al., 2011).

Conclusions
Mechanical tests were carried out on five different soil mixes

by changing soil composition, aggregates, and water. The original
texture of ‘terra di Floridia’ soil (FS) was modified by adding dif-
ferent particle sizes and performing only a physical stabilization on
the soil. Firstly, to FS was added clay, by obtaining a soil com-
posed of 58% FS soil and of 42% clay (FSM). Afterwards, in order
to improve its mechanical behaviour, a pyroclastic sand, called
‘azolo’, which is highly available in Etnean area, to FSM. Five dif-
ferent mix design were tested after changing the sand percentage
(from 20% to 35%) and the water content (20% or 25%). Flexural
and compressive strength, and linear shrinkage were evaluated.
Good results were achieved for all the mechanical resistance tests,
except for linear shrinkage which exhibits an excessive rate, from
6.04% to 8.23%.

In order to the reduce shrinkage rate and improve ductility in
the failure mode, a future research work will study the addition of
natural fibres, such as sheep wool, to mix-design 5 that achieved
the best results in terms of flexural and compressive strength. The
reuse of this special agricultural waste as a reinforcement fibre for
raw earth building materials could be relevant, as it can contribute
to the environmental sustainability of the building sector (Parlato
and Porto, 2020). In fact, the improvement in mechanical resis-
tance of raw earth-based materials through the use of natural
fibres, which comes from a special agricultural waste such as
sheep wool, could reduce both resource consumption and environ-
mental pollution. 
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