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Abstract: In the context of sustainable building development, Compressed Earth Blocks (CEBs) have
garnered increasing attention in recent years owing to their minimal environmental and economic
impact. However, owing to the inherent diversity of raw soil and the production process’s reliance
on expertise, the properties of these blocks are subjected to multifaceted influences. Among these,
the significance of soil particle size variation often remains overlooked, leaving its impact ambiguous.
This study endeavours to address this gap in existing research by delving into this aspect. Two
distinct batches of CEBs were produced by adjusting the grain size curve of a single type of sieved soil
with different maximum mesh openings: 2 mm for R1 CEBs and 12.5 mm for R2 CEBs. Experimental
results reveal significant differences in thermophysical characteristics: on average, R1 blocks show
superior thermal performance, boasting a 23% reduction in thermal conductivity compared to R2
blocks, and are lighter, with an 8% decrease in dry bulk density. Although no significant changes in
mechanical parameters were observed, finer-structured R1 blocks showed a 25% greater tendency to
absorb water due to changes in their porous structure. This study sheds light on the sensitivity of
thermal parameters to changes in soil particle size and shows that blocks with finer particles exhibit
poorer heat conduction and heat diffusion. Besides providing new insights into the literature, this
research also provides a strategic approach to optimise the thermophysical properties of CEBs. By
understanding the influence of particle size, researchers and practitioners can now develop strategies
to enhance these properties and improve the overall performance of CEBs.

Keywords: particle size effect; soil texture; compressed earth blocks; thermophysical properties;
mechanical properties; durability properties

1. Introduction

In the context of the paradigm shift imposed by the climate crisis, the earth as a
building material is gaining significant attention. It has proven to have a lower potential
environmental impact with reduced CO, emissions [1] and decreased life cycle economic
costs when compared to conventional building solutions. In addition to the environmental
and economic benefits, the earth is an optimal candidate when it comes to energy efficiency
due to its high thermal capacity that, if adequately combined with passive design strategies,
including natural ventilation [2,3], can result in a comfortable indoor environment with
very low energy consumption. Finally, its hygroscopic behaviour allows earthen structures
to guarantee high levels of indoor air quality and healthfulness [4].

Compressed Earth Blocks (CEBs) are unfired masonry blocks made by mixing soil and
water, a binder if necessary, and then compressed into blocks with a manual or hydraulic
press. For this reason, they are considered the evolution of traditional adobe [5]. In modern
applications, they could replace, for example, fired clay bricks or concrete blocks, the
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production of which involves high energy consumption. However, modern applications
require building materials to meet specific functional requirements. Despite the advantages
listed above and the long tradition of earthen construction, many aspects related to the
functional performance of these blocks are still unclear. This is especially the case with
hygrothermal performance. In fact, while the numerous studies on mechanical aspects
make it possible to affirm that the compressive strength of soil samples varies approximately
between 1 and 2 MPa, the same cannot be said of thermo-hygrometric parameters [6]. The
data available in this area are much less and more scattered. Although an inverse linear
correlation with bulk density is attributed to the thermal response [7], this has not yet been
established with a reasonable degree of certainty. Indeed, it depends on many factors and
the inherent variability of soils in nature, combined with the lack of experimental data,
makes their characteristics unpredictable.

When evaluating the performance of the material, the influence of particle size is an
aspect that is often overlooked [8]. Some studies addressed this aspect in compacted earth-
based materials (e.g., hyper-compacted earth [8,9] or cement-stabilised soil cylinders [10]),
but they tend to focus on (hygro-) mechanical or durability aspects. Such investigations
reveal that finer-textured soils exhibit superior strength and durability than coarser soils.
However, there is a gap in evaluating thermophysical attributes such as thermal conduc-
tivity and thermal capacity. Understanding these properties is crucial for assessing and
optimising energy efficiency and overall thermal performance at the building scale. To the
authors’ best knowledge, there is only a study from 2019 [11] involving cement-stabilised
rammed earth walls that found that grading differences can bring variations in the R-value.
To study these grading differences, the authors of this research created a range of three
subsoils by mixing a selection of gravel, sand, and silty clay in different proportions. The
problem under consideration is also particularly interesting from a practical point of view.
When it comes to earth as a building material, the natural soil grain distribution is often
amended to obtain new, well-graded soil with desired characteristics. This is to guarantee
the homogeneity of the mixture, which is essential to ensure a good porosity and porous
structure, as well as stability. The addition of sand is the most common example, as it
allows for better water permeability in the case of clayey soils [8,9]. On the contrary, sandy
soils may lack cohesion and be weak or unstable [12]. In these cases, the addition of mineral
stabilisers (lime or cement) is common [13]. Alternatively, soils can be collected from
various sites [10]. Other less conventional approaches found in the literature are (i) the ad-
dition of lime-cement blend [13], (ii) the reduction of clay and silt content via washing [14],
and (iii) the addition of a mix of river sand and construction and demolition waste [15].
These studies investigate the effect of grain size curve corrections on the quality of the
newly obtained soils, mainly through mechanical and durability tests. However, these
corrections bring microstructural, mineralogical and, more generally, physical changes,
which inevitably interfere with the thermo-hygrometric attributes.

Aim of the Study

This study aims to explore the influence of maximum soil particle size on the properties
of CEBs. The blocks under investigation were produced by a company in southern Portugal
that specialised in earthen construction. From the natural soil, two different batches of
blocks were obtained by sieving it with different maximum mesh openings: 2 mm for
R1 CEBs (fine texture) and 12.5 mm for R2 CEBs (coarse texture). The grain size curve
corresponding to the first case (R1) conforms to the grain size curve recommended by
CRAterre [16], while the second (R2) represents the gradation of the soil typically used
by the company that produced the blocks. This approach allowed the variable under
investigation to be isolated, avoiding the introduction of new variables due to the addition
of different materials to correct the grain-size curve.
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2. Materials and Methods

The manufacturing company supplied all the raw materials: soil, water, and hydraulic
lime used for stabilisation. The soil was characterised in the laboratory, where all the main
geotechnical and physical investigations were performed. The results of the characterisation
are reported in the following section. No detailed analyses were performed on the other
materials. However, the water used was tap water, and the hydraulic lime was a commercial
product, NHL5 type.

2.1. Soil Characterisation

The characterisation of soil was performed through the main geotechnical and physical
analyses: Particle Size Distribution (PSD), Atterberg limits, particle density, Optimum
Water Content (OWC), sand equivalent test, blue methylene test and organic matter content.
Differential Scanning Calorimetry (DSC) was used to estimate the specific heat.

The granulometric curve (Figure 1) shows a well-graded natural soil (black line)
with an adequate clay content (~6.50%) for the production of CEBs. The only correction
needed was related to the exclusion of the coarse gravel fraction (20-63 mm) [17]. The
graph also shows the PSD curves of the two soils under investigation: (i) R1 Soil, with a
maximum particle size < 2.0 mm, and (ii) R2 Soil, with a maximum particle size < 12.5 mm.
Furthermore, the graph provides the upper and lower limits of particle size distribution
recommended by CRAterre [16].
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Figure 1. Particle size distribution curves.

Table 1 summarises soil characteristics, along with test methods and standard proce-
dures followed.
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Table 1. Physical and geotechnical characteristics of the soil used.
R1 Soil R2 Soil
(<2.0 mm) (<12.5 mm) Test Methods Standards
Consistency limits 1 wri, = 29.5%, wp = 18.5%, IP = 11% Atterberg limits NP-143 [18]
Particle density 1 2.71¢g/ cm? Pycnometer test NP-83 [19]
Specific heat (at 26.85 °C) 12 883.93]/kg°C Diff. Scan. Calorim. ASTM E1269 [20]
. . 3 3
Maximum dry density 1.97 g/cm 2.01 g/ 0cm Proctor test £ 197 (1966) [21]

Optimum water content 12.2 Y% 12.0 Yo

Sand content

15.34 Y% 18.80 Y% Sand equivalent test NP EN933-8 (2002) [22]

Activity of clay minerals 0.57 mg/g 0.67 mg/g  Blue methylene test NP EN933-9 (2002) [23]

Organic content

3.90 % 3.50 % Loss on ignition test ASTM D2974 [24]

1 This test was performed only once for both soils as it is standardised for a maximum particle size equal to 4.75
mm. 2 Due to the apparatus’s calibration, it was impossible to get reliable measurements at 20 °C.

Based on these results, both soils can be classified as “sandy and silty” [25]. The
Atterberg limits fall within the range recommended by the well-known review article
by Delgado and Guerrero [17], i.e., 25-51% for the liquid limit (w) and 2-31% for the
plasticity index (IP). From a geotechnical and physical point of view, the soils obtained—
also considering the mild stabilisation with hydraulic lime—are suitable for CEB production.
The appearance of the two derived soils is reported in Figure 2.

(b)

Figure 2. (a) Appearance of R1 soil (maximum particle size < 2 mm), and (b) appearance of R2 soil

(maximum particle size < 12.5 mm).

2.2. Compressed Earth Blocks Production and Curing

The two soils were used to produce different batches of blocks: (i) fine-textured R1
CEBs (<2 mm) and coarse-textured R2 CEBs (<12.5 mm). Both batches underwent an
identical production process. The mixtures were designed on a volumetric basis. The
mixing process was executed manually, combining soil, water, and 5% volume of hydraulic
lime for stabilisation. Initially, soil and lime were mixed dry to ensure a uniform distribution
of the stabiliser. Water was gradually added until the desired consistency specified by
the manufacturer was achieved. The resulting mixture was then placed in a single ram
hydraulic press (Eco Maquinas, Sao Domingos, Brazil—Eco Master 7000 Turbo II) to create
blocks with standard dimensions of 300 mm x 150 mm x 80 mm (Figure 3). Please note
that the blocks may vary in thickness by =7 mm.

The produced blocks were subsequently stored in a sheltered area, covered with plastic
sheets, and left to air dry. During the first week, they were hydrated twice a day to aid the
maturation process. The blocks were tested at the age of 28 and 180 days.
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Figure 3. Freshly compressed earth blocks (R1 type).

2.3. Compressed Earth Blocks Characterisation

This study employs a comprehensive array of testing methods, including both de-
structive and non-destructive approaches, alongside analytical formulations, to thoroughly
characterise the main physical, thermal, mechanical and durability properties of the blocks.
Each test was conducted on three CEBs. The 180-day compression tests were instead
conducted on six blocks. Thirty-six samples were analysed from each batch of CEBs (R1
and R2), eighteen of each age, resulting in a total of seventy-two blocks examined.

2.3.1. Bulk Density, Open Porosity, and Moisture Content

All the blocks were characterised geometrically, and their mass was measured at
their natural moisture content. The bulk density 7y was then measured using Equation (1),
Table 2. Blocks were kept at the same temperature and humidity conditions throughout the
experimental campaign. The dry bulk density v, was obtained by measuring the dry mass
of blocks dried in an oven at 40 &= 5 °C to a constant mass. From here, the open porosity ¢
and moisture content w were estimated according to Equations (2) and (3).

Table 2. Physical attributes considered.

Characteristics Equations Units Symbols
Bulk density v =m/V 1) [kg/ m3] m and V are the mass and the volume of the block
. o o 74 is the dry bulk density, s and is the soil particle
Open porosity @=1—(v4/vs) 2) [%] density (Table 1)

Natural moisture content

7 is the bulk density at the natural moisture

w ==y ®) %l content, <, is the dry bulk density

2.3.2. Thermal Resistance, Conductivity, and Diffusivity

The thermal resistance was measured under steady-state conditions using the guarded
hot box method, according to ASTM C1363-11:2011 [26] and ISO 9869-1:2014 [27]. Each
block was placed between two sensors in a temperature-controlled enclosure, while a
known temperature difference was applied between the two block faces. The sensors
measured the heat flux passing through, and the R-value is estimated through Equation (4),
Table 3. Steady-state conditions are assumed to be verified when the percentage change
in heat flux throughout the sample is <5% at 24-h intervals and after a minimum of
72 h of testing. A more detailed description of the test setup and method can be found
in [28]. Thermal conductivity and diffusivity were then deduced analytically according to
Equations (5) and (6).



Appl. Sci. 2024, 14, 1779

6 of 20

Table 3. Thermal attributes considered.

Characteristics Equations Units Symbols
Thermal resistance R=AT/q @) [m2K /W] AT is the temperature difference, and g is the
heat flux
Thermal conductivity A = dR 5) [W/mK] d is the thickness of the rr}aterlal, and R is the
thermal resistance
Thermal diffusivity & = My Cy) ©) [m2/s] A is the dry-state thermal conductivity, -y is the bulk

density, and C, is the specific heat (see Table 1)

2.3.3. Compressive Strength, E-Modulus and UPV

The compressive strength was estimated through uniaxial and unconfined compres-
sion tests on the blocks, according to NP EN 772-1 [29]. A rubber sheet was placed to cover
the surface of the block to mitigate possible friction with the load plate due to the difference
in stiffness between the steel and the earth block. The blocks were tested in a flat position in
displacement control at a speed of 0.5 mm/s (Figure 4a). The ultimate compressive strength
was estimated through Equation (7), Table 4. The E-Modulus, or modulus of elasticity, was
derived from the compression test as the ratio of stress to strain in the linear elastic region
of the stress-strain curve (Equation (8)).

(b)

Figure 4. Mechanical tests: (a) compression test and (b) three-point bending test on R2 CEB specimen.

Table 4. Mechanical attributes considered.

Characteristics Equations Units Symbols
Ultimate compressive _ F is the maximum load achieved before rupture,
strength e =F/A @) [MPa] and A is the contact area
E-Modulus E= o/e 8) [MPa] o and ¢ are stress and strain of the elastic section
Ultrasound Pulse Velocity UPV = L)t ©) [m/s] L is the distance between the transducers

Ultimate flexural strength

considered, and ¢ is the time
F is the maximum load achieved before rupture, L
op = 3FL/2bd? (10) [MPa] is the support span, and b and d are the block’s
width and thickness, respectively

Prior to the compression test, the ultrasonic pulse velocity (UPV) test method was
performed on selected blocks in accordance with NP EN 12504-4 [30]. This non-destructive
method consists of measuring the time in which an ultrasonic pulse propagates in the
medium under consideration (Equation (9)). The UPV was measured six times on each
block to check whether there was a relationship between the physical and mechanical
parameters considered. A Portable Ultrasonic Non-destructive Digital Indicating Tester
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(Proceq PUNDIT Lab) was used. A coupling gel was used to ensure better contact between
the surface of the blocks and the transducers. According to [31,32], 54 kHz was used as the
appropriate emission frequency for earthen blocks.

2.3.4. Flexural Strength

The flexural strength was estimated through the three-point bending test (Figure 4b).
The blocks were placed on two-point support with a 200 mm span. The load was applied
to the centre of the upper surface in displacement control at 0.005 mm/s. The ultimate
strength was then calculated as Equation (10), Table 4.

2.3.5. Water Absorption by Capillarity and Electrical Resistivity Test

The LNEC E 393 [33] procedure was adapted to measure the capillary water absorp-
tion. Oven-dried blocks were placed sideways in a plastic box with a thin layer of water
(5 £ 1 mm). At specific time intervals, the change in weight and height (in centimetres)
of the capillary rise of water was measured. The capillarity coefficients were estimated
through Equation (11), Table 5. After the test, the electrical resistivity was measured on
saturated blocks. This non-destructive test consists of passing an electrical current and
measuring the resulting voltage drop. A ResipodProceq equipment was used in this study
(Figure 5a). The electrical resistivity is calculated using Ohm’s law (Equation (12)).

Table 5. Durability attributes considered.

Characteristics Equations Units Symbols
mg is the mass of the block before immersion in
Water absorptionby _ _ 0 . water, 1 is the mass of the block after immersion
capillarity Cp=(m —mo)Ayt (1) [g/(cm?/min)] in water, A is the contact area, and ¢ is the

Electrical resistivity

Water absorptionby total
immersion

Erodibility index

immersion time

p=V/ (12) [kQcem] V is the voltage, and I is the current
W= (my — my is the dry mass of the specimen, m; is the
~ (13) [%] saturated mass of the specimen in the air, and m;

mo)fmy = m3) is the hydrostatic mass of the saturated specimen

d is the thickness of the block, and ¢ is the time

D=dj (14) [mm /hr] taken for full penetration

(b)

Figure 5. Durability tests: (a) CEBs after saturation during electrical resistivity measurement, (b) total

water immersion and (c) erosion test setup.

2.3.6. Water Absorption by Total Immersion

The total water absorption by immersion was measured by adapting from LNEC E
394 [34]. The oven-dried blocks were placed in a plastic box and immersed in water at
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20 + 3 °C (Figure 5b). The mass change was measured at regular intervals, and the
percentage of absorption was calculated according to Equation (13), Table 5.

2.3.7. Erodibility Index

The erodibility index was assessed through the accelerated erosion test, or pressure
spray method, according to NZS 4298 [35]. The test consists of spraying high-pressure
water (45 kPa) on the upper face of the specimen placed on a support with an inclination of
30°. The test lasts one hour or until the block is penetrated (Figure 5¢). The depth of erosion
calculated according to Equation (14), Table 5, is the criterion for defining the erodibility
index on a scale from 1 to 5, from a slightly erodible sample to a disintegrated sample.

3. Results and Discussion
3.1. Bulk Density, Open Porosity, and Natural Moisture Content

The bulk density of R1 blocks is lower than that of R2 blocks, on average 8%. The
former are in the 1650-1800 kg/m? range, while the latter are in the 1800-1950 kg/m?
range, as shown in Figure 6. Note the presence of two possible outliers around 2000 kg/m?3.

2050 . . : . . T T . T
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|
£ 1000 P .
2 LI
> B god o v
= L u] [ | b _
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Figure 6. Differences in thickness and bulk density due to particle size effect.

In general, fine-grained soils allow for a closer arrangement of particles when subjected
to the same degree of compression. This greater compaction capacity is evident when
examining the thickness of R1 blocks (77 £ 2.25 mm), which is systematically lower than
that of R2 blocks (82 £ 3.36 mm). On the other hand, a more packed structure has reduced
void spaces, resulting in a denser configuration [36,37]. The results of this study do not
support this theory despite the fact that soil R1 has a heavier, fine-grained fraction than
soil R2. Possibly, in the soil under investigation, the removal of particles larger than 2 mm
resulted in the removal of a group of coarser, heavier particles and the reconfiguration of
the granule-porous structure [38].

Open porosity was estimated at 36% for R1 blocks and 32% for R2 blocks. Therefore,
the less dense blocks are also more porous (this result was further confirmed by the results
of water absorption and electrical resistivity presented later).

The natural moisture content was different at 28 and 180 days. At 28 days, both
mixtures showed an average moisture content of 1.40%, with a high coefficient of variations
(45%). At 180 days, typical values were 0.80% for R1 CEBs and 0.60% for R2 CEBs. The latter
values fall within the common range of humidity (0.50 to 5% [39]). The higher moisture
content detected in R1 blocks was expected, as finer particles tend to retain water more
easily than coarser ones [40].
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3.2. Thermal Resistance, Conductivity, and Diffusivity

From the point of view of a building material, experimental results show that finer-
grained blocks (R1) exhibited better thermal performance than coarser-grained blocks (R2).
R1 CEBs showed a 30% increase in thermal resistance compared to R2 CEBs due to the sole
effect of different maximum particle sizes. A substantial reduction in thermal conductivity
and diffusivity, by 23% and 17% respectively, is noticeable. Table 6 summarises the results
obtained per mixture and age.

Table 6. Thermal attributes of R1 (finer-grained) and R2 (coarser-grained) CEBs 1

R1 CEBs R2 CEBs
Yd R-Value A o Yd R-Value A o
[kg/m3] [m2K/W] [W/mK] [m2/s] [kg/m3] [m2K/W] [W/mK] [m%/s]
-7 -7
680,16 4 0302 + 0501 + 3'i7zx5gox 1830.98 + 0232 + 0.653 + 4'24;561(;
Bdays 420w 0.023 0.039 o 3121 0.010 0.030 o
(7.65%) (7.72%) 7.46%) (1.70%) (4.31%) (4.66%) (633%)
-7 -7
1733.67 + 0.299 + 0.505 + 3‘19;761(; 1849.50 + 0231 + 0.650 + 3'191X7210X
180 days 15.64 0.026 0.045 o8 475 (0.26%) 0.010 0.027 1028
(0.90%) (8.55%) (8.90%) 3.37%) (4.13%) (4.11%) 432%)

1 This table shows the average data with its standard deviation and, in brackets, the coefficient of variation.

The results suggest that the size of the maximum soil particles can significantly in-
fluence the thermophysical properties of CEBs. To study the problem and isolate the
considered variable, other important factors were kept constant. These are:

e  Soil particle mineralogy—the sieving strategy adopted to modify the grain size curve
of the natural soil made it possible not to alter its mineralogy. Alternatively, sand
should have been added. Considering that quartz, the most common constituent
of sand can have three times higher the thermal conductivity of clay minerals, i.e.,
8.80 W/mK vs. 3.0 W/mK [41], it is reasonable to suspect that, when this element
is added to alter the PSD of the soil, the thermal response will inevitably be altered
as well.

e  Degree of compaction—the applied pressure can significantly affect particle pack-
ing and the overall heat and mass transfer mechanisms [9,42,43]. In this study, the
degree of compaction was kept constant as the blocks underwent the exact same
manufacturing process.

e  Moisture content—thermal results presented refer to a dry-reached state. It is generally
acknowledged that moisture content has a great influence on the thermal attributes of
a hygroscopic material such as soil. However, the extent of this influence has not been
conclusively established [4]. Consequently, when presenting thermal parameters, it
is common to refer to dry-state conditions to avoid excessive fluctuations in results
and to establish a baseline. Indeed, depending on the degree of saturation, water
menisci between soil particles act as bridges for heat transfer. A study from 2015 [38]
showed that thermal conductivity was lower in fine sands than in coarse ones under
dry conditions but higher in fine sands than in coarser ones at low moisture content.

Considering the above, the increase in thermal resistance can be attributed to finer
particles in R1 CEBs. This resistance is due to the more numerous contact zones between
smaller grains, which, when filled with air, offer greater resistance to heat flow [38,44]. In
fact, finer particles make the surface area of a given portion of material larger than the same
portion composed of coarser particles. In the former case, the contact areas increase, and
the heat flow encounters more dispersion points. The mechanism is presented in Figure 7.
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Figure 7. Simplified heat transfer mechanism in dry conditions: finer-grained soils (left) have a
greater surface area than coarser-grained soils (right). In the former case, the more contact points
dampen the heat flow to a greater extent.

The estimated thermal characteristics fall within the intervals reported in the literature.
Thermal conductivity values for unfired stabilised CEBs generally range between 0.40 and
1.20 W/mK, heat capacity between 870 and 1180 ] /kgK, and thermal diffusivity between
3.02 x 107 and 4.82 x 10~7 m?2/s [39,45]. Consistent with previous studies on earth-based
building materials [7,46-50], the observed trend is a decrease in thermal conductivity in
blocks with lower bulk density (Figure 8).
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Figure 8. Bulk density vs. thermal conductivity of the two batches of CEBs at both ages.

It can be stated that less dense blocks generally have a higher porosity. In dry condi-
tions, air-filled porosity reduces the thermal conductivity of the blocks due to the inherently
low thermal conductivity of air. Therefore, dry density and porosity considerably affect dry
soils” conductivity, as heat transfer only depends on the physical contact between the soil
particles [38]. Although, in this case, one can refer to an inverse linear relationship, as soon
as an increase in humidity is considered, thermal conductivity increases in a non-purely
linear trend [41].

Neglecting the water component may have led to an underestimation of the results.
The evaluation of effective thermal parameters is still a challenge in soil science. Con-
sidering the discussion presented so far, future studies will be focused on modelling the
effective thermal parameters of blocks and conducting parametric analyses on wall systems,
considering the standard variations in the moisture content.
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3.3. Compressive Strength, E-Modulus and UPV

Table 7 shows the results obtained from the compression tests performed directly on
blocks. Unlike more conventional cubic or cylindrical samples, this is a common practice
in CEBs, notwithstanding the lack of standardised aspect ratio correction factors, and this
leads to an effective strength overestimation [51]. The displacement control has been chosen
instead for better control of the failure pattern.

Table 7. Compression test and UPV test results !

R1 CEBs R2 CEBs
Y O E-Modulus UPVv Y O E-Modulus
[kg/m?] [MPal [MPal [m/s] [kg/m?] [MPal Mpa UV Im/s]
172047 £ 254 + 033 55.65 £ 1018.65 £ 1945.79 £ 297 +0.34 53.61 + 1004.57 £
28 days 14.50 (13.01%) 21.22 104.83 42.05 (15.00%) 1.69 (3.15%) 87.21
(0.84%) s (38.13%) (10.29%) (2.16%) e DI (8.68%)
1727.49 + 178 4 011 40.46 + 974.71 £ 1848.36 + 203 + 023 4621 + 1113.33 £
180 days 15.47 (6.42%) 212 28.15 10.66 (11.49%) 1.86 (4.02%) 63.46
(0.90%) e (5.25%) (2.89%) (0.58%) e SR AR (5.70%)
1 This table shows the average data with its standard deviation and, in brackets, the coefficient of variation.
From the results obtained, the expected linear relationship between bulk density and
compressive strength was not found [7]. Nevertheless, compressive strength values align in
an almost constant range (1.5-3 MPa), as shown in Figure 9a. The elastic modulus indicates
that both batches of blocks are stiffer at 180 days. As for the UPV test results, Figure 9b
shows the data collected.
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Figure 9. (a) Bulk density vs. compressive strength; (b) Bulk density vs. UPV.

Interestingly, the data show that the compressive strength of both batches of blocks
decreases slightly from 28 to 180 days, especially in finer-textured R1 CEBs. In fact, at
180 days, R1 CEBs exhibit 30% lower strength than at 28 days, and CEB R2 is 11% lower.
It should be noted that the coefficients of variation of the 28-day results are higher than
those at 180 days. Moreover, the values do not show a well-defined trend. This result could,
therefore, be attributed to a mere dispersion in the data. However, specific studies need
to be carried out to ascertain whether this was an actual degradation of bond strengths,
especially in the finer-grained CEBs, and the reasons behind it.

Concerning the results of the UPV test, in both mixtures, at 28 days, the results were not
indicative. They fell in the same range and were practically superimposable. At 180 days,
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however, the propagation speed was higher in R2 blocks (denser, less porous, but also less
humid) and lower in R1 blocks (less dense, more porous, and more humid), as predicted by
theory (in theory, the ultrasonic pulse should propagate faster in denser media. The pores,
in fact, tend to obstruct the path of the wave). The results obtained could be attributed
to the moisture content, which, let us recall, at 28 days in both batches was 1.40% and at
180 days in the R1 blocks was 0.80% and in the R2 blocks 0.60%. However, further studies
are needed to confirm this hypothesis. To the best of the authors” knowledge, the few
studies available on the subject have found a direct relationship between wave propagation
speed and compressive strength [32,52,53]. According to this, faster waves correspond to
denser and, in general, more resistant media. Idder et al. [54] refer to an inverse correlation
between porosity and UPV, like the fact that as porosity increases, density decreases and
with-it resistance. Teixeira et al. [28] agree with the common assumption that faster waves
are related to denser blocks. However, it is difficult to place the results obtained in a broader,
generalised context. Therefore, the sought-after correspondence between the mentioned
properties was not found. Further studies and experimental data are certainly needed to
verify this relationship and validate any correlations to bridge this gap.

3.4. Flexural Strength

Flexural strength is commonly used to measure tensile strength indirectly [55]. The
use of this kind of test is important for two main reasons: (i) the setup is easy and quick to
perform even in situ for block quality control; (ii) it provides insights for comparing simple
mixtures with fibre-reinforced mixtures. Table 8 shows the experimental results obtained
from the three-point bending test.

Table 8. Three-point bending test results !.

R1 CEBs R2 CEBs

v [kg/m3] o¢ [MPa] v [kg/m3] o¢ [Mpal

28 days
180 days

1737.45 £ 18.53 (1.07%) 0.25 £ 0.014 (5.59%) 1944.29 + 44.92 (2.32%) 0.21 4 0.008 (3.66%)
1730.14 £ 20.32 (1.17%) 0.25 £ 0.030 (11.92%) 1859.05 £ 7.92 (0.43%) 0.22 £ 0.019 (8.41%)

I This table shows the average data with its standard deviation and, in brackets, the coefficient of variation.

Less-dense R1 CEBs exhibited a slightly higher bending strength (Figure 10). However,
the two parameters do not have a clear, direct relationship, and the difference between the
two mixtures is not significant.
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Figure 10. Bulk density vs. flexural strength.
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3.5. Water Absorption by Capillarity and Electrical Resistivity

The grams of water absorbed by capillarity are proportional to the square root of
time [45]. The graph in Figure 11 shows this relationship, averaging the results obtained in
the three samples tested per mixture.
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Figure 11. Evolution of the water absorbed per unit of surface area with the square root of time.

After 10 min, the water absorbed per unit area by the two mixtures is virtually identical.
The greater slope of the initial section indicates that water absorption by capillarity is faster
in the first few minutes [45]. Only later does it become less important, and a reduction in
the slope curves can be observed. This is particularly evident in R2 CEBs, indicating their
lower water absorption capacity. For a more immediate comparison, a single value can be
obtained by considering the angular coefficient of the straight line passing between the
capillarity coefficients at 10 min and 5 h [45]. This number, denoted as Cp, along with the
dry bulk density (7,) and the electrical resistivity (o) measured at the end of the capillarity
test on saturated blocks, is reported in Table 9.

Table 9. Water absorption by capillarity test results '.

R1 CEBs R2 CEBs
Yd o P Yd Co P
[kg/m3] [g/(cm? /min)] [kQcm] [kg/m3] [g/(cm? /min)] [kQcm]
28 davs 1716.65 £ 11.80 0.191 £ 0.018 1.06 £ 0.04 1847.66 £ 20.37 0.094 £ 0.037 1.44 £+ 0.08
y (0.69%) (9.16%) (3.65%) (1.10%) (39.48%) (5.81%)
180 da 1718.14 £9.21 0.200 + 0.012 1.27 £ 0.06 1830.52 £17.73 0.147 £ 0.037 1.57 £0.15
¥s (0.54%) (6.04%) (4.56%) (0.97%) (25.40%) (9.75%)

1 This table shows the average data with its standard deviation and, in brackets, the coefficient of variation.

Results confirm that finer-grained blocks absorb more water than coarser-grained ones.
However, the results of the latter are more dispersed (Figure 12a). The results also show
some correspondence with the electrical resistivity (Figure 12b).
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Figure 12. (a) Open porosity vs. capillarity coefficient; (b) Open porosity vs. electrical resistivity.

0.45 0.5

In porous media such as soil, the electrical resistivity can depend on factors such as
the nature of the constituents, porous structure, degree of saturation, salt concentration
and temperature [56]. In general, higher resistivity values indicate a lower electrical
conductivity, which can be an indication of denser and more compacted material. In this
study, besides the porous structure, the other listed variables can be neglected as they were
kept constant. Therefore, the results obtained can be attributed to the effect of particle size.

3.6. Water Absorption by Total Immersion

During this test, although mass gain was measured at regular intervals, many blocks
broke before an hour. This was due to the very small amount of stabiliser. In this regard, let
us recall that only 5% by volume of hydraulic lime was used for stabilisation. After fifteen
minutes, most of the blocks (of both ages) had, in fact, reached saturation and disintegrated.
Some R1 blocks, cured for 180 days, withstood the 30- and 45-min measurements but could
not be considered valid due to the large amount of mass lost. As a rule of thumb, according
to the literature [57], samples disintegrate if more than 15% water is absorbed. For the sake
of comparison, Table 10 reports the percentages of water absorbed after fifteen minutes
of testing.

Table 10. Total water absorption test results !.

R1 CEBs

R2 CEBs

Wis

Yd
[kg/m®] [%]

Wiz
[%]

Yd
[kg/m®]

28 days
180 days

1735.81 £ 5.18 (0.30%)
1686.72 £ 33.42 (1.98%)

20.22 + 1.83 (9.06%)
20.32 £ 6.53 (32.17%)

1890.74 £ 15.93 (0.84%)
1837.39 £ 21.53 (1.17%)

15.34 £ 1.91 (12.45%)
15.70 £ 4.43 (28.25%)

1 This table shows the average data with its standard deviation and, in brackets, the coefficient of variation.

The trend observed in the results is consistent between the two mixtures at both
ages. In the first fifteen minutes, finer-textured R1 CEBs absorbed more water than coarse-
textured R2 CEBs: 24.13% more at 28 days and 22.74% at 180 days (Figure 13). This
observation emphasises the role of particle grading in the physical properties of CEBs.
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Figure 13. Water absorbed by total immersion after 15 min.

3.7. Erodibility Index

According to New Zealand’s Standard 4298 [35], erosion is the set of physical and
chemical processes by which earthen construction materials wear away. It includes the
processes of ageing and mechanical wear, simulated here through the pressure spray
erosion test. The results of the test are summarised in Table 11.

Table 11. Spray erosion test results !

R1 CEBs R2 CEBs
Rate of Erosion Erodibility Y Rate of Erosion Erodibility
[mm/min] Index [kg/m3] [mm/min] Index
1717.65 + 21.15 5.18 4 0.08 . 1821.61 +9.49 571+ 0.10 .
28 days (1.54%) 5 (test failed) (0.52%) (1.75%) 5 (test failed)

1 This table shows the average data with its standard deviation and, in brackets, the coefficient of variation.

None of the mixtures passed the test. Although R1 CEBs exhibited a slightly lower
erosion rate (10%), the results can still be considered comparable and were quite high. The
pressure erosion test is considered by many to be an aggressive test that does not reproduce
realistic atmospheric conditions [57]. However, according to [58], it can still be a good
indicator of the material’s resistance to wind-driven rain. In this study;, it did not provide
usable results because the blocks were disintegrated by the water after only a few minutes
(Figure 14). Therefore, it was decided not to repeat it at 180 days.

v

Figure 14. Condition of the blocks after spray erosion test.
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3.8. Overview and Final Remarks

For ease of comparison, Table 12 provides an overview of the main physical, thermal,
mechanical, and durability properties of the two batches of CEBs investigated in this study
at the two ages of 28 and 180 days.

Table 12. Overview of the results obtained at 28 and 180 days.

Physical Thermal Mechanical Durability
ID 2% (0] w R A o O E UPV3pem  Of Gy P Wi D
R1-28D 1.72 36 140 030 050 3.37 x 1077 2.54 55.65  1018.65  0.25 0.19 1.06 20 310.67
R2-28D 1.90 31 140 023 065 4.04x 1077 2.27 53.61  1004.57  0.21 0.09 1.44 15 342.67
R1-180D 1.73 37 079 030 050 329 x 1077 1.78 4046 97471 0.25 0.20 1.27 20 -
R2-180D 1.85 32 060 023 065 3.99x 1077 2.03 4621  1079.09  0.21 0.15 157 16 -

Units: v [g/ cm®]—bulk density; ¢ [%]—open porosity; w [%]—natural moisture content; R-value [m2K/W]—
thermal resistance; A [W/mK]—thermal conductivity; o [m?2/s]—thermal diffusivity; o. [MPa]—ultimate com-
pressive strength; E-Modulus [MPa]; UPV3y [m/s]—ultrasound pulse velocity; of [MPa]—ultimate flexural
strength; Cy, [g/ (cm? y/min)]—coefficient of capillarity absorption; p [kQcm]—electrical resistivity; Wys [%]—
water absorption by total immersion; D [mm/h]—rate of erosion.

In terms of physical attributes, blocks made from the finest soil (R1) have a lower bulk
density than coarse-grained ones (R2), and the estimated open porosity was higher. In fact,
these blocks absorbed more water during the water absorption tests, thus confirming the
result. The natural moisture content at 28 days was not distinguishable between the two
batches, which were probably still too humid. At 180 days, however, it was higher in the
finer-textured blocks, which retain more water, as expected.

From the point of view of a building material, superior thermal properties were
achieved in R1 blocks. Within the same volume, smaller soil particles have a larger surface
area and more contact points, which inhibit heat transfer to a greater extent. Finer-textured
R1 CEBs exhibited 23% higher thermal resistance, 30% lower thermal conductivity and
20% lower diffusivity than R2 CEBs. This result agrees with the literature that relates
lower density with lower thermal conductivity [7,49]. However, strategies involving the
addition or mixing of different materials in different proportions are usually used to vary
the density [49,50]. In the case of this study, the variations obtained can only be attributed
to the difference in maximum particle size. It would be interesting to confirm the results
with other types of soil.

Regarding mechanical and durability properties, the results in the current literature are
not confirmed. Blocks made from finer soil particles are not stronger or more durable [8-10].
However, results are not fully comparable as the mentioned studies either add sand or
reconstitute the soil, leading to a substantial change in the natural state of the soil.

In the present study—that is, in the context of the same soil quality—the mechanical
properties do not exhibit such an appreciable change due to the particle size effect. The data
are scattered, but all fall within a similar range. At 28 days, R1 CEBs were slightly stronger
than R2 CEBs (compressive strength 12% higher). In contrast, at 180 days, the compressive
strength of R1 blocks was 14% lower than that of R2 blocks. The inverse relationship of
physical attributes with mechanical strength was not verified.

The possibility of using UPV as a quick, non-destructive, and inexpensive tool to
assess the quality of the blocks was also evaluated. At 28 days, the results obtained
were not significantly different between the two mixtures. This might also be due to
the higher moisture content. At 180 days, the ultrasonic pulse propagated faster in the
denser R2 blocks, confirming the hypothesis of higher porosity in the R1 blocks. The
UPV values showed no correspondence with mechanical parameters such as compressive
strength or elastic modulus. Finally, at both ages, R1 CEBs showed slightly higher flexural
strength than R2 CEBs. However, also considering the coefficients of variation, the results
are superimposable.

The evaluation of durability aspects is based on three types of disintegrative mecha-
nisms. It must be remembered that all existing test methods suffer from limitations related
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to the nature of the material and may not reproduce actual conditions. Properly laid,
sheltered, and plastered blocks—at least for exterior walls—are hardly exposed to extreme
conditions such as water sprays or total immersion. However, for scientific purposes, it is
of great interest to perform them. Beckett et al. [57] classified the capillary absorption test
as a long-term durability that can be used to assess durability under non-extreme condi-
tions. On the other hand, the total immersion and accelerated erosion tests are classified as
short-term tests to assess the effectiveness of stabilisers and, more likely, extreme events
rather than to predict the rate of erosion. Testing more than one disintegration mechanism
allows not to draw approximate and/or erroneous conclusions about the resistance of the
blocks to weathering [58].

In both water absorption tests, the finer-textured R1 blocks absorbed more water
than the coarser-textured R2 ones. The water absorption coefficient by capillarity was 51%
higher in R1 CEBs than R2 at 28 days and 26% higher in R1 CEBs than R2 at 180 days. After
15 min of soaking, R1 CEBs absorbed 24% more water than R2 at 28 days and 23% more
water than R2 CEBs at 180 days.

Due to the low stabilisation rate, the accelerated erosion test did not produce inter-
esting results. In fact, the blocks eroded at a very high rate in both mixtures and were
completely disintegrated after only a few minutes. No mechanism could be identified, so
the test was not repeated at 180 days.

4. Conclusions

This study provides a comprehensive overview of the influence of soil particle size on
the main properties of CEBs. Results show that particle size is a pivotal parameter with a
significant influence on the problem examined, especially regarding the thermophysical
attributes and water absorption capacity. Blocks made from finer soil (R1) exhibit lower
bulk density and higher thermal resistance than blocks with a coarser texture. On the
other hand, blocks made from coarser soil (R2) retain less water. No significant mechanical
strength changes were observed. The results of this study open pathways for further re-
search and practical applications in sustainable construction. Future studies should extend
the main findings presented to verify whether these apply as a rule across different soil
types. The relationship between moisture content and thermal attributes also requires
further exploration to gain a comprehensive understanding of the magnitude of the effect.
Confirmatory studies, in addition to providing new data to the literature, could help outline
new and more sustainable strategies to optimise the properties of CEBs and the use of natu-
ral resources. Building on this research, future perspectives include the study of innovative
techniques to improve the thermal performance of CEBs, such as incorporating additives
or modifying production processes. Furthermore, the exploration of potential synergies
between CEBs and other sustainable building materials could lead to the development of
integrated solutions for environmentally friendly building practices. Overall, continued
research in this area promises to advance the field of sustainable construction and address
the most pressing challenges of the built environment.
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