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Abstract: A Burkina Faso clay referenced SAB has been characterized to be used as raw material in the making of adobes.
Mineralogical studies (by XRD, DTA-TG), chemical and geotechnical studies (Atterberg limits, particle size distribution)
carried out on this clay have shown that it is composed of kaolinite (62 wt%), quartz (30 wt%) and goethite (18 wt%). It is a
sandy-silty clay of medium plasticity containing no swelling minerals. Its particles are mainly clay (19 wt%), silt (36 wt%),
fine and coarse sand (45 wt%). It is thus suitable for the development of adobes for habitats. The adobes elaborated with SAB
clay have been stabilized with an optimal cement content of 10 wt%, which offers a mechanical strength greater than 2 MPa;
minimum value for single-level constructions. In order to improve the physical properties (density, porosity, water absorption
by capillarity, erosion resistance, compressive and flexural strengths) of these adobes and to reduce cement consumption as
much as possible, the cement (10 wt%) was partially or totallysubstitutedby rice husk ash. This substitution contributed to the
improvement of the physical and mechanical properties of the adobes, due on the one hand to the effect of micro-filling of the
ash and on the other hand to the increase of the CSH resulting from the pozzolanic reactivity between the released portlandite
by the hydration of the cement and the amorphous silica of the rice husk ash.
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district has a potential clay soil site which is currently
exploited by the vast majority of the population for the
manufacture of adobe bricks. Buildings are short-lived and
require permanent repair, especially after each rainy season
(Figure 1). This difficult situation makes the living
conditions of the populations even more precarious.

An alternative solution is then necessary to improve the
quality of bricks from this clay soil. Cement stabilization is
possible but with a low proportion in view of the non-
accessibility of cement by these people.

To reduce the amount of cement and at the same time
improve the durability of the bricks that will be made, some
of the cement has been substituted by active pozzolan. The
accessibility of pozzolan led us to think about rice husks as
regards the main agricultural activity of the populations. The
present work then presents the results of stabilization of the
Saaba clay soil for the construction of a raw brick by the
pozzolan-cement additions. Emphasis is placed on the

1. Introduction

More than 1/3 of the world's population live in mud
buildings or houses [1]. In Africa more than 2/3 of the
population live in this type of house. This type of habitat,
also called green habitat, is ecological and respects the
environment [2, 3]. It requires less energy for its
implementation and for their thermal comfort. Good moisture
regulators and good acoustic insulators, the mud bricks are
suitable for many types of construction and are the most
accessible in the developing countries. Despite these multiple
benefits, mud habitats have low durability due to poor
mechanical quality and poor water performance [4-6]. This is
the situation that the people of Saaba, rural district of
Ouagadougou (Burkina Faso) in the peri-urban area, are
living. This rural district with a very high population density
and non-parceled areas, is built mainly with raw earth. The
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mechanical and water performance of stabilized bricks. The
mineralogical evolution of these bricks with the additions has
been also explored.

Figure 1. (a) Site of Saaba exploited for the manufacture of adobes, (b) a
building and adobes bricks from Saaba site, (c) a ruin building of Saaba site
after rainy season.

2. Materials and Experimental Methods
2.1. Materials

The clay raw material used for the development of the
adobes is a clay from Burkina Faso taken in the rural
district of Saaba in Ouagadougou (12°22°21,7°” North and
1°26°30,9”> West). This site is heavily exploited by the
inhabitants for the making of adobes. This clay will be
referenced SAB in the rest of the work. The particle size
distribution of the sample is accessed after wet sieving for
the coarser fraction (> 80 um) according to NF 94-056
standard [7] and by sedimentation for the fine fraction (< 80
um) according to NF 94-057 standard [8]. The particle size
distribution (Table 1) deduce from the curve of the Figure 2
shows that the SAB clay is composed of 55% fines (clay +
silt). This fine fraction plays the key role of binder between
the larger grains (45%) which will constitute the skeleton of
the bricks that will be issued. The Atterberg limits (Table 1)
determined according to standard NF P94-051 [9] indicate
that the sample is a moderately plastic clay soil. This
average plasticity is in agreement with the granulometric
composition made of fine and coarse. The Atterberg limits
of SAB are in the spindle of the land plasticity indices
usable for raw bricks (Figure 3). The methylene blue value
of 1.43 g/ 100 g obtained from standardNF P 94-068 [10]
shows that SAB belongs to the category of sandy-silty soils,
which is sensitive to water. The geotechnical properties of
SAB confer a possibility of using it for the production of
adobes.

The rice husk used in this study was taken from the
village of Bama, located a few kilometers from the town
of BoboDioulasso in western Burkina Faso. In this village
rice activity is very developed and can supply a large part
of the population of western Burkina with rice. The rice
husk that is a by-product is then available in very large
quantities and is used in some places as fuel. The rice
husk ash (RHA) was produced by calcining at 680°C the
rice husk for five hours with a heating rate of 10°C/min.
The choice of these parameters was made from literature
data to avoid the formation of a large amount of carbon,
which could compromise the pozzolanic activity of the
material [11].

The cement used in this study for the various tests
comes from Diamond Cement, a cement factory in
Burkina Faso. It is a CEM I 45 cement whose chemical,
physical and mineralogical properties are recorded in
Table 2 [12].

Table 1. Geotechnical parameters ofSAB's clay.

Particle size distribution

Atterberg’s limits

Class % Liquid limit Wy (%) 42
Coarse sand (> 200 pm) 24 Plasticity limit Wp (%) 22
Fine sand (20 — 200 pm) 21 Plasticity index P; (%) 20
Slit (2 - 20 um) 36 Methylene Blue Value (g/100g)

Clay (< 2 pm) 19 1.43
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Table 2. Chemical and mineralogical composition and some physicals properties of cement use.

Chemical composition SiO, ALO; Fe,03 MgO CaO P,0s SO; Na,O K,0 FL IR LOIL
(Wt. %) 20.12 5.73 4.06 1.18 64.8 0.39 2.68 0.08 0.17 0.8 0.28 0.27
. CsS CS CsA C4AF
0,
Mineralogy (Wt. %) 55.7 15.68 831 1234
. . Specificdensity Apparent Density Setting time (h)
Physicalproperties 302 1.06 3

F. L: Free lime L. R : Insoluble residues LOI: Loss on ignition (1000°C)
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Figure 2. Particle size distribution of SAB sclay.
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Figure 3. Position of SAB's clay in CRATerre-EAG diagram.

2.2. Experimental Methods

The mineralogy of the raw materials and the adobes
formulated was performed by X-ray diffraction (XRD), infra-
red spectroscopy (IR) and differential thermal and
thermogravimetric analysis (DTA/TG). The diffractometer
used is a Bruker AXS, operating at 40 kV — 40 mA and
employing a graphite monochromatic CuKa radiation. The
infrared spectra were recorded in the range of 400 - 4000 cm’
" using a Perkin Elmer FT-IR Spectrometer. The thermal
analysis (DTA/TG) was carried out using SETARAM
instrument operating at 10°C/min from ambient to 1200°C.
Calcined alumina was taken as a reference.

The chemical composition of the raw clay materials was
assessed by Inductively Coupled Plasma - Atomic Emission
Spectrometry (ICP-AES). The loss on ignition was evaluated
by sample calcination up to 1000°C.

The mineralogical composition of raw sample was
obtained by using XRD and results of chemical analyses. For
a chemical element “a”, the equation 1 [13] was used to
calculated the amount T(a) of oxide.

T(a)=ZMiPi(a) 1)

Where M; is the amount (in wt.%) of mineral i in the
material under study; P; (a) is the proportion of element a in
the mineral i.

The pozzolanic activity index is the ratio of the mechanical
compressive strength at 28 days of the specimens containing
pozzolan and those containing none known as reference
specimens [14]. The formulation of the specimens was made
according to standard NF-P-15-403 [15]. The preparation of
the adobes begins with the grinding of the SAB clay earth to
a particle size less than 1 mm. After grinding, different
mixtures are prepared and homogenized to dryness.
Following homogenization, a sufficient amount of water is
added to have the right and same consistency for all
mixtures. The kneading is done manually, the mixture
obtained is introduced into a prismatic mould 4x4x16 cm’.
The mould is then covered with plastic and then kept in the
shade. After removal from the mould, the bricks obtained are
stored in order to undergo the various tests after a minimum
duration of 28 days.

The density of adobes was measured by the method of
hydrostatic weighing according to standard NF P94-053 [16].
As for the Closed porosity (P) of the adobes, it has been
deduced from the density by equation 2 [17].

P(%) = (1—%)x1oo

S

(@)

Where d, is the apparent density and d, the absolute
density.

The water performance of the bricks is evaluated by the
water absorption test and the rain erosion test. The water
absorption test is intended to determine the amount of water
absorbed by capillarity of the adobes. The tests were
conducted using the AFPC-AFREM protocol [18]. This test
consists in measuring the increase in the mass of the
specimen placed in a receptacle whose water level is 5 mm
above the lower face of the specimen. The erosion resistance
test consists in dropping drops of water for 10 minutes, under
a pressure of 2 bars on bricks placed on a stand at an angle of
30° to the vertical [6]. The bricks are then dried in the sun for
a few hours and then baked at 105 ° C for 24 hours. After the
parboiling, the masses of the bricks are determined. The mass
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percentage of degraded adobe (D) is then evaluated from the
equation 3.
D(%) = T 4100 3)

ml

With: m;: mass of the raw brick and m,: mass of the
degraded brick.

The compressive and flexural strength are the mechanical
parameters of the bricks that have been evaluated. The
flexural strength is carriedout on the 4x4x16 cm® adobes with
a hydraulic press equipped with a 200 kN load cell at a
controlled displacement rate of 0.5 mm/min. Theequation 4
makes it possible to determinethe limit stress in flexural
strength [19].

_3FE
21e

“)

F is the intensity of the force applied, E is the distance
between the two specimen supports, / is the width of the
specimens, ¢ is its thickness and o is the stress at break.

In order to determine the compressive strength, the half-
prism resulting from the flexural strength is subjected to a
monotonously increasing load until breaking. Thus, the
compressive strength is the ratio of the breaking load to the
cross section of the specimen. The value of the resistance R,
is obtained from the equation 5.

R =~ )

With: S: average value of the section in cm?® and P the load
in kN. The flexural and compression strength tests are carried
out in accordance with standard NF P 15-471 [20].

3. Results and Discussion
3.1. Characterization of Raw Materials

The XRD pattern of SAB clay (Figure 4) shows that it
consists essentially of quartz, kaolinite and goethite. The
analysis of the SAB thermograms presented in Figure5
makes it possible to identify thermal phenomenon
characteristic of the phases identified by the XRD.

The first endothermic peak at 78°C corresponds to the
remove of adsorbed water which is associated with a loss of
mass of 0.61 wt%. The second endothermic peak at 330°C.
corresponds to the dehydroxylation of goethite in hematite.
This transformation is associated with a loss of 1.04 wt%. The
third endothermic peak at 538°C corresponds to the
dehydroxylation of kaolinite to metakaolinite [21]. This peak is
the largest and is associated with this loss of mass of 7.68 wt%.
The 575°C hook corresponds to the allotropic transformation
of quartz a to quartz B [22]. Finally, the only exothermic peak
split at 973°C corresponds to the structural reorganization of
metakaolinite and spinel phase and primary mullite.
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Figure 4. X-ray diffraction pattern of SABs clay.
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Figure 5. Thermograms DTA-TGA of SAB's clay.

The chemical composition (Table 3) shows that SAB is
mainly composed of silica and alumina with relatively high
proportion of iron oxide. These results corroborate the results
of the mineralogical analysis.

From the results of chemical analysis and X-ray
diffraction, the mineral phases reported in Table 3 were
quantified using theequation 1. SAB is a mixture of
plasticizer and degreaser suitable for making bricks. The
absence of swelling minerals such as montmorillonite in SAB
is an asset for the developmentof mud bricks.

The chemical composition of the rice husk ash (RHA)
recorded in Table 3 shows that it consists mainly of silica of
96.84 wt% in weight. This value is slightly higher than that
given by the literature, which sets a maximum of 96 wt% in
weight of silica [23]. The RHA is low in alkalis because the
sum of the alkaline oxides Na,O and K,O of 0.84 wt% is
lower than the minimum value of 0.95 wt% fixed in the
literature [23]. Moreover, the sum of the oxides SiO,, Al,O;
and Fe,O; is greater than 70 wt%, which is the minimum
value required for a pozzolanic material according to ASTM
standard C-618 [24]. The glass content (SiO, - CaO) of 96.37
wt% is well above the minimum value of 34 wt%. These
results suggest that rice husk ash is a very reactive pozzolan
[24]. The total of analyzedoxides (99.98 wt%) shows that the
RHA contains no carbon or is in trace form. This low carbon
content of RHA improves its pozzolanic reactivity [25]. The
presence of significant amounts of carbon in the materials is
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the source of pore formation, and negatively influences the
durability of the processed materials [26]. The X-ray pattern
of RHA (Figure 6) has a broad hump (halo) centered at about
22°(20) indicating the presence of amorphous phases. Silica,
the main element of the rice husk ash, is then in amorphous
form and will confer a good pozzolanic reactivity of the RHA
[27]. The pozzolanic index determined at 28 days cure with
25 wt% replacement of cement by RHA is 135 wt%. This
value exceeds the minimum of 75 wt% required by ASTM C-
618 for a pozzolanic material [24]. This high-performance
result of RHA is related to its essentially amorphous silica
composition and the absence of carbon.
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Figure 6. X-ray diffraction pattern of RHA.

Table 3. Chemical and mineralogical composition of SAB clay and RHA.

formulation of the adobes.
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Figure 7. Compressive strength of adobes stabilized with cement.

3.3. Influence of the Cement-RHA Mixture on the
Mineralogy of the Adobes

To follow the influence of RHA on the mineralogy, the
physical and mechanical properties of the adobes, new
formulations were made in the proportions shown in Table 4.

Table 4. Composition of mixtures.

Chemical composition (wt.%) Mineralogy of SAB’s clay

References Composition

Cio 10 wt% cement + 0% wt RHA
B, 8 wt % cement + 2 wt% RHA
B, 6 wt % cement + 4 wt% RHA
B¢ 4 wt% cement + 6% wt RHA
Bg 2 wt% cement + 8% wt RHA
Bio 0 wt% cement + 10% wt RHA

Oxide SAB’sclay RHA Mineral wt.%
SiO, 59.38 96.84 ..

ALO; 24 64 1.03 Kaolinite 62
Fe,0; 5.36 0.38

TiO, 0.47 0.1

Na,0 0.08 0.03 Quartz 30
MgO 0.08 0.32

K,0 0.10 0.81 .

Ca0 0.04 047 Goethite 6
LOI 9.68 -

Total 99.83 99.98 Balance 2

3.2. Optimization of the Cement Content

Before the addition of pozzolan, the optimum cement
content needed to improve the mechanical strength of the
SAB bricks was determined. The mechanical compressive
strength of the bricks with 0 to 12 wt% cement additions was
followed. The results shown in Figure 7 show a small and
gradual improvement in strength with additions of up to 8
wt% cement. These resistances still remain below the
minimum value of 2 MPa required by the XP 13-901
standard [28]. Beyond the 8 wt% cement content, the
compressive strength of adobes is significantly improved
with values above the norm. Between 10 and 12 wt% of
cement resistance seems to stabilize with a very small
variation. Taking into account these results and the economic
and ecological aspect (less cement possible), the 10wt%
cement content constitutes a reasonable content for the

The mineralogy of the adobes was followed by X-ray
diffraction and infra-red spectroscopy. The analysis of infra-
red spectrum (Figure 8) shows a presence of phases of the
raw material and new phases. Kaolinite by its vibration bands
Varon and vsio.a; and quartz by its vibration bands vsi.o and
Vsi.o-si,» are the main detected phases from the SAB material
[29]. The bands around 875 and 1430 cm™ detected in the
adobes containing cement-RHA are characteristic of calcite
(CaCOs) [30]. Calcite is formed as a result of a carbonation
reaction involving portlandite produced by hydration of the
cement and carbon dioxide from the atmosphere according to
reaction 1. These two bands decrease in intensity with the
increase of the RHA content in adobe. This decrease is
explained on the one hand by the dilution effect of the
cement which produces less portlandite by its hydration and
on the other hand by the probable recovery of the portlandite
by the RHA by pozzolanic reaction according to the reactions
2,3 and 4 [31]. The broadband around 3400 cm is attributed
to both the hydration water and the hydroxyl vibration of
hydrated calcium silicate (CSH) [32]. The CSH gels are
derived on the one hand from the hydration of the alite (C;S)
and belite (C,S) compounds of the cement (reaction 5 and 6)
[32]and on the other hand from the pozzolanic reaction
(reaction 4). The X-ray diffraction pattern (figure 9) confirms
the disappearing of calcite in adobes with RHA.
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Figure 9. X-ray diffraction pattern of adobes.

Ca(OH), + CO,—* CaCOj; + H,O (reaction 1)

Ca(OH), * Ca** + 2 OH : dissolution of portlandite
(reaction 2)

SiO, (amorphous silica of RHA) + 2 OH- (hydroxyl of
portlandite) — H,Si0,* (reaction 3)

xCa®" + H,Si0,” + 2(x-1)OH + (yx)H,0 —
(Ca0)4(810,)(H,0), [CSH,] (reaction 4)

2 C3S+ 6 H— C;S,H; (CSH) + 3 CH (reaction 5)

2 C,S+4 H - C;S,H; (CSH) + CH (reaction 6)

Where H stands for H,O, C;S for 3CaO. SiO,, C,S for
2Ca0. Si0O, and CH for portlandite.

3.4. Influence of the Cement-RHA Mixture on the Physical
and Mechanical Properties of the Adobes

The evolution of apparent density and closed porosity are
illustrated inFigure 10. As the RHA level increases, the
density decreases up to 6 wt%. Beyond the 6 wt% content,
the density increases. This same observation was made by
Hossain and Mol [33] in their study on the stabilization of
clay soils with natural pozzolana and industrial wastes. For
these authors, the densification of the material depends on the
grain size distribution of the raw material and the stabilizer.
Initially the stabilizers cover the raw material to form large
sets which consequently occupy large spaces. This will result
in a decrease in density until the stabilizer compensates the
wide spaces. Thus, adobe containing 10 wt% RHA has the
highest density (1.51). This value is higher than that obtained
by Sutas and al [34], they indeed obtained a density of about

1.42 for bricks also containing 10 wt% of RHA. The adobe
containing only the RHA is denser, therefore apparently less
porous than those obtained by substitution of the cement by
the RHA. In all cases, the decrease in density must be
associated with the increase in macroporosity. As for the
porosity, it evolves in the opposite direction of the density.

The linear shrinkage of the adobes after drying at 90
(Figure 11) days increases slowly with the RHA content up
to 6 wt% of RHA. Beyond 6 wt% of RHA, shrinkage
increases rapidly with RHA content reaching 6 wt% with
adobes containing only RHA. These results corroborate the
density results. The fine particles of the RHAs, in the absence
of cement infiltrate the porosity of the adobe and allows a
high densification.
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| mm Apparent density —o—Closed porosity
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=
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Figure 10. Apparent density and closed porosity.

Linear shrinkage (%)

RHA content (Wt.%)

Figure 11. Linear shrinkage of adobes.

The mechanical strengths in flexural as in compressive
(Figure 12) increase with the percentage of substitution of
cement by the RHA, up to 4 wt%. Adobes containing 4wt%
of RHA exhibit the best mechanical strengths in both flexural
and compressive. Beyond the 4 wt% content, the partial
replacement of cement by the RHA reduces the mechanical
strength. However, with 10 wt% of RHA, an increase in
mechanical strength is observed. The incorporation of RHA
into the matrix contributes to the mechanical performance of
adobes by combining its pozzolanic activity and its high
capacity for micro filling. These two phenomena strongly
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modify the microstructure of adobe and therefore its physical
and mechanical properties. At young ages the filling effect
takes precedence over the pozzolanic activity. For adobes of
more than 90 days of cure, the pozzolanic activity
participates more in the mechanical resistance than the filling
effect for suitable contents. Several authors have obtained the
best mechanical strength for substitution rates around 20 — 30
wt% of cement by RHA [25, 35]. The adobes B2 and B4 with
respectively 2 wt% and 4 wt% substitution of the 10 wt% of
cement respectively correspond to a substitution of 20 wt%
and 40 wt% of the cement and are then at best close to the
optimal content proposed by the authors. This optimal
activity combined with the particle filling effect gives B4 the

best resistance. The portlandite has been consumed to form a
surplus of CSH and the amount of pores is reduced. Beyond
the 4 wt% replacement (B6 and BS) the resistance of adobes
decreases. This regression is strongly dependent on the one
hand on the dilution effect of the cement and the low
pozzolanic activity on the other hand. Dilution due to cement
substitution with high levels of RHA reduces the amount of
CSHfrom cement hydration. It is the same for the amount of
portlandite released, which causes a low pozzolanic activity.
The mechanical strength is then more governed by the filling
effect. Without the cement, the pore-filling effect of pores by
RHA is important and permits to obtain dense adobes with
appreciable mechanical resistance.

6 5.49

L]
1

Strength mechanical (MPa)

C10 B2 B4
Adobes

® compressive ® Flexural

3.85

B6 B8 B10

Figure 12. Flexural and Compressive strength of adobes.

Figure 13. Video microscopy images:(a) adobe C10, (b) adobe B2,(c)adobe B4,(d)adobe B10.

The video microscopy images (Figure 13) of the adobe
breaking facies show a similarity at the level of the
microstructure of B4 and B10 with however a few micro

pores at B4. The microstructure of B10 shows a nearly filled
material without pores.
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3.5. Influence of the Cement-RHA Mixture on the Water
Performance of Adobes

The Figure 14 shows the results of water absorption by
capillarity. The water absorption coefficient decreases with
the percentage of RHA. Thus, adobe containing 10 wt%
RHA (without cement) has the lowest absorption coefficient
(0.494 kg. m-*s""?). This suggests that the presence of RHA
in adobe makes it less porous. As a result, the adobe hardly
absorbs water, which leads to a decrease in the absorption
coefficient. This performance of the bricks would be due to
the filler effect of the ashes. In fact, the RHA particles,
because of their fine sizes, can be inserted between the grains
of the clay matrix. This favours the narrowing of the pore
size. This decrease in the water absorption coefficient with
the increase in the RHA content is also related to the
decrease in the amount of cement. The presence of cement
increases the absorption of water because, even after 21 days
of cure of adobes, the hydration of the cement continues thus
inducing a demand for water. Under the effect of rain, the
adobes can undergo disaggregation more or less pronounced
depending on their quality. The impact of rain on different

adobes was evaluated by the erosion test by artificial rain.
The results obtained according to the mass losses are shown
in figure 15. Adobes B8 and B10 with less or no cement have
the largest mass losses. Thus, the degradation of adobes
(Figure 16) containing no cement at levels of at least 4wt% is
important. This degradation of the adobes could be due to the
absence of cement binder in a sufficient quantity. Actually,
during hydration of the cement, there is production of
hydrated calcium silicates (CSH). These CSHs play the role
of glue and unify the aggregates between them to form a
rigid material [17, 36]. With the dilution of the cement
content by the addition of RHA, the amount of CSH is also
reduced and thus exposes the adobes to erosion with rain.
The adobes B2 and B4 despite the dilution are not affected
because the pozzolanic reactivity in these adobes is optimal
and produces additional CSH that compensate for the dilution
effect. The pore-filling effect of the RHA makes it possible to
obtain appreciable compressive strengths by closing the
pores without the creation of proper bonds between the
particles. This lack of bonding is responsible for water
degradation.
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Figure 15. Mass loss of adobes after the rain erosion test.
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Figure 16. Adobes images: (a) before rain erosion test and (b) after the rain
erosion test.

4. Conclusions

The adobes made from sandy-loamsoil at the Saaba site
have been stabilized using cement and ashes from calcined
rice husks. The optimum cement content for the production
of the adobes is 10 wt% by mass. A progressive replacement
of the cement by the RHA modify the mineralogy of the
adobes by the presence of CSH and improve their physical
and mechanical properties.

Thus, the adobes containing 4 wt% pozzolan have the best
mechanical strengths in both flexural and compressive. Thus,
the adobe formulation from Saaba clay soil can be amended
to cement and RHA in proportions of 6 wt% cement and 4
wt% RHA. These amendments use less cement and improve
the mechanical strength and erosion resistance of the adobes.
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