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Abstract

This study assesses the reactivity of four (04) different types of clayey earthen
materials (Kamboinsé, Pabré, Saaba, and Kossodo) with Ca(OH),, analytical
lime (AL) versus lime residu (LR), in ambient conditions. The effect of the
stabilization of the earth with the LR was also studied on the performances of
compressed earth blocks (CEB). The lime content varied from 0% to 20%
with respect to the mass of dry earth material. The analysis of the reactivity
and physico-mechanical properties were respectively carried out on the solu-
tions of the mixtures (earth + LR and earth + AL) and CEB (earth + LR). The
mixtures were cured between 0 and 60 days at the ambient temperature of
laboratory (30°C + 5°C). The results showed that the reactivity of the clayey
earth materials with AL is comparable to that with the LR. At the same time,
this reactivity improved the physical and mechanical properties of stabilized
CEB depending on the type of earth material, lime content and curing time.
The maximum values of the dry compressive strength, observed for each ma-
terial stabilized with 20% LR, are 6 and 7 MPa (Kamboinsé), 8.8 and 9.3 MPa
(Pabré), 6 and 6.5 MPa (Saaba), 8.8 and 9.7 MPa (Kossodo) respectively at
curing time of 28 and 45 days. The structural efficiency of CEB was also im-
proved which implies that, in the current conditions, the stabilization of earth
materials using LR allows to produce the CEB for potential applications in
wall masonry.
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1. Introduction

In recent years, the earth material has known a fairly significant recovery for its
use for the construction of habitats [1]-[7]. This is due to its multiple advantages
for the construction of sustainable housing. Previous studies have been carried
out for the stabilization of earth using binders such as cement, lime, rice husk
ash, ... for improving its performances [3] [4] [5] [8].

Recent studies have mainly focused on the stabilization of CEB using lime re-
sidue (LR), a rejected by-product from the manufacture of acetylene, rich in
Ca(OH),. This has shown to be a beneficial stabilizing agent as a replacement for
cement [4] [7] [8] [9]. The stabilization effect of lime is also remarkable because
of its pozzolanic reaction with the clayey earth. It should also be noted that this
reaction depends essentially on the curing temperature and the type of earth
material [9] [10] [11]. The use of lime can allow to improve the physical, me-
chanical and thermal properties of CEB produced with the reactive clayey earth.
It has little effect on the earth less rich in clay [9]. The LR is therefore effective
and can provide the improvement of the performances comparably or even bet-
ter than cement for the production of CEB.

The selection of the earth material for the production of CEB (stabilized) is
mainly done by considering the plasticity and grain size of the soil. However,
recent studies have shown that it is important to consider the reactivity of earth
for appropriate use in the production of CEB stabilized with chemical binders
[8]. The previous study [8] proposed an evaluation of the reactivity of mixture
solutions of clayey earth and LR (crushed and sieved on 125 pm) cured at con-
trolled temperature (40°C + 2°C). This study had limitations in terms of the use
of LR, which contains less than 50% of Ca(OH),, the maturation at the relatively
high temperature, as well as grinding the LR to a relatively smaller fineness [8].
Another study has shown the possibility to correlate the mechanical and physical
properties of CEBs, through the compressive strength and abrasion resistance
[12]. However, this correlation was established on the basis of only one type of
clayey earth material and still requires the validation on other types of materials
and mixtures.

The present study evaluates the reactivity of different clay materials with lime
(analytical lime versus lime residue) and the influence of the addition of lime re-
sidue (<400 um) on the physico-mechanical performances of CEB stabilized and
cured at room temperature of the laboratory in Burkina Faso (30°C + 5°C) in
order to compare with the influence previously obtained with lime residue (<125
pum). In addition, the present study attempts to establish the correlation between
compressive strength and abrasion resistance of CEB produced with different
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types of clay earth. This was intended to confirm the possibility to establish a

non-crushing test for the evaluation of the performances of CEB.

2. Materials and Experimental Methods

2.1. Characteristics of Materials

Four different types of clay materials were collected from quarries located around
Ouagadougou in Burkina Faso: Kamboinsé (K), Pabré (P), Saaba (S) and Kos-
sodo (Ko). The geographic, chemical, physical and mineralogical characteristics
of these materials have been reported in previous studies [8] [9]. The materials
from Kamboinsé contain 60% kaolinite, 20% quartz; Pabré contains 30% of kao-
linite, 55% of quartz; Kossodo contains 40% kaolinite, 30% quartz; and Saaba
contains 70% kaolinite, 20% quartz. The earth materials also contain traces of
goethite, hematite and K-Feldspar. The lime residue contains about 50% of por-
tlandite (Ca(OH),) and carbonates, while analytical lime contains mainly Ca(OH),.

2.2. Production of Solutions and Evaluation of Reactivity of Earth

The production of solutions aimed to assess the behavior and the evolution of
the reaction between the earth and lime (LR and AL) in order to compare their
respective effects. The solutions were produced by mixing earth, lime (10% and
20% of the mass of the earth) and distilled water. It involves taking a known
quantity of earth (10 g) and adding the percentages of lime (10% and 20% equiv-
alent respectively to 1 g and 2 g) to each earth material and mix with distilled
water (100 g). Subsequently, control solutions containing only lime (1 g and 2 g)
and distilled water (100 g) were produced. The earth material was taken from
the undersize of 400 um and the lime (LR) was crushed and sieved through 400
pum. The mixtures were well mixed to allow a good homogeneity and cured at
room temperature in the laboratory (30°C * 5°C) for 0 to 60 days, before each
measurement of the reactivity. The evolution of the reactivity was monitored by
measuring the electrical conductivity of the solutions using a pH enomenal de-
vice MU 6100 L multiparameter lab conductimeter equipped with CO 11 con-
ductivity probe and pH electrode (Figure 1).

Figure 1. Monitoring of the reactivity of solutions
cured at room temperature in the laboratory (30°C
+ 5°C) by electrical conductivity measurement.
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2.3. Production and Evaluation of the Physico-Mechanical Proper
Ties of CEB

Different mix design based on each type of earth material and 0%, 10% and 20%
lime (LR < 400 pm) were used to produce the CEB and determine their charac-
teristics. For each earth or mixture of the earth and lime, an appropriate amount
of water was added to produce humid mixtures. The water content was deter-
mined by static compaction, and taking into consideration the water demand of
0% - 20% lime [9]. The water content was equivalent to 17% - 22% (K), 16% -
20% (P), 13% - 17% (Ko), and 18% - 22% (S). The appropriate amount of humid
materials was compressed in mold (295 x 140 x 95 mm®) of a Terstaram press
machine to mold the CEB. The CEB were cured in polyethylene bags in order to
retain the moisture and to facilitate the reaction between lime and earth (Figure
2). The curing was carried out in the laboratory at room temperature (30°C +
5°C) for 28 and 45 days.

After maturation, the CEB were dried at 40°C + 2°C until constant mass be-
fore testing their performances. The tests were carried out on the bulk density,
resistance to abrasion and resistance to the compression in dry conditions [13].
The bulk density was determined by the ratio of the masse of the dry sample and
the geometric volume. The coefficient of abrasion was determined by the ratio of
abraded area and the weight loss. The abrasion was carried using a metallic
brush loaded with 3 kg on the surface of the sample (2.5 x 29.5 cm) subjected to
60 cycles of abrasion. The compressive strength was tested on the stack of two
halves of CEBs, in dry and wet conditions after immersion in water for 2 h, using
hydraulic press, model Proeti safr, equipped with a 300 kN capacity load cell at

loading rate of 0.2 mm/s.

3. Results and Discussions

3.1. Reactivity of Earth Materials in Ambient Conditions

This study made it possible to assess the reactivity of earth in ambient conditions
of curing. It was achieved by measuring the electrical conductivity (EC) of solu-
tions of mixtures of different earth and lime. In general, a decrease in the value
of the EC was noticed over the curing time for all mixtures containing earth and
10% or 20% lime: LR or AL (Figures 3-6). In the first three days, there was no
significant change in the EC of solutions. It is therefore from the 7" day that the
net decrease in EC was observed in the solutions containing earth and lime (LR
or AL). The decrease of the EC is related to the reaction between earth and lime,
which results in the consumption of Ca** and OH" initially dissolved from the
lime: Ca(OH), [8]. The evolution of the EC is comparable for the solutions con-
taining the LR and AL. This allows to confirm that the reaction between the
earth and LR is comparable to that with AL.

When the reaction starts, the mix solutions containing AL have slightly higher
EC than the solutions containing RL. This can be related to the fact that the AL
contains more Ca(OH), than the RL. The decrease of the EC continues until the

DOI: 10.4236/jmmce.2022.101004

46 J. Minerals and Materials Characterization and Engineering


https://doi.org/10.4236/jmmce.2022.101004

T. Dime et al.

Figure 2. Maturation of covered CEB under the production
humidity at room temperature in the laboratory (30°C £ 5°C).
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Figure 3. Evolution of the electrical conductivity of solutions containing earth (Kam-
boinsé: K) and (a) 10% or (b) 20% of lime (AL and LR).
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Ko) and (a) 10% or (b) 20% of lime (AL and LR).
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Figure 6. Evolution of the electrical conductivity of solutions containing earth (Saaba: S)
and (a) 10% or (b) 20% of lime (AL and LR).

60™ day, with the highest kinetics observed between the 28" and 45" day. How-
ever, the control solutions (distilled water and lime) did not undergo any signif-
icant change of EC up to the 60™ day of curing. This explains the absence of the
interaction between distilled water and lime, but rather confirms the interaction
between earth and lime through the pozzolanic reaction.

On the one hand, the value of EC reached 5.5 mS/cm (K), 5 mS/cm (P, Ko)
and 6 mS/cm (S) for solutions containing 10% LR; on the other hand, the value
of EC were 6 mS/cm (K, S), 5.5 mS/cm (P, Ko) for 10% AL, after 28 days. These
values of EC decreased until reaching the value of 2 - 2.5 mS/cm after 45 days,
then the value of 1 - 2 mS/cm after 60 days. For the solutions containing 20% of
lime, a similar evolution was observed, but with the values of the EC slightly
higher than with 10% lime. The EC of the solutions containing the 20% LR or
AL and different earth has changed from 6 mS/cm at the 28" day to 2 - 2.5
mS/cm at the 45" day and 1.5 - 2 mS/cm at the 60™ day.

This gradual decrease in EC is due to the gradual consumption of Ca** and
OH" during the pozzolanic reaction between clay materials and lime [8]. The
values of EC of solutions containing AL are slightly higher than those containing
LR due to a higher content of Ca(OH),, responsible for the reaction, in the AL
than in the LR. Nevertheless, the EC evolves similarly for the solutions contain-
ing AL or LR. Thus, this makes it possible to confirm that the reactivity of LR is
comparable to that of AL and would make it possible to evaluate the reactivity of
clay materials [8]. It is also noteworthy that the curing of the solutions at room
temperature in the laboratory (30°C + 5°C) allowed to reach the results similar
to those obtained previously during the curing at controlled and slightly elevated
temperature (40°C % 2°C) [8]. This suggests that it is not really necessary to in-
crease the temperature of maturation, by heating to 40°C. On the contrary, it
would therefore be advisable to limit the maturation solutions at room temper-

ature in the laboratory.

3.2. Physico-Mechanical Properties of CEB

3.2.1. Bulk Density
The decrease in the value of the bulk density of CEB was noticed with the gra-
dual addition of LR (Figure 7). The density decreases from a value of 1494 to
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1445 Kg/m® for the materials from Kamboinsé; from 1873 to 1818 Kg/m’ for
Pabré; from 1825 to 1757 Kg/m® for Kossodo and from 1471 to 1438 Kg/m® for
Saaba, for the CEB cured at 28 days (Figure 7(a)). For the CEB cured at 45 days,
the values of density are roughly similar, ranging from 1492 to 1450 Kg/m® (Kam-
boinsé), 1873 to 1675 Kg/m’ (Pabré), 1825 to 1785 Kg/m® (Kossodo) and 1481 to
1424 Kg/m® (Saaba) (Figure 7(b)). This decrease in density is partly explained
by the increase in the demand of the production water with the addition of LR to
the earth. The decrease of the bulk density can also be related to the low density
of the lime with respect to that of the earth material. The smallest density values
are observed for Kamboinsé and Saaba materials that required a higher amount

of water than other materials.

3.2.2. Resistance to Abrasion

The CEB without stabilizers (0% LR) have a surface behavior proving their sen-
sitivity to abrasion. They have abrasion coefficients (Cb) of 15 9; 2 and 1 cm*/g
respectively for Kamboinsé, Pabré, Saaba and Kossodo for all the curing times
(Figure 8). They are therefore not acceptable, except for Pabré, according to the
standard [13] which stipulates that the minimum values of Cb must be respec-
tively 2, 5 and 7 cm?/g for the different classes of CEB (CEB20, CEB40, CEB60).
CEB without stabilizer produced with material from Pabré have a coefficient

enabling them to meet the requirements of the standard.
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Figure 7. Bulk density of CEB cured for (a) 28 days, (b) 45 days.
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Figure 8. Abrasion coefficient for CEB matured cured for (a) 28 days, (b) 45 days.

For stabilized CEB (10% and 20% LR), the abrasion resistance gradually im-
proved with the addition of LR until reaching the values of 18, 37, 28, and 13
cm’/g (10% CR) and 40, 45, 69, and 30 cm*/g (20% LR) respectively for Kam-
boinsé, Pabré, Kossodo and Saaba cured for 28 days. For curing at 45 days, the
abrasion coefficient reaches the values of 21, 49, 31, and 21 cm*/g (10% LR) and
49, 66, 88, and 43 cm®/g (20% LR) respectively for Kamboinsé, Pabré, Kossodo
and Saaba (Figure 8). This increase of the abrasion resistance can be related to
the pozzolanic reaction between earth materials and lime, which results in the

hardening effect on the surface of CEB.

3.2.3. Resistance to Dry Compression

The comparison between the unstabilized CEB and stabilized CEB shows that
the resistance to the compression of CEB stabilized with 10% and 20% LR has
gradually improved. For the same content of LR, the values of the compressive
strength of CEB cured at 45 days are slightly higher than those obtained at 28
days. The values of the compressive strength were 0.4, 2.6, 1, 0.6 MPa respec-
tively for the non-stabilized CEB produced with materials from Kamboinsé, Pabré
Kossodo, and Saaba. The compressive strength increased to reach 5 and 5.9 MPa
(for Kamboinsé), 7.9 and 8.8 MPa (Pabré), 7.7 and 8.8 MPa (Kossodo), and 5
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and 6 MPa (Saaba) respectively stabilized with 10% and 20% LR and cured for 28
days (Figure 9(a)). These values reached 6.2 and 7 MPa (Kamboinsé), 8.4 and
9.3 MPa (Pabré), 8.6 and 9.9 MPa (Kossodo) and 5.6 and 6.5 MPa (Saaba) re-
spectively stabilized with 10% and 20% of LR and cured for 45 days (Figure
9(b)).

Under these conditions, the stabilization of CEB with 0% to 20% corresponds
to the increase of the strength in the range of order of 13 times (0.4 to 5.9 MPa)
for the material from Kamboinsé, 2 times (2.6 to 5.9 MPa) for Pabré, 8 times (1
to 8.8 MPa) for Kossodo and 10 times (0.6 to 6 MPa) for Saaba after the curing
time of 28 days. This increase is 16 times (0.4 to 7 MPa) for Kamboinsé, 3 times
(2.5 to 9.3 MPa) for Pabré, 9 times (1.1 to 9.9 MPa) for Kossodo and 10 times
(0.6 to 6.5 MPa) for Saaba cured for 45 days.

This improvement of the strength is due to the reactivity of the various clay
materials with the LR [7] [9]. These results confirm the pozzolanic reactivity ob-
served with the mix solutions of the different clay materials and the lime. This
reaction leads to the formation of cementitious products, such as hydrates of
calcium silicates and calcium aluminates, responsible for the increase in the re-
sistance to the compression of stabilized CEB [7]. It implies that the more the
material is reactive, the more it achieves a higher increase of the resistance. In
the current curing condition (30°C £ 5°C), the material of Kamboinsé which has
the highest ratio of the increase of the resistance at 28 days (13 times) and 45
days (16 times) is the most reactive; followed by Saaba (10 times), Kossodo (8
and 9 times) and Pabré (2 and 3 times). It is also noticed that the highest ratio of
increase of resistance is reached within 28 days of maturation, beyond which it
does not improve too much. This is quite different to the results previously re-
ported for the same materials cured in controlled condition (40°C + 2°C). In
that condition, the materials from Saaba reached the highest performances in
terms of both the kinetics of the reactivity and improvement of the compressive
strength, followed by Kossodo, Kamboinse and Pabré [8]. This confirms that the
conditions of the production highly affect the performances of CEBs [9].

The increase in resistance to the compression observed in the present study is
comparable to that previously obtained for CEB stabilized with LR (<125 pm),
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Figure 9. Compressive strength of matured CEB at (a) 28 days, (b) 45 days.
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and cured under the controlled conditions, at a slightly elevated temperature
(40°C + 2°C) and for 45 days [8]. This implies that the CEB can be produced by
stabilization with 10% or 20% of LR (fineness < 400 pm) and cured in ambient
conditions for 28 or 45 days to achieve the required resistance. Indeed, the use of
this finesse of LR has led to a compressive strength of CEB that exceed the value
of 4 MPa (with 10% LR and at 28 days of curing) required for their application
in the construction of the walls of one-storey building and reach the value of 6
MPa (with 20% LR and at 45 days of curing) for the walls of two-storey building
[14].

3.3. Correlation between Abrasion Coefficient and Dry
Compressive Strength

A possible correlation exists between the compressive strength and the abrasion
coefficient. The importance of this correlation is to be able to estimate the resis-
tance to the compression of CEB from the coefficient of resistance to abrasion.
The abrasion coefficient is easier to test by abrasion of the surface, without crush-
ing the sample, using simple and less expensive means; while it is more difficult
to test the compressive strength which requires more sophisticated and expen-
sive, and destructive equipment.

Figures 10(a) and Figure 10(b) respectively show the relationships between
the coefficient of abrasion: Cb [cm?/g] and the compressive strength: Rc [MPa]
of CEB from all materials and cured for 28 and 45 days. This makes it possible to
propose an approximate relationship to correlate the two parameters (Cb [cm*/g]
and Rc [MPa]) for each type of earth material and each curing time. It was thus
obtained a general relation with two parameters (A and B) expressed by Equa-
tion 1. In this equation, A varies from 0.69 to 0.84 and B varies from 0.59 to 0.67
for different materials and cured for 28 days; and A varies from 0.55 to 0.85; B
varies from 0.58 to 0.70 for different materials and cured for 45 days. Figure
10(c) shows the average correlation (Rc = 0.71 x Cb***) between Cb [cm?/g] and
Rc [MPa] for all types of materials and for any curing time.

Rc = A x Cb® (1)

This is the evidence of the existence of a strong correlation (R*> = 0.84 to 0.99)
between the resistance to compression and the resistance to abrasion of the CEB.
However, this correlation would strongly depend on the type of the materials, in
terms of the values of parameters A and B. Nevertheless, these results will make
it possible to estimate the compressive resistance as a function of the abrasion
resistance by simply determining these two parameters for the material of con-

cern.

3.4. Structural Performances of CEB

Structural performance of CEB was assessed through a coefficient structural effi-
ciency (CSE). The CSE is an important physico-mechanical parameter in the

evaluation of the contribution of resistance and density of CEB to their load
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Figure 10. Correlation of the compressive strength and coefficient of abrasion for CEB
cured at (a) 28 days, (b) 45 days and (c) 28 and 45 days.

bearing capacity in building construction. The CSE is determined by the ratio
between the dry compressive strength and the bulk density of CEB [15] [16].
This parameter makes it possible to evaluate the improvement of the ability of
CEB to carry the load in construction by maximizing its resistance while mini-
mizing its own weight (bulk density). It is noted that the use of LR (<400 pum) as
a stabilizer has significantly improved the CSE.

The values of the CSE of unstabilized CEB (0% CR) were 274, 1372, 564 and
387 Pa-m’/kg (J/kg) respectively for the materials of Kamboinsé, Pabré, Kossodo
and Saaba. These values respectively increased to 3397 and 4111 J/kg, 4237 and
4851 J/kg, 4310 and 5033 J/kg, and 3403 and 4166 J/kg for CEB stabilized with 10
and 20%, for the curing time of 28 days (Figure 11(a)). This corresponds re-
spectively to an increase of the order of 11 and 14 times, 2 and 3 times, 7 and 8
times, and 9 and 11 times for CEB stabilized with 10% and 20% LR compared to
non-stabilized CEB (0% LR), for the curing time of 28 days. The values of the
CSE increased slightly higher for CEB cured at 45 days (Figure 11(b)). They re-
spectively increased by 14 and 16 times, 3 and 3 times, 7 and 9 times, and 9 and
11 times for the CEB stabilized with 10% and 20% compared to unstabilized
CEB. This increase of the CSE at 45 days can be considered comparable to the
increase observed at 28 days.

This implies that CEB stabilized with a higher LR content (20%) can relatively
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Figure 11. Coefficient of structural efficiency of CEB cured for (a) 28 days, (b) 45 days.

bear more loads since they are lighter than CEB stabilized with a lower LR con-
tent (10%), while both have comparable resistance to the compression. These
results confirm those previously obtained by [15] using LR (<125 pm) on the
one hand and LR in combination with rice husk ash (RHA) on the other hand

for the stabilization of only one type of earth.

4. Conclusions

The results presented in this article are part of the valorization of (by-) products
locally available in Burkina Faso, more precisely the lime residue used at a coarser
fineness (<400 pum). The study aimed to determine the reactivity of clay mate-
rials with analytical lime (AL) in order to compare it with that obtained with re-
sidual lime (LR). The study also assessed the influence of the addition of LR on
the physico-mechanical performances of stabilized CEB. At the end of the vari-
ous tests, the following conclusions are adopted.

1) The consumption of residual lime (LR) by different clay materials is com-
parable to that of analytical lime (AL) resulting in a decrease in the electrical
conductivity of solutions during the curing. This confirms the reactivity of these
clay materials with LR in ambient curing conditions.

2) The density of CEB decreases with the increase in the stabilizing content in
the order of 1495 to 1420 kg/m’ for the materials from Kamboinsé and Saaba
and from 1875 to 1750 kg/m’ for Pabré and Kossodo.

3) The coefficient of abrasion of CEB increases with the addition of the stabi-
lizer (20% LR), in the order of 0.5 to 40 cm?/g for Saaba and Kamboinsé and 1.9
to 88 cm?/g for Pabré and Kossodo. It is slightly higher for CEB cured for 45
compared to those cured for 28 days.

4) The compressive strength of CEB increases with the addition of LR (20%),
in the range of 0.5 to 7 MPa for Kamboinsé and Saaba and 1 to 10 MPa for Pabré
and Kossodo. It is slightly higher for CEB cured for 45 days than those cured at
28 days. This proves an improvement in the resistance of CEB, resulting from
the reactivity observed under these conditions. The CEB stabilized with LR is po-
tentially useful in the construction of multi-storey buildings.

5) The correlation, with two parameters A and B (Rc = A x Cb®), was con-
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firmed between the coefficient of abrasion: Cb [cm?/g] and the compressive
strength: Rc [MPa] for all materials and curing times. This can potentially be
used to estimate the quality and mechanical performance of CEB, depending on
the type of materials used for their production.

Moreover, these results are satisfactory because they not only correspond to
the requirements of the standards but also correspond to the results obtained by
other research in the field of construction. This makes it possible to deduce that
the fineness of lime used (<400 um) is recommendable for the production of
CEB at any scale and reach the required performances. However, future studies
should evaluate the physico-mechanical parameters of CEBs (density, compres-

sive strength, abrasion resistance) of these clays stabilized with AL.
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