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ABSTRACT

Earthen building materials are attracting renewed interest due to the high cost of binder-based construction materials
such as cement. Added to this is the environmental pollution caused by their production. To reverse this trend, current
research efforts are focusing on developing and improving the mechanical properties of earth-based materials and
stabilizers, commonly referred to as eco-materials. Against this backdrop, we manufactured Guinea clay bricks using
the following formulations: clay + lime (5 % and 10 %), clay + fibers (0.25 %, 0.5 % and 0.75 %), and clay + lime + fibers
(ratios 8/0.35 % and 12/0.35 %), and studied their physical and mechanical properties after 14 and 28 days. The results
show an increase in the compressive and flexural strength of the bricks.

The formulation with the best performance was that with 12 % lime and 0.35 % fiber, with compressive and flexural
strength values of 9.14 MPa and 2.10 MPa, respectively, after 28 days of drying. This formulation is comparable to
mortar made with 9 % CEM [ 42.5 R cement, mixed with soil containing 30 % clay and silt, 40 % sand, and 30 % gravel,
with optimum moisture content and cured for 28 days, reaching 9.30 MPa. Our study shows that clay bricks with 5%
lime at 28 days are lighter in bending, with an apparent density of 1.8 g/cm3, compared to bricks obtained with the
other two formulations and those made of natural clay.
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1 INTRODUCTION

The construction of affordable housing in developing countries has become an urgent concern. The cost of cement, an
essential building material, remains high due to the considerable energy requirements associated with clinker
production. In addition, concern for the environment is crucial[1].

Bricks have always been one of the world's most common building materials, used in various forms for construction[2].
According to previous studies, 1,391 billion units of brick are consumed worldwide every year[3]. The production
process for traditional “fired” bricks releases large quantities of toxic gases into the air, in particular carbon dioxide,
resulting in environmental pollution[4],[5],[6].

It is estimated that over two billion people currently live in earthen dwellings, and around 10% of World Heritage
properties incorporate earthen structures[2].

Despite the technological developments of recent centuries, offering modern man a wide variety of building materials
such as concrete and steel, there is now a growing return to earthen construction in both developing and industrialized
countries[7].

With current global concerns about sustainable development, interest in natural building materials, such as unfired clay
materials, has increased|[8].

A comprehensive assessment of sustainable infrastructure development requires the consideration of various aspects,
ranging from environmental to economic factors. In fact, Goal 9 of the United Nations' 2030 Agenda for Sustainable
Development emphasizes the need for “quality, reliable and sustainable” infrastructure[9].

Worldwide, buildings account for around a third of energy consumption and greenhouse gas emissions[10].

The global greenhouse gas emission rate in the building sector was 4.1 Gt CO: (gigatons CO: equivalent) in
2016[10],[11]. Studies have shown that the production of one ton of cement consumes around 4.9 GJ (gigajoules) of
energy and emits around one ton of carbon dioxide[12].

Consequently, the use of environmentally-friendly materials is a viable solution to the dual challenge of reducing
construction costs and protecting the environment[1].

In situations where a soil does not intrinsically exhibit adequate mechanical behavior, improving its mechanical
properties is one of the most important measures to take into account. Consequently, soil improvement through the use
of various materials and methods has been widely discussed in the construction field. Soil improvement techniques can
be classified into two broad categories: physical and chemical methods, to name but a few. In addition, several studies
have investigated the simultaneous use of stabilization and reinforcement techniques[7],[13],[14],[15].

The use of clay materials is an alternative to costly imported materials and helps reduce the foreign exchange deficit.
Their use also promotes youth employment, scientific innovation, and economic growth. As a result, they have been the
subject of several studies aimed at improving their value in terms of cost, energy efficiency, mechanical strength, and
even aesthetics[14],[16].

The ambition to reduce energy consumption and promote sustainability by developing low-cost, eco-friendly building
materials with improved properties has become a major research concern. Clay bricks are among the most widely used
building materials. Clay brick houses, especially in humid regions, still suffer from mechanical and thermal stability
problems. To remedy this, scientists recommend the use of various stabilizers such as lime or cement, and the addition
of fibers to reinforce structures, among other methods[17],[18].

The use of unfired clay materials offers several advantages: (1) local availability and abundance, (2) lower energy
consumption, (3) good thermal properties, and (4) biodegradability[5],[8],[19].

2 MATERIALS AND METHODS

2.1 Study area

The Kankan area is located in the north-east of the Republic of Guinea, 635 km from the capital Conakry. Its surface area
is approximately 72145 km? with a population of 472,505 inhabitants in 2019[20]. In geographical coordinates, it
extends from 10°23' North latitude and 9°18' West longitude (Figure 1).
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Figure 1: Map of the Kankan region showing sampling zones[21].

2.2  Sampling
The clay sample was taken in such a way as to faithfully reflect the local geological and mineralogical characteristics.

The sample was taken at a depth of 3 m. A quantity of 5 kg was collected for in-depth analysis.

The Process used appropriate tools, including a geological map, shovel, spatula, hammer, bags, GPS, labels, and marker.
The sample was labeled with precise information (date, location, and coordinates). The sample was packaged in an
airtight plastic bag to preserve its physical and chemical properties.

For the present work, we took a clay sample from one of the places reputed to be the most exploited for fired bricks in
Kankan.

Table 1: AKKO clay sampling in Kankan

Region | Sampling area N w
10°36’11.3” | - 09°30°15.2”
Kankankoura neighbourhood | 10°36'68.4” | - 09°28'70.2”

Kankan

2.3  Analytical methods

Clay moisture was determined using a “Despatch 2000” oven calibrated at 105 °C.

The following formula was used to calculate the natural moisture content (%W):
%W = "2 % 100 1)

e P, : poids dubac plus échantillon avant séchage.
e P,: poids du bac plus échantillon aprés séchage.
e P,: poidsdel'échantillon.

Mineralogical phases were identified using a Panalytical X'Pert Pro diffractometer equipped with an X' Celerator
detector. Experimental conditions were as follows: Cu Ka radiation (X = 1.542 &), I = 40 mA, V = 45 kV. Peaks were

identified using X'Pert HighScore software.

Chemical composition in terms of major oxides was determined by X-ray fluorescence spectrometry. This analysis was
carried out using the "AXIOS FAST, PANAlytical 206204" instrument.
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FT-IR measurement was carried out on a Perkin Elmer Frontier spectrometer using the UATR (Universal Attenuated
Total Reflectance) accessory. The spectrum was recorded between 650 and 4000cm-1, on the clay sample.

The Atterberg limit is determined by the falling cone method, which measures the penetration of the cone into the soil
after release, with better resolution.

The Malvern Mastersizer 2000 manufactured by Malvern Instruments, was used as a laser particle analyzer for clay.
This device works on the basis of Mie theory to obtain particle size distribution by converting light scattering data.

Specific surface area was measured by a Dewar “vacprep 061” gas vacuum spectrometer coupled to a TriStar II Plus
Porosimeter.

Thermal analyses were carried out with a Perkin Elmer Pyris Diamond ATG/ATD analyzer between room temperature
and 950 °C at a rate of 5 °C/minute in a platinum crucible under a nitrogen atmosphere. The compound was held for 1
hour at 950 °C in an air atmosphere to ensure complete combustion.

3 RESULTS AND INTERPRETATION

3.1  Structural analysis of clays

3.1.1 Phase identification

X-ray diffraction patterns for the AKKO clay are shown in Figure 2. The main lines observed on the diffractogram of the
clay sample are attributed to kaolinite (Al2Siz0s(OH)a4), illite-montmorillonite K-Als(SiAl)s020(OH)4xH20], muscovite [(K,
NH4, Ca) Alz(Si, Al)4010(OH)z2].

The crude sample also contains quartz (SiO2), chlorite [Mg2Al3(SizAl)O10(OH)s] and magnetite (Fe304) in small
proportions.

Figure 2 shows the X-ray diffraction (XRD) diffractogram of AKKO clay taken from the Kankankoura, highlighting the
different mineral phases identified in the sample.
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Figure 2: Diffractograms of AKKO clay from Kankankoura.

3.2 Determination of chemical composition

X-ray fluorescence spectrometry analysis of the AKKO sample has enabled us to quantify the major chemical elements,
in the form of the oxides shown in Table 2. The sample is mainly composed of silicon oxide (Si02), aluminum oxide
(Alz203), iron oxide (Fe203) and potassium oxide (K20).
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3.3 Infrared spectroscopy

The adsorption bands located in the high-frequency zones appearing at 3693, 3655, and 3620

cm-" are related to the vibrations of OH hydroxyl groups in kaolinite. The first two bands are respectively attributed to
the symmetrical stretching vibrations of the internal surface OH groups and the stretching vibrations of the out-of-plane
OH groups. Whereas the band at 3620 cm! is linked to the stretching vibrations of kaolinite's internal OH groups[22].
The sharp absorption band at 1632 cm, attributed to the deformation vibration of H-O-H, and the absence of the
elongation vibration around 3400 cm shows the low water content of our sample[22].

The absorption bands at 1113 and 1000 cm™! represent asymmetrical and symmetrical stretching of Si-O groups, while
the band around 900 cm (910 cm!) corresponds to the deformation of the Al-OH bond in kaolinite[23].

The presence of kaolinite and muscovite can be confirmed by the stretched Si-O bands located at 1113 cm! and 1026
cmL respectively (Vedder, 1964; Kristof et.al., 1993)[24].

Figure 3 presents the infrared spectrum (FTIR) of AKKO clay from Kankankoura, highlighting the main absorption bands
characteristic of the functional groups and mineral phases present in the sample
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Figure 3: Infrared spectrum of AKKO clay from Kankankoura.

3.4 Differential thermal and gravimetric analysis

Figure 4 shows the ATG/ATD curves for AKKO clay. The ATG curve shows three levels of mass loss corresponding to
three endothermic peaks.

AKKO clay shows 4 endothermic peaks and one exothermic peak. The first endothermic peak, at 48.7 °C, corresponds
to the departure of moisture water, accompanied by a mass loss of 2.6 %. The second peak at 251 °C reflects the loss of
interfoliar water and the transformation of iron oxide and/or organic matter, resulting in a mass loss of around 1.7
%[25].

An (OH) component is released from the mineral at temperatures between 260 and 400 °C, where the conversion of
Fe203 to Fes04 occurs after the hydroxylation process. This phenomenon is observed for the AKKO sample, which
contains magnetite according to XRD[26].

2Fe20s3 (ferric oxide) = 2Fe304 (magnetic oxide) + O2

The endothermic peak at 482 °C, is characteristic of the elimination of the constitutive water resulting from the release

of hydroxides belonging to the kaolinite lattice according to the following equation Al2Si20s(OH)s4 ——p Al2Si207 + 2H20
(Hajjaji et al., 2001; Bennadji et al., 2008 and Ozkan et al., 2010)[27].
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This phase is accompanied by a mass loss of 5.1 %. This event can be attributed mainly to dehydroxylation of kaolinite,
although dehydroxylation of illite may also make a minor contribution[28].

We note a peak at 583 °C that highlights the transformation of a-quartz into f-quartz[29]. Finally, an exothermic peak
at 972 °C corresponds to the formation of mullite, pseudo-mullite, spinel, amorphous silica, and y-Al203 (Foldvari,
2011)[30].
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Figure 4: ATG/ATD curves for Kankankoura AKKO clay

3.5 Geotechnical analyses

3.5.1 Moisture content

The water content of Kankan AKKO clay is 12.10 %. This value, compared with the literature, is explained by the low
natural permeability of the raw material and remains slightly lower than the water content of a pure kaolinitic clay (14
%)[31].

3.5.2 Granulometric analysis

Figure 5 shows the particle size distribution of the AKKO sample, characterized by a unimodal curve, reflecting the
presence of a dominant particle size population within the material
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Figure 5: Grain size distribution of AKKO sample showing a Unimodal pattern

The clay and silt fractions account for more than 82.7 % of the grain size, while the sand fraction represents only a small
proportion (17.3 %), which justifies the unimodal distribution of the grain size curves obtained for the AKKO sample.

The GL shows that the sample is less rich in clay fraction (20 %), but rich in silty fraction (62.7 %). This observation is
consistent with the particle size classification of ceramic raw materials from Cameroon, Morocco, and Turkey[32].

3.6 Specific surface area

Figure 6 shows the discrete distribution of pore size of AKKO clay from Kankankoura area, highlighting the main classes
of pore dimensions and their distribution within the material
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Figure 6: Discrete pore size distribution of Kankankoura AKKO clay
The specific surface area of AKKO clay is 23.22 m?/g. This value, comparable to that of kaolinite (10-30 m?/g), is
significantly lower than that of illite (80-100 m?/g) and pure smectite (750-800 m?/g s). This indicates that the clay is
predominantly kaolinite[33],[34].

The value of 3.8 nm, ranging from 2 to 50 nm, indicates that AKKO de Kankan clay belongs to the mesopore class
according to the IUPAC classification (Figure 6).

3.7 Plasticity index

The plasticity index (PI) is equal to 12.07%, and the consistency index is 3.13 %.

The relatively low value of the plasticity index is in line with the clay content of our sample.
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The plasticity index of the sample is lower than Turkish clay (31-33 %) (Celik, 2010), and higher compared to Brazilia

clay (6.5-9.8 %) (Azzi et al., 2018).

Table 2: Physico-chemical and geotechnical parameters of a Kankankoura clay

Parameters Sample

AKKO
Geotechnical properties Oxides %
Humidity (%) 12.10 | SiO2 66.42
Particle size Al203 19.23
Clay (%) 20.0 | Fez03 3.61
Sand (%) 173 | K20 1.83
Silt (%) 62.7 | TiOz 1.08
Specific surface (m2/g) | 23.22 | CaO 0.42
Atterberg limits LOI 6.89
Liquidity limit (%) 39.08 | Total 99.48
Plasticity limit (%) 27.01 | Si0z/Al203 | 3.45
Plasticity index (%) 12.07 | Al203/Si02 | 0.28
Consistency index (%) | 3.13 | Al203/Fe203 | 5.32

3.8 Mechanical resistances (Flexural and compression)
The evolution of the mechanical resistance of the specimens as a function of the stabilizer content is presented in Figures
7 and 8.
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Figure 7: Flexural strength of specimens as a function of stabilizer content
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Figure 8: Compressive strength of specimens as a function of stabilizer content

Flexural strength, compressive strength, and other mechanical properties of experimental specimens are not easy to
interpret, as they depend on several parameters such as test procedure, specimen size, type of stabilizer, chemical
composition of clay and additives.... We will therefore attempt to identify general trends depending on the nature and
composition of the soil, the nature of the additives, their quantity and size.

The figures above illustrate the variation in mechanical stress (flexural and compressive strength) of experimental
briquettes, whether natural or stabilized with plant fibers and lime at different proportions.

There was a 20.5 % decrease in flexural strength, from 1 to 0.83 MPa, with increasing fiber weight and size.

For clay-lime mixes after 14 days of curing, flexural strength varies from 1 MPa at 5 % dosage to 0.98 MPa at 10 %.
However, after 28 days, this resistance increases from 0.79 to 1.36 MPa for a dosage of 5 to 10 %.

The effect of lime addition on flexural strength depends mainly on the nature of the soil and the curing time observed.

Flexural strength decreases by 2 % after 14 days of curing when lime content is increased from 5 % to 10 %, from 1 to
0.98 MPa. However, after 28 days of curing, strength increases by 72 %, from 0.79 to 1.36 MPa.

In the case of the clay-fiber-lime mixture, after 28 days of curing, the flexural strength increases from 1.63 to 2.1 MPa
when the lime dosage is increased from 8 % to 12 %, with the addition of 0.35 % of 2 cm-long fibers.

These results show that the flexural strength of samples containing fibers increases with sample age. This finding is in
line with previous studies[35],[36] which confirm the increase in flexural strength of samples over time. The flexural
strength values of samples containing fibers and lime at 28 days gradually increased, surpassing those of samples
without fibers, which in turn surpassed those of samples containing lime alone[37].

It can be seen that the flexural strength of the samples is higher with shorter fibers than with longer ones. This result is
contrary to the findings of some authors (Danso et al.,, 2015b; Mostafa and Uddin, 2015), who have claimed that an
increase in fiber length increases the adhesion area, thereby improving flexural strength. This discrepancy could be
explained by the fact that, for the same fiber content, a mixture containing short fibers has a greater number of particles
than one with long fibers, leading to a better distribution of particles in the matrix. Another explanation could be linked
to the existence of an optimum length limit as a function of sample size, beyond which the difficulty of fiber dispersion
cancels out the positive effect of reinforcement[38].
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Although most studies show an increase in flexural strength with the addition of plant aggregates [41],[42], some
studies have observed a negative effect (a decrease in flexural strength). For example, Villamizar et al[39] found a
decrease in strength with the addition of cassava peels, and Algin and Turgut[40] observed a similar effect with cotton
waste. This decrease could be due to material heterogeneity or poor adhesion between aggregate particles and
matrix[41].

On the other hand, adding 0.35% 2 cm-long fibers and 12% lime to the sample produced earth blocks that met standards
higher than those mentioned, suitable for all types of earth construction [42].

The average compressive strength of AKKO decreased significantly, from 7.83 MPa to 6.06 MPa, a reduction of around
29 %, after the addition of 0.5 % and 0.75 % fiber.

Analysis of the figure above shows that the compressive strength of unstabilized specimens is 5.2 MPa. This value is
comparable to that of lateritic clay composites, which lies between 5.36 and 6.88 MPa for firing temperatures ranging
from 900 to 1100 °C[14].

The average compressive strength of samples using starch as a binder is 341% lower than that of samples stabilized
with Triumfetta cordifolia fibers[43]. Furthermore, the compressive strength of our specimens exceeds the minimum
strength required for clay bricks by 5 %, and by more than 840 % for unfired clay bricks, according to the Turkish
standard (TS EN 771-1, 2005), which imposes respective strengths of 8 MPa and 1 MPa[44]. What's more, our samples
exceed by more than 100 % the strength required for traditional clay bricks according to TS 2415, which lies between
0.5 and 1 N/mm?[45].

At a compaction pressure of 8 MPa, unfired, compressed clay bricks containing 5 % sisal or coir fibers achieve a
compressive strength of 6.85 N/mm? This compressive strength value is lower than that of our specimens, whether
they contain 0.25 % fibers, 10% lime at 28 days, or both, with between 8 and 12 % lime and 0.35 % 2 cm fibers[46].

The addition of 9 % CEM I 42.5 R cement to soil mixtures containing 30 % clay and silt, 40 % sand, and 30 % gravel,
with optimum moisture content and dried for 28 days, gives a compressive strength of around 9.30 MPa. This strength
is almost identical to that of the AKKO mixture containing 12 % lime and 0.35 % fiber (2 cm)[47].

In comparison, adobe bricks with a lime ratio of 15 % and 0.2 % palm fiber have a compressive strength of 1.23 MPa, 9
times lower than that of our specimens stabilized with 12 % lime and 0.35 % fiber (2 cm)[48].

4 CONCLUSIONS

We shall therefore attempt to identify general trends in order to determine, on the one hand, whether fibers, lime, and
their combination contribute to enhancing the flexural and compressive strength of experimental specimens. On the
other hand, if this is the case, we will seek to identify ideal fiber and lime contents within a more precise range.

An analysis of figures 7 and 8 concerning flexural and compressive strengths shows that stabilizing clays with
Triumfetta cordifolia plant fibers and hydraulic lime from the INSA Rennes laboratory has a positive impact on these
parameters.

According to French standard NF P13-300, we observe good flexural and compressive strength of specimens classified
as follows:

e Theincorporation of 12 % lime plus 0.35 % fiber (2 cm) gives a flexural strength of 2.10 MPa and a compressive
strength of 9.14 MPa; these specimens belong to class A.

e Specimens made of 0.25 % fiber (1cm), 10 % lime, the 8 % lime and 0.35 % fiber mixture, after 28 days of
curing, belong to class B.

e The other specimens natural clay, the 0.5% and 0.75 % fiber mix, the 5 % and 10 % lime composites after 14
days of curing, and the 5 % lime composite after 28 days of curing - belong to class C.

In short, despite the limited reaction time allowed for lime, both objectives were achieved in these tests. We note that

the presence of fibers and lime, and their combination, contribute significantly to increasing the mechanical strength of
clay-based composites. These results would probably be more interesting with a longer curing time.
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