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Abstract: Earth building technologies are increasingly being used to promote a natural and sustainable
construction model and to empower self-building in resource-limited areas. This work focuses on
investigating the use of different types of stabilising additives in compressed earth blocks (CEBs).
To this end, empirical studies and laboratory analyses of earth samples taken from different sites in
Ecuador were combined. Once the most suitable earth for use as a building material was determined,
four types of CEBs were produced using equipment designed ad hoc to encourage self-building:
earth-based, fibre additives, cementitious additives, and additives of other origin. The panels were
characterised by means of compression tests to analyse their mechanical behaviour, obtaining the
most promising results for the additivated samples with the highest percentage of cement and
for the sample containing ground reeds, with a compressive strength of 3.3 MPa and 0.7 MPa,
respectively. These samples were then subjected to more extensive tests using digital image correlation
to analyse their full field strains and cracks, where the samples stabilised with cement showed a
more homogeneous and consistent behaviour. Finally, an economic and comparative study with
conventional construction systems was carried out to demonstrate the feasibility of using the proposed
earth materials for cleaner and more economical buildings, mainly due to cost savings and lower
pollution in terms of transport when using local resources.

Keywords: sustainable construction; earthen architecture; compressed earth block; earthen materials;
mechanical properties; digital image correlation

1. Introduction

The materials used for building and construction are abundant but non-renewable
resources, so their availability is not unlimited worldwide. In fact, high exploitation and its
associated costs can lead to shortages in the medium and long term in countries with very
high production [1]. Together with the high consumption of resources, the production of
this type of material, such as concrete, is responsible for up to 8% of world CO2 emissions [2],
so it is necessary to establish construction systems related to the concepts of sustainability
and circular economy. On the other hand, there are certain regions in which the extraction
of raw materials, such as aggregates, is not feasible due to their availability or the available
means [3]. In this context, earth construction is seen as an alternative to the use of other
materials such as concrete, taking advantage of its potential as a local material and reducing
waste generation according to the concepts of economy and sustainable development [4].

The use of these earthen building technologies is so widespread that it is estimated
that approximately one-third of the world’s population lives in earthen buildings [5]. It is a
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type of construction that was widely used until the beginning of the twentieth century and
that regained popularity at the end of the 1970s after the energy crisis in Europe [6], so it is
essential to find the tools to improve its potential and continue its use in the 21st century.

There are different earth construction techniques, such as adobe, rammed earth,
rammed earth blocks or compressed earth blocks (CEBs). Among them, CEBs are very
versatile elements obtained from wet earth compression that can be used in load-bearing
walls, enclosures, heat-accumulating walls or as a replacement for conventional bricks [7].
The production of these types of earthen materials requires only 1% of the energy used to
produce the same volume of conventional concrete [8], which means a considerable saving
in energy and CO2 emissions. In addition, the savings in time, cost and pollution caused
by their transportation make CEBs more environmentally friendly than other building
materials [4].

There are different standards around the world that deal with the manufacture of
these materials [9]. The most internationally recognised standards are the New Zealand
standard [10,11], the American Society for Testing and Materials (ASTM) [12] or the Spanish
UNE [13]. Nevertheless, to this day, there is no standardisation or accurate knowledge
of these types of materials [14]. Differences in composition due to the local nature of
these materials result in heterogeneous properties and behaviour [15], making global
standardisation difficult.

Despite the fact that by increasing pressures, adequate strengths can be achieved for
CEBs [16], in order to improve the mechanical performance of CEBs, the research trend is
moving towards the introduction of stabilisers for the manufacture of stabilised compressed
earth blocks (SCEBs) [17], also known as soil cement blocks or soil–cement bricks [18]. The
most commonly used stabilisers are Portland cement, lime or asphalt emulsion [4]. In
addition, other additives can be added to improve their properties. For example, natural
fibres improve thermal properties [19]; oils, fats or waxes allow waterproofing [20]; and
biopolymers improve cohesion so that they improve both the strength and durability of the
soil [21]. Nevertheless, the efficiency of these types of stabilisers is related to the earth’s
composition, so it is necessary to carry out in-depth analyses and studies to verify the
viability of these materials [22].

Furthermore, the incorporation of these types of additives entails an alteration of their
mechanical properties, causing the material to behave differently. In this sense, composite
materials with the incorporation of fibres or other additives usually present a high degree
of heterogeneity [23]. Additionally, the failure of the material significantly depends on how
and where the fracture occurs. This means that strains, especially the so-called peak strain
prior to fracture, can differ greatly depending on the measurement area.

Generally, conventional mechanical characterisation techniques use devices such as
extensometers, LVDT or strain gauges, which have a local nature and require direct contact
with the material. In this sense, earth-derived materials generally present problems due
to the disaggregation of the material when it begins to deform, even before failure [24].
Measurement with these devices is conditional on the absence of cracks and disaggregation
of the material, as this would prevent further data collection. In contrast to this type of
technique, other full-field techniques have emerged that allow monitoring of the complete
behaviour without the need for contact with the material [25,26]. One of the most widely
used techniques for the analysis of full-field displacements and strains is digital image
correlation (DIC). This is a technique that allows analysis of the complete surface of the
material using images of the sample acquired while it is subjected to load tests [27]. This
technique can be used for flat specimens in its two-dimensional approach and for specimens
with greater curvature through its three-dimensional approach [28]. In particular, the 2D
approach employed in this study has been used to obtain the strains and to monitor damage
progression [29] in works on materials with similar heterogeneous behaviour, including
earth-derived aggregates such as sustainable concretes [30] and cementitious materials that
incorporate fibres [31]. Nevertheless, it is a novel technique in the field of earthen materials,
and there are few studies of its application due to the sample preparation requirements,
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although it has proved to be a promising technique for obtaining full-field strains and
cracks [32]. Perić Fekete et al. studied the failure mechanisms of rammed earth walls under
seismic behaviour using the DIC technique [33]. Nabouch et al. also used DIC to record the
evolution of cracks in rammed earth walls [34]. In this way, the peak strain can be measured
more accurately, and parameters representative of the real behaviour of the material can
be obtained, as it is possible to analyse the strains over the entire surface, including the
rupture zone and remote areas.

Consequently, this work aims to advance knowledge concerning the introduction of
stabilising additives of different natures in CEBs made with earth from different locations
in Ecuador. The aim is to move towards a more sustainable building model, where con-
ventional materials such as concrete and steel can be replaced by these earthen materials
with improved mechanical properties, which make use of local and natural resources and
generate less pollution and waste. This study seeks to promote the self-build of sustainable
housing so that areas with limited resources and difficult access to conventional materials
can realise the potential of earthen materials. Empirical tests will be combined with labora-
tory tests to characterise these types of earth, which will allow the selection of the most
adequate option for the manufacture of CEBs. Subsequently, mechanical characterisation
tests will determine the feasibility of SCEBs in the manufacturing, transport and construc-
tion processes. Finally, these tests will be complemented with DIC analysis to monitor and
evaluate its behaviour. In addition, an economic study comparing the production costs of
the additive-enhanced CEB solution with other conventional construction techniques is
proposed to promote earthen architecture.

Following this introduction, Section 2 describes the materials and techniques used for
this research. In Section 3, the experimental results of the physical and mechanical tests
are shown and a discussion of these results is included. Section 4 provides an economic
analysis of the feasibility of the products studied. Finally, in Section 5, the main conclusions
on the suitability of introducing these materials in the construction industry are drawn and
future research directions are discussed.

2. Materials and Methods

This work focuses on the fabrication and characterisation of compressed earth blocks
with different additives for stabilisation. First, earth samples from different locations are
selected and characterised through the use of empirical and laboratory physical tests. Then,
the production of CEBs is carried out using the selected earth samples. For their manufac-
ture, different additives were selected in order to achieve stabilisation while considering
both economic and environmental aspects. These blocks were mechanically characterised
by means of compression tests to check whether they could be used as building elements
in accordance with the standards. Finally, an economic analysis was carried out to compare
the unit cost of the manufactured blocks with other conventional construction techniques
and materials. Figure 1 shows a schematic diagram of the workflow followed.

2.1. Earth Materials

Initially, different types of earth were selected and analysed to determine the best
option for the manufacture of the compressed earth blocks. In order to achieve greater
variability in the samples and to analyse earth of different provenance, it was decided
to select samples from four different locations, although all of them were located in the
province of Azuay, Ecuador. The location was determined based on the availability of
extractable material and the existence of construction material factories in the vicinity.
In addition, different colours of earth were taken into account to widen the spectrum of
selection and experimentation. The location and coordinates of the individual samples are
shown in Table 1.
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Table 1. Location and coordinates of selected earth samples.

Nomenclature City Zone Latitude Longitude

E_CC Cuenca Challuabamba −2.859099 −78.921227

E_CM Cuenca Monay −2.916045 −78.973492

E_CN Cuenca Nulti −2.866469 −78.923978

E_PD Pucará Deuta −3.321508 −79.395789

2.2. Earth Characterisation

The selected earth samples were analysed and subjected to different types of tests.
Since there are no specific standards for this type of materials and for all the tests in the
country where the samples were taken, standards from nearby countries such as Colombia,
Peru or the USA were also used.

On the one hand, empirical tests allow us to gain generic knowledge of the samples
and to understand some of their properties, such as humidity or the presence of sand,
silt and clay [35]. Among these tests, the following can be highlighted according to the
Peruvian standard E.080 [36]:

• The odour test allows for the identification of organic matter or humus.
• The bite test allows for the differentiation of the predominance of clay in the stickiest

samples.
• The washing test identifies whether the sample is sandy, silty or clayey, depending on

the need to use less or more water to remove debris and dirt.
• The cut test consists of cutting the sample and determining whether clay is predomi-

nant when seen as shiny or silts if the cut is opaque.
• The ball test consists of dropping a ball on a flat surface and determining its composi-

tion so that the sample contains more clay if it does not flatten and crack and less if it
breaks up.

• The consistency test requires moulding the sample into an earthworm shape, thus
identifying the appropriate moisture content to form a 3 mm earthworm shape. This
sample is then shaped into a ball to be dried for 48 h. If the ball is easy to break, it
will have a low clay content, whereas if it is more consistent, it will have a higher clay
content. If it is not possible to form the ball, it is identified as a sandy sample.



Buildings 2024, 14, 664 5 of 18

On the other hand, laboratory tests allow the composition and properties of the earth
to be determined more accurately.

• Granulometric analysis allows the earth to be classified into gravel, sand, silt and clay
according to the particle size that passes through each of the sieves [37].

• The plasticity test allows us to know the plastic limit. Thanks to this test, it is also
possible to obtain properties such as the plasticity index, tenacity, liquidity and consis-
tency [38].

• The compaction test or the standard Proctor test allows for the determination of the
moisture–density ratio of the compacted material [39].

2.3. Compressed Earth Blocks

Once the study of the earth was carried out, the CEBs were manufactured using the
selected solution as the raw material. The panels were designed to be used in the Sandino
construction system, so the proposed dimensions were 30 cm × 45 cm × 7 cm, which are
the height, width and thickness dimensions, respectively.

The CEB manufacturing process consists of three main phases: (i) drying and sifting
of the material, (ii) dosing and compacting of the material, and (iii) the curing and drying
of the CEBs.

Initially, 4 m3 of earth was collected, spread and dried for seven days to facilitate
sifting, as a maximum particle size of 4.8 and 5 mm is required, according to Brazilian
and Colombian regulations, respectively. To facilitate the sifting process, as well as the
large-scale implementation of the manufacturing methodology in isolated communities
with low resources, a sifting cylinder was designed (Figure 2). The cylinder is 30 cm in
diameter and 1 m long and is made of a perforated metal mesh with 5 mm holes. A gate is
incorporated in the central section through which the material can be fed into the tank and
the larger particles can be discharged. This cylinder performs the simultaneous function of
crushing and sifting using a rotating mechanism with a speed of 40 rpm.
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Following the same criteria mentioned above, a hydraulic press (Figure 3) was designed
for the manufacture of the CEBs, consisting of steel profiles with a capacity of 50 tonnes, which
is equivalent to a pressure of 1.82 MPa, considering the surface area of the panels.
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The dosages used for the manufacture of the stabilised CEBs (Figure 4) can be grouped
into four main groups (Table 2): (i) reference, consisting only of earth and water; (ii) fibres,
using the base bio-fibres as additive and natural white glue paste to facilitate adhesion;
(iii) cementing agents, in this case the cement acting as a stabiliser; and (iv) others, using
additives such as asphalt emulsion. Based on the analysis of the earth samples, E_CM earth
was used for the manufacture of all samples except for sample PR_01, where E_CN earth was
chosen. Taking into account the Proctor optimum for the selected earth, a water content of
20% was used for the cementitious samples as they have a higher water loss during the curing
process, and a lower water content of 15% was used for the rest of the samples.
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Table 2. Dosages and additives used for the manufacture of stabilised compressed earth blocks.

Nomenclature Water % Additive

PR_01 15 -

PR_02 15 -

PF_01 15 5% glue + 5% sawdust

PF_02 15 5% glue + 5% cabuya

PF_03 15 5% glue + 5% ground reed

PF_04 15 5% glue + 5% skeleton reed

PF_05 15 5% glue + 5% totora

PC_01 20 20% lime

PC_02 20 5% cement

PC_03 20 10% cement

PC_04 20 15% cement

PC_05 20 20% cement

PC_06 20 25% cement

PO_01 15 7% asphalt emulsion

2.4. Mechanical Characterisation of Compressed Earth Blocks

The compressed earth blocks manufactured were evaluated by means of compression
tests according to guideline NTC 5324 [40], which classifies CEB into three types according
to their compressive strength: CEB 20 for a strength of 2 MPa, CEB 40 for 4 MPa and CEB
60 for 6 MPa.

To carry out these tests, an electromechanical test machine, Concrete 2000X by Shi-
madzu (Kyoto, Japan), was used. The machine was equipped with a UH-X type control
measuring unit and a load cell of 2000 kN. For the compression tests, steel profiles were
used as compression devices with a 4 mm triplex sheet to homogenise the surfaces in
contact. The test was set up at a constant displacement rate of 0.02 mm/s according to
guideline NTC 5324 [40].

The compression tests were complemented by strain analysis. For this purpose, the
digital image correlation technique [27] was used in a two-dimensional approach. This
technique allows displacements and strains to be obtained during tests by acquiring images
under different loading states. The images in each state are compared with an initial image
without strain in order to obtain the displacement and strain of the sample.

The fundamentals of the DIC technique are based on the comparison of consecu-
tive images by selecting a Region of Interest (ROI), which is divided into subsets [27].
These subsets are compared using the zero mean normalised cross-correlation criterion
(ZNCC) [41]. Interpolations and optimisation algorithms are then applied to archive sub-
pixel accuracy [42] for full-field displacements and strains. To facilitate this process, the
sample must first be prepared by applying a pattern known as a speckle to its surface. This
pattern consists of a distinct, unique, non-periodic and stable grayscale spot [43]. In this
case, a matte white elastic primer was first applied to generate a greater contrast to the black
speckle and to avoid the appearance of shiny spots on the surface. Random mottling was
then generated using a matte black spray. Finally, the quality of the pattern was evaluated
by means of the indicator known as the mean intensity gradient (MIG) [44]. A MIG value
greater than 30 was obtained for all samples, and a coverage factor close to 50%, so that the
quality of the pattern can be considered adequate [45].

The equipment used for the tests (Figure 5) consisted of a prototype similar to the one
developed by García-Martín et al. [46], although the hardware and sensors were upgraded
in order to achieve maximum accuracy. In this study, a high-resolution Manta G-917 1′′

Monochrome CCD camera equipped with a 50 mm macro-prime lens was used for image
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capture. Additionally, a neutral LED light was used to improve illumination and allow for
shorter exposure times. The camera shots were synchronised with the load data collected by
the test machine using a microcontroller, which allowed the capture parameters to be set.
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Taking into account the slenderness of the sample, it was decided that DIC analysis
would be performed on one side to check for significant lateral displacement. To ensure the
perpendicularity of the camera and guarantee the 2D-DIC approach, a micrometric ball
and socket joint was used. Given the dimensions of the sample, the camera was placed
1.5 m from the specimen, which allowed a GSD of 0.1 mm/px to be obtained. Artificial
illumination allowed for a lens aperture of f8 to be set, thus ensuring an adequate balance
for the depth of field. Considering that the displacement speed to which the test was
subjected was low, the images were acquired at 1 FPS with a shutter speed of 1/100 s,
capturing the first image before starting the test to obtain the reference image.

3. Experimental Results and Discussion
3.1. Earth Properties
3.1.1. Empirical Results

The empirical tests described in Section 2.2 were carried out. For this purpose, a small
representative quantity was selected from each of the earth samples. A total of six tests
were carried out for each of them, obtaining the results shown in Table 3 according to the
criteria described above.
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Table 3. Results of empirical tests.

Test E_CC E_CM E_CN E_PD

Odour Low level of
organic matter

Low level of
organic matter

Low level of
organic matter

Low level of
organic matter

Bite Sandy with
clay

Sandy with
clay

High level
of clay

Sandy with
low clay

Washing High level of silt Sandy with low
level of clay

High level
of clay Silty-sandy

Cut Medium level
of clay High level of silt High level

of clay

Medium level
of clay as well

as silt

Ball High level
of clay

Acceptable level
of clay

High level
of clay

Acceptable level
of clay

Consistency High level
of clay

High level
of clay

High level
of clay

High level
of clay

First, the empirical tests show that the level of organic matter is low for all samples. In
terms of composition, the results are not very conclusive as the tests give different results
for the same samples. The earth seems to show a higher or lower clay level depending
on the water concentration and the mixing time, so the accuracy of these tests is not very
high. The empirical tests had a low accuracy in terms of clay content, and some of the tests
showed a predominance of sands or silts. In any case, the cracking after drying is very
slight, indicating a low presence of expansive clay that could cause volume changes and
problems in the curing of the CEBs. Therefore, they are tests that allow for a first impression
of the samples in situ without the need to go to the laboratory. In this case, the results of
these tests were combined with the laboratory tests to observe the correlation between them
and to obtain the composition more precisely in order to select the most suitable sample.

3.1.2. Laboratory Results

The samples were subjected to laboratory tests to determine their granulometric
composition, plastic behaviour and compaction. The results of these tests are shown in
Figure 6.
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The particle size ranges shown in Figure 6 are those established by the Colombian
standard NTC 5324 [40] and the Spanish standard UNE 41410 [13]. Samples E_CM, E_CN
and E_PD fit in all particle sizes. Nevertheless, sample E_CC does exceed the established
limits, especially in the range of the sands. Although this first test would allow this sample to
be discarded, it was also subjected to other tests in order to compare it with the other samples.

Following the same standards, Figure 7 shows the plasticity ranges for the selection of
earths, as well as the results for each of the samples. In this case, none of them is within the
normative spectrum, so it is not possible to select or discard any of them. Nevertheless, it
can be mentioned that sample E_CM is the closest to the limits.
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Finally, the Proctor test allows for the evaluation of the appropriate amount of water
to reach higher densities of the material with the same exerted pressure. As shown in
Figure 8, sample E_PD fails to reach its maximum compaction limit due to the implication
of adding a high percentage of water for this purpose; therefore, it was decided to discard
this sample. On the other hand, samples E_CC, E_CM and E_CN find their compaction
limit with moisture percentages lower than 30%. Among them, the one with the highest
compaction, with even less water, is E_CM. This sample has a dry volumetric weight higher
than 1.70 gr/cm3 at the optimum point, while the value of the other samples is between
1.30 and 1.40 gr/cm3. Furthermore, once the optimum point has been reached, sample
E_CM loses density when the moisture content increases while the other samples remain
constant. This makes it possible to determine the right amount of water to obtain higher
densities at the same pressure, which is associated with higher block strength. The results
of this last test agree with the greater approximation to the limits of the plasticity test of
this sample, so it is reaffirmed as the best of the samples. Thus, sample E_CM is the one
selected as the base earth for the manufacture of the CEBs.

3.2. Compressed Earth Blocks Properties
3.2.1. Mechanical Results

A total of 42 samples were manufactured, 3 of which were for each of the proposed
dosages. The samples were cured for 7 days before being subjected to mechanical charac-
terisation tests. In order to avoid water loss, the cement and lime samples were hydrated
during the 7 days of curing, while those with fibres were only protected from the sun as
required by the standards. The results of the compression tests, as well as their statistical
parameters, are shown in Table 4.
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Table 4. Results of the compression test for CEB.

Nomenclature Mean (MPa) Lower Bound (MPa) Upper Bound (MPa) CoV (%)

PR_01 - - - -

PR_02 - - - -

PF_01 0.19 0.18 0.19 3.43

PF_02 0.27 0.15 0.41 48.8

PF_03 0.65 0.41 0.94 40.9

PF_04 - - - -

PF_05 0.07 0.07 0.08 9.8

PC_01 0.36 0.30 0.45 20.7

PC_02 0.75 0.49 1.02 35.5

PC_03 1.61 1.41 1.78 11.7

PC_04 2.02 1.90 2.10 5.3

PC_05 2.43 1.63 3.98 42.4

PC_06 3.28 2.84 3.59 12.5

PO_01 - - - -

The dehumidification process was easy in terms of PR dosages. Nevertheless, this
type of specimen did not tolerate transport and placement. The samples cracked and
disintegrated before loading and could not be tested.

The panels that incorporated bio-fibres (PFs) as additives were able to withstand the
procedures well and could be tested, except for sample PF_04, which showed increased
disintegration and broke before the application of the load. In general, the introduction
of these fibres improved the stability of the panels and increased compressive strength,
helping to control cracking during the drying process. Nevertheless, the strengths obtained
are not sufficient to meet the minimum requirements of 2 MPa for the CEB 20 category
established by the Colombian standard NTC 5324 [40].

Panels incorporating lime performed similarly to those made with fibres, although
they had a very high porosity, and the strength was also not sufficient to comply with
the standard.
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The cement-stabilised panels performed the best. It can be seen that the higher per-
centage of cement added leads to an increase in strength. Despite the fact that demoulding
was more difficult, the panels were much more stable and resistant to both transport and
the testing process. Although all samples showed a higher compressive strength than the
rest of the panels, only those with a percentage of cement equal to or higher than 15% (15%,
20% and 25%) complied with the minimum strength determined by the standards.

Finally, the panels tested with asphalt emulsion additives did not yield mechanical
results. The difficulties encountered during demoulding led to lower-quality panels, which
broke during transport.

In general, the behaviour of the samples that could not be tested is associated with low
pressure during the manufacturing process. The lack of compaction means that when the
panels are demoulded, they begin to disintegrate and cannot be subjected to compression.
In addition, it should be noted that the coefficient of variation (CoV) for some of the samples
was quite high. This highlights the high variability and heterogeneity of these types of
materials, especially when additives are added to modify their behaviour.

3.2.2. Characterisation of the Final Solution

Although the samples showed different behaviours and not all were in accordance
with the standards, it was decided to select the samples with the highest potential for
further analysis. The best-performing sample corresponding to the dosage used in PC_06
was selected to represent the cementitious panels. The sample corresponding to the dosage
used in PF_03 was selected to represent the panels with natural fibres, given their greater
potential in terms of achieving more sustainable construction.

Three new panels for each of the dosages were subjected to more comprehensive
compression tests. A 2D-DIC approach using the open source software Ncorr v1.2.2 [42]
was used to obtain the displacements and strains (Figure 9a). In this process, a subset size of
20 × 20 pixels and an overlap of 65%, with a step of seven pixels, was used. Subsequently,
a post-processing toolbox (Ncorr Post CSTool) was used. This tool allowed for virtual
extensometers to be placed in the different areas of the specimen to analyse their behaviour
and spatial influence (Figure 9b).

Due to the variability observed in the results shown above, in this case, the test with
the most out-of-average behaviour was discarded. This decision was taken to ensure that
the strain measurements were representative since, in some of the tests, disaggregation
causes the failure mode to be inappropriate. Therefore, a full analysis of two samples of
each dosage was carried out.

A total of nine virtual extensometers were placed on the surface of the specimens at
three different heights to investigate the areas of greatest strain and the mode of failure.
Three were placed in the central third, as required by the regulations. Three others of
equal length were placed in the upper half, and three others in the lower half. The last two
groups were placed in order to study the influence of the application of the load and to
see the area where the greatest strain occurs. Regarding the distribution of each group, the
extensometers were spaced 15 mm apart from each other. Two of them were placed in the
area where the load is directly applied, while the third was placed in the outermost area
where the load is not directly applied.

Maximum longitudinal strains in the state of loading before failure were extracted for
each of the virtual extensometers. To analyse the heterogeneity and spatial distribution
of the strains, the results were segregated into different groups, as shown in Table 5,
corresponding to PF_03, and Table 6, corresponding to PC_06. On the one hand, the strain
in the load zone was analysed, including the extensometers placed at the upper, middle
and lower parts. On the other hand, the strain in the area where the load is not directly
applied was analysed.

Regarding the results for PF_03, the previously mentioned high heterogeneity for the
compression tests can be seen. In all cases, the CoV is slightly above 30%. The mean value
for the peak strain in the loading area was 5.4‰, with the highest values in the lower area,
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although there is not much difference with respect to the rest. The mean value for the
peak strain in the out-of-load area was 1.5‰, which, as expected, is significantly lower.
This solution has lower strength and higher strain than the best cement-stabilised solution.
Nevertheless, the values obtained can be considered acceptable for applications where a
high structural character is not required, such as thin walls or partitions. In addition, the
higher strain capacity of this material may be of interest for seismic applications.

Regarding the results for PC_06, despite presenting heterogeneity, it is lower than the
previous case, with a CoV value below 25%. The peak strain in the out-of-load area was
similar, with a value of 1.3‰. Nevertheless, for the peak strain in the loaded area, different
values were obtained with respect to the previous case. In this case, the mean value was
3.0‰, with the highest values being found in the upper zone. The presence of cement as
an additive causes the strains to be lower in this case. When comparing the behaviour of
cement-stabilised BECs with other conventional materials such as concrete, the range of
strains is very close, with values close to 2‰ being considered acceptable in most cases.
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Table 5. Results of the peak strain analysis for PF_03.

Strain Area Mean (mm/mm) Lower Bound
(mm/mm)

Upper Bound
(mm/mm) CoV (%)

Load area 0.0054 0.0033 0.0081 30.4

Upper 0.0052 0.0033 0.0074 32.2

Middle 0.0055 0.0040 0.0072 32.3

Lower 0.0055 0.0035 0.0081 35.7

Out-of-load 0.0015 0.0010 0.0024 33.9
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Table 6. Results of the peak strain analysis for PC_06.

Strain Area Mean (mm/mm) Lower Bound
(mm/mm)

Upper Bound
(mm/mm) CoV (%)

Load area 0.0030 0.0022 0.0046 23.1

Upper 0.0035 0.0029 0.0046 22.8

Middle 0.0030 0.0023 0.0035 17.3

Lower 0.0025 0.0022 0.0032 18.9

Out-of-load 0.0013 0.0010 0.0017 21.4

In both cases and for all specimens, the peak strain value occurs at the edges. Accord-
ing to the results and the full field strain map obtained from DIC, it can be determined that
this is the zone where the specimens begin to crack. Fracture begins in these areas, close
to the contact with the compression plates, and the material begins to disintegrate until
failure, while the core of the specimen remains more stable. This behaviour is typical of
earthen materials and is one of the reasons why it is difficult to determine their behaviour
using conventional techniques, so the DIC approach used made it possible to obtain the
maximum strains in this zone.

4. Economic Analysis

To investigate the efficiency and costs of the proposed panels, an economic study of
the different proposed solutions was carried out. Although only the PC_04, PC_05 and
PC_06 panels complied with the standards in terms of mechanical properties, the study
was carried out for all the samples. In this way, the influence on the costs of each of the
additives can be verified. Furthermore, although the panels with fibre additives did not
achieve good mechanical results, their incorporation did lead to an improvement, and these
panels may have significant potential to be stabilised. This work can be a starting point for
future research by improving and increasing some parameters, such as pressure, during
the pressing process.

First of all, the costs of equipment were considered. Considering that the equipment
was designed for self-manufacture, the cost was relatively low. In addition, the equip-
ment was considered to be amortised over two years of work so that it could be used
for the construction of community-level housing. The estimated cost was EUR 0.60 per
CEB, considering the sifting cylinder, press and auxiliary material, such as wheelbarrows
or shovels.

The labour cost to produce the panels was then considered. Although the solution is
focused on self-manufacturing, the cost associated with the labour required was considered,
taking into account the experience gained during laboratory manufacture. The estimated
cost in this case was EUR 1.31 per CEB, considering the need for a worker and an assistant.

Finally, the material costs were considered. In this respect, water and additives were
taken into account because it was considered that the earth is obtained at the same place
of manufacture at no cost. In this case, the costs vary considerably for each of the panels,
mainly due to the difference in additives.

Taking into account the costs mentioned above, the unit price for each of the panels is
shown in Table 7.

Panels that complied with the standard had a cost of EUR 2.50 for PC_04, EUR 2.69
for PC_05 and EUR 2.88 for PC_06. In this case, the 5% increase in cement leads to a 0.19
EUR increase. Since the PC_04 panel was the most economical, a comparison was made
with other conventional house enclosure systems in Ecuador. For this purpose, the price
per square metre of this solution was compared with conventional brick, masonry block
and adobe (Table 8). It should be noted that the prices have been calculated according to
the average costs for the year 2023 indicated by the Construction Chamber of Ecuador,
so the production cost of the panels should be taken as a guideline. In this sense, in
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order to facilitate the comparison with other house enclosure systems, the ratio has been
incorporated using the proposed solution as a reference.

Table 7. Unit price (EUR) for each panel considering equipment, labour and material costs.

Nomenclature Equipment Labour Materials Total

PR_01 0.60 1.31 0.01 1.92

PR_02 0.60 1.31 0.01 1.92

PF_01 0.60 1.31 2.74 4.65

PF_02 0.60 1.31 2.74 4.65

PF_03 0.60 1.31 2.74 4.65

PF_04 0.60 1.31 2.74 4.65

PF_05 0.60 1.31 2.74 4.65

PC_01 0.60 1.31 1.90 3.81

PC_02 0.60 1.31 0.21 2.12

PC_03 0.60 1.31 0.40 2.31

PC_04 0.60 1.31 0.59 2.50

PC_05 0.60 1.31 0.78 2.69

PC_06 0.60 1.31 0.97 2.88

PO_01 0.60 1.31 1.97 3.88

Table 8. Comparative of costs per square metre of house enclosure systems.

Material PC_04 Brick Masonry Block Adobe

Image
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almost 30% cheaper. This shows that improving the properties of CEBs with this type of 
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per square metre of this solution was compared with conventional brick, masonry block 
and adobe (Table 8). It should be noted that the prices have been calculated according to 
the average costs for the year 2023 indicated by the Construction Chamber of Ecuador, so 
the production cost of the panels should be taken as a guideline. In this sense, in order to 
facilitate the comparison with other house enclosure systems, the ratio has been 
incorporated using the proposed solution as a reference. 

Table 8. Comparative of costs per square metre of house enclosure systems. 

Material PC_04 Brick Masonry Block Adobe 

Image 

    

Price (EUR 
/m2) 7.75 15.06 10.21 10.72 

Ratio 1 1.94 1.32 1.38 

When compared to conventional and more commonly used building materials, such 
as bricks, the proposed solution proves to be the most economical at half the cost. In the 
case of other earthen materials with similar properties, such as adobe, this solution is 
almost 30% cheaper. This shows that improving the properties of CEBs with this type of 

Price
(EUR/m2) 7.75 15.06 10.21 10.72

Ratio 1 1.94 1.32 1.38

When compared to conventional and more commonly used building materials, such as
bricks, the proposed solution proves to be the most economical at half the cost. In the case
of other earthen materials with similar properties, such as adobe, this solution is almost
30% cheaper. This shows that improving the properties of CEBs with this type of additive
makes it possible to obtain an interesting solution from a construction, environmental and
economic point of view.

5. Conclusions

This research has sought to influence basic construction materials, especially those
mainly made of earth, such as compressed earth blocks. CEBs are an appropriate solu-
tion that takes advantage of local resources and contributes to environmental improve-
ment, promoting sustainability within the self-building ecosystem in areas with limited
resources. For this purpose, ad hoc equipment was manufactured to analyse types of
earth from four different locations in Ecuador and to produce and characterise CEBs with
stabilising additives.

• Firstly, empirical and laboratory tests were performed on the types of earth. Based
on the results of the granulometry, plasticity and Proctor tests, E_CM earth from the
Monay region, whose physical properties best met the standards, was selected.
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• Subsequently, CEBs were made with this earth, adding additives of natural origin (bio-
fibres) and others that are generally used in construction (lime or cement). Despite the
fact that the pressure was not very high, the proposed methodology made it possible
to manufacture and test panels of different compositions.

• The manufactured panels were mechanically characterised, obtaining the best results
for the cement-stabilised panels. The addition of cement improved the compressive
strength. The samples with 5% and 10% cement were the only ones that did not reach
the minimum resistance of 2 MPa determined by the regulations. The samples with
15% cement reached a strength of 2.02 MPa. Subsequently, increasing the cement
content to 20% improved the strength by 20%. Finally, the 25% cement reached the
highest compressive strength, 35% higher than the previous ones. This solution is the
most suitable from a structural engineering point of view.

• Among the rest of the non-cement samples, the one with the best results was sample
PF_03, composed of 5% glue and 5% ground reed. This solution is the most interesting
from an ecological point of view as it uses natural and environmentally friendly
additives. This solution is interesting for architectural applications with lower load
requirements, such as partitions or thin walls, and for consideration in seismic studies
due to its high elongation capacity.

• Based on these results, it was decided to carry out a detailed analysis of these two
samples using the digital image correlation technique. The DIC technique made it
possible to analyse the displacements and strains in the full field to determine the
mode of cracking, obtaining the ultimate strain at the instant prior to failure. Peak
strain analysis determined a more homogeneous behaviour for the cement-stabilised
samples (PF_06), with a peak strain value of 3.0‰ for a maximum load of 3.3 MPa,
while for the samples stabilised with bio-fibres (PF_03), the peak strain was higher,
with a value of 5.4‰ for a maximum load of 0.7 MPa.

• Finally, economic analysis was carried out to study the feasibility of manufacturing
the panels and their use in housing construction. This analysis showed that CEB is
an economically suitable solution, as it allows considerable savings in unit costs per
m2 of panel. The cost of a house with the Sandino construction system and this type
of panel is 32% lower than the cost of using masonry blocks, 38% lower than using
adobe and 94% lower than using conventional bricks.

For both of the panels that comply with the regulations and those that incorporate
bio-fibres, the work yielded promising results for the earthen architecture sector, which
encourages the continuation of this line of research. In particular, bio-fibre-stabilised
panels are interesting from a sustainability point of view, which positions earthen materials
as a strong candidate for architecture and construction in the 21st century, where better
use of resources is required to support the principles of a circular economy and cleaner
construction. The main challenge is to achieve a strength equal to or greater than that of
cement-stabilised panels. In such a case, the high cement content could be replaced by
cleaner stabilisers, such as lime. Future work will focus on improving and increasing some
parameters, such as pressure, during the pressing process to ensure the stabilisation and
compaction of the panels. In addition, the use of other additives to stabilise the panels and
improve the compressive strength will be investigated. Finally, it is intended to investigate
the behaviour of different types of earth in depth, considering the variability of behaviour
due to the geographical component, so that the manufacture of CEBs can be adapted to the
origin of the earth.
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