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Abstract: The housing sector today uses elaborate materials such as cement, iron, sand, often prohibitively expensive and whose production generates a strong environmental impact (scarcity of resources, transport, greenhouse gas greenhouse, etc.). In order to meet the challenges of sustainable development, earth construction is experiencing a resurgence of interest these days. Despite its many advantages, raw earth material has drawbacks, in particular its low mechanical resistance and its loss of geometric characteristics in the face of water, which slow down its development. As part of this study, the mechanical characteristics and durability of raw earth were improved by using residual water from the processing of Parkia Biglobosa (nere) and Vitellaria Paradoxa (shea) nuts in order to optimize its use for the construction of modern buildings. To this end, the decoctions resulting from the artisanal transformation of the nut of the Parkia Biglobosa into African mustard and of the Vitellaria Paradoxa into shea butter were added to the raw earth according to volume proportions of 25%, 50%, 75% and 100% of the aqueous solution to obtain the projected composites. Thus, mechanical characterization and durability tests were carried out on the composites obtained. The results revealed that the decoctions of Vitellaria Paradoxa and Parkia Biglobosa improve the compressive strength of the material by up to 90% and 260%, respectively. Furthermore, these decoctions improved the resistance to water penetration of the 100% additive composite by 1.5 times for Vitellaria Paradoxa and 5 times for Parkia Biglobosa. This study shows that it is possible to use decoctions as raw earth stabilizers to build modern, ecological buildings at lower energy costs. However, more in-depth studies on surface wettability and long-term durability are planned to better characterize the geomaterial.
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1  Introduction

Raw earth is one of the oldest materials used for building housing [1,2]. Even today, one-third of the world’s population lives in mud houses [3–5], especially in developing countries where more than half of the population, mostly rural, uses this type of building [6]. The United Kingdom has around half a million functional earthen dwellings, most of which were built before the 20th century [7]. In India, the census of housing stock carried out in 1971 established that 72.2% of dwellings were built of raw earth [6].

Since the appearance of cement, traditional raw earth construction techniques have been gradually abandoned to the detriment of “hard” systems considered more modern, but which are also much more expensive, polluting, energy-consuming [8], etc. Finally, these techniques are poorly adapted to the rural context, particularly in Africa. With the climate crisis, the need to reduce CO2 emissions (greenhouse gas) as much as possible is now imposed on all sectors, which is reviving the interest in this ancestral way of construction, typically ecological [9,10]. Generally, the problems associated with earthen constructions are the loss of geometric characteristics due to erosion of the surface under the effect of bad weather and low mechanical resistance [5,11–13]. However, care must be taken to improve the durability of raw earth as much as possible, and even its mechanical behavior, given its durability concerning water (humidity, erosion, mold, etc.).

For this purpose, artificial additives like cement, lime, bitumen, metakaolin, rice husk ash [14–18], etc., have been added to the raw earth, but the use of these products has no impact on the carbon balance, which puts the environmental interest of their use into perspective. The use of additives and other renewable materials of plant and/or animal origin, which can improve the properties (strength, durability, plasticity, surface appearance [19], then constitutes an interesting alternative that is important to optimize sustainable and ecological construction techniques using stabilized raw earth [10].

Remember that the compressive strength of unsterilized mud bricks is between 0.6 and 2.25 MPa [20,21]. Pressed and/or treated with a small amount of cement [22], it can reach 1.5 to 3 MPa [23].

Several studies have already focused on the interest in incorporating plant additives into raw earth. For example, some authors [11,24–27] have shown that by substituting, in a sand–clay mixture, the mixing water with a decoction of Parkia Biglobosa pods, a geomaterial was obtained with a compressive strength greater than that of the mixture without addition. They also found that this “additive” allowed the small grains to fit better between the large ones, and therefore the decoction had a plasticizing effect on the clay. Other authors [28,29] investigated a process for reusing Vitellaria Paradoxa waste as an economical material to improve the manufacture of fired clay bricks. The addition of these wastes practically did not affect the chemical and mineralogical transformations that occur during firing, but made it possible to increase the mechanical resistance and reduce the water absorption of the bricks obtained [29]. Alam et al. in 2015 [22] used alginate (polysaccharides obtained from brown algae) as a stabilizer and Galán-Marin et al. in 2010 [30] used sheep’s wool fibers as reinforcement. The results show that the addition of alginate alone improves the compressive strength of raw earth by 69% (it goes from 2.23 to 3.77) and that the addition of wool alone allows an increase in compressive strength by 37% (it goes from 2.23 to 3.05). When alginate and wool fibers are combined, the compressive strength doubles.

It is in this context that the present work takes place. Its main objective is to experimentally test the use of the decoction products of Parkia Biglobosa and Vitellaria Paradoxa as a natural additive for the production of building materials in stabilized raw earth.

2  Materials and Methods

2.1 Materials

2.1.1 Earth

The earth used comes from a lateritic clay formation, commonly called “Terre de Barre” or “Bar Earth”, taken from the Republic of Benin (West Africa), in the Atlantic department, municipality of Abomey-Calavi (6°28′36.52″N 2°19′34.92″E). Previous studies [31] revealed good homogeneity of this material on the Abomey-Calavi plateau. Sampling was carried out in three equidistant wells of 20 m at respective depths of 0.5, 1, and 1.5 m (Fig. 1). The materials were mixed and quartered by standard NF X 31-100 [32]. The soil samples are first dried in an oven to constant weight at 50°C and sieved through a 2 mm sieve before being mixed with water and/or with additives. The Abomey-Calavi Bar Earth was characterized by geotechnical tests (particle size analysis, Atterberg limit, grain density), chemical (X-ray fluorescence), and mineralogical (DRX) tests.
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Figure 1: Sampling of bar earth

2.1.2 Additives

The decoction waters associated with processing the Vitellaria Paradoxa (shea) seed (Fig. 2) into butter and the Parkia Biglobosa (nere) nut (Fig. 3) into mustard or cheese were used. The choice of these products is justified by:

•   the very wide availability of these varieties in sub-Saharan Africa;

•   very low CO2 emissions associated with their production and processing;

•   the traditional use of decoction water by rural populations in raw clay soil with or without plant fibers for the construction of granaries, the manufacture of bricks, the rendering of huts, and the manufacture of pottery;

•   the development in Benin of the Parkia Biglobosa and Vitellaria Paradoxa processing industry generates large quantities of these by-products.
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Figure 2: Vitellaria Paradoxa (shea tree)
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Figure 3: Parkia Biglobosa (nere)

For Parkia Biglobosa, the cooking water is recovered by boiling 250 grams of raw seeds in 0.50 liters of drinking water. During the cooking time which lasts an average of 6 h, an addition of 250 ml of water is made to constantly maintain the water on the seeds. The residual water of 250 ml is recovered after skimming and recovery of recoverable material.

For Vitellaria Paradoxa, it is the residual water from the manufacture of butter that is recovered. The steps consist of peeling the fruit to recover the almonds, which are crushed, roasted, and crushed into a paste. The paste is churned into a container where lukewarm water is added to bring up the scum and leave waste at the bottom of the container. After skimming the material, the residual water is recovered.

These different waters have been kept in hermetically sealed jars to prevent their degradation over time (generally used within a week).

2.2 Methods

2.2.1 Blends and Consistency

Five mixtures of raw earth or geomaterials were made. They were obtained by manually mixing the dry earth by the endogenous practice of earthen builders, either with pure water (control mixture T), or with one or other of the pure additives (mixture M4, Parkia Biglobosa P or Vitellaria Paradoxa V), or with a mixture of water and additive in relative proportions of 25%, 50% and 75%, respectively (mixture M1, M2 and M3). Table 1 illustrates the composition of the liquid solution used to shape the mixtures. The quantity of liquid solution used was adjusted to obtain pastes of a consistency comparable to that used in the practice of traditional “banco” constructions in Benin and whose contents are around 30%, well above the optimum Proctor which is around 18%. This consistency was characterized using a pocket penetrometer (Fig. 4), on preparations made by masons on real sites. The average stress measured is around 200 KPa (2 bars).
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Figure 4: Pocket penetrometer

The 10 cm × 10 cm × 2 cm and 4 cm × 4 cm × 16 cm type specimens were manufactured from the mixtures thus produced. The mixtures obtained are filled into the molds without compacting other than manually using a spatula to obtain regular faces. Before filling, the interior of the molds was coated with a thin plastic film (Fig. 5) to facilitate immediate de-molding instead of releasing oil which could influence the results of the durability tests. The mold is turned over on support then the various walls of the mold are gently dismantled without damaging the specimen. After removal from the mold, the specimens placed on support are dried in the open air in an enclosure at 20°C. until constant mass.
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Figure 5: Mold covered with plastic film

2.2.2 Land Identification

The actual density of the soil sample is determined according to the standard NFEN1097-6, 2001 [33]. It is calculated from the mass/volume ratio. The mass is determined by weighing the saturated test sample, surface dry, and again after drying in an oven. The volume is calculated from the mass of the volume of water displaced, determined by weighing in the case of the pycnometer method.

Organic matter undergoes considerable volume changes under the effect of loadings and variations in moisture content. Some soils, from geologically recent deposits, may contain organic matter. In the laboratory, the overall organic matter content was measured on the residue passing 2 mm, previously dried at 50° to constant mass, which is reacted with hydrogen peroxide. A second steaming allows by difference to know the weight and therefore the organic matter content [34].

The Bar Earth of Abomey Calavi was identified by geotechnical tests, namely: particle size analysis and Atterberg limit. The particle size analysis test consisted in separating the agglomerated grains from a known mass of material by stirring underwater, splitting this soil, once dry, using a series of sieves, and in successfully weighing the cumulative refusal on each sieve [35]. The Atterberg limits (liquidity and plasticity limits) are the weight of water contents corresponding to particular states of soil. They were determined by standard NFP94-051, 1993 [36].

These listed tests make it possible to determine the main characteristics of the soil. Based on these tests, a classification has been proposed according to ASSHO to allow the prediction of the main geotechnical properties of the earth under study.

2.2.3 Chemical and Mineralogical Analysis of Materials

Chemical analysis by X-ray fluorescence spectrometry was used for all raw materials (soil and stabilizers) and mixtures (soil + solution) were performed. This analysis lets us know the nature of the chemical elements present in a sample and their mass concentration. The principle consists in directing a beam of X-rays on the sample to be analyzed. Under the effect of these X-rays, the atoms constituting the sample pass from their ground state to an excited state causing the emission of photons with wavelengths dependent on the chemical element to be analyzed. It is the phenomenon of X-ray fluorescence which is a secondary emission of X-rays, characteristic of the atoms that make up the sample.

The mineralogical analysis was carried out by X-ray diffraction. This technique makes it possible to determine the nature of each crystalline phase within a sample. As part of this study, the materials were characterized using the Bruker D8 Advance diffractometer equipped with a Ge(111) monochromator, making it possible to discriminate the Kα1 wavelength of copper (λ = 1.54056 Å) and the pitch is 0.03°, sweep from 6° to 70° in 2 h 15, 40 kV, 40 mA. This analysis was carried out on the earth material previously reduced to powder by a grinder and on the dry residues of the stabilizers obtained by drying in an oven at 50°C. A volume of the stabilizers until constant weight.

2.2.4 Shrinkage Test and Loss of Mass

The dimensional variation of geomaterials is evaluated by measuring variations in the length of a 4 × 4 × 16 type earth specimen (Fig. 6). The test was carried out based on the French standard NFP15-433, 1994 [37]. To facilitate the demolding of the fresh mixtures and to avoid the use of oil for molding which could modify the properties of the test specimens, the molds were previously covered with a plastic film as shown in the Fig. 5. The measurements of the dimensional variations of the specimens were made using studs inserted at the ends of the specimens (Figs. 6 and 7) during manufacture. The variations are measured at regular times of 4 h during the day; from a time To corresponding to the demolding of the specimens to fully appreciate the evolution of the shrinkage.
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Figure 6: 4 × 4 × 16 specimens with inserted studs
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Figure 7: Measure of the dimensional variation

The longitudinal shrinkage is determined by the formula:


R=L0−L1L1
(1)

with, R: shrinkage of the material (10−6 m/m);

L0 = 160 mm initial length (To);

L1: length at measurement time T.

The specimens are weighed before each measurement of the dimensional variation to determine the mass loss of the geomaterial. We obtain the loss of mass by the formula:


Loss of mass=m1−m2m2x100
(2)

where:

m1: initial mass of the specimen (T0);

m2: mass of the specimen at measurement time T.

2.2.5 Compressive Strength Tests

The compressive strength of the geomaterials was carried out by standard NFEN196-1, 1995 [38] and using an IGM-type traction/compression machine in a constant speed mode of 2.4 kN/s, with a capacity of 250 kN and 10 N precision. It is controlled by a computer. The specimens are broken into two more or less equal parts by bending using the press (Fig. 8). Then, the compressive strengths are measured on each of the half-test pieces.
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Figure 8: 3 points bending tests

2.2.6 Drip Test and Absorption Tests

The specimens with dimensions of 10 cm × 10 cm × 2 cm were subjected to drip tests according to the procedure described by the CRAterre laboratory manual (6). CRAterre is an earth research and application center. It became a research laboratory on raw earth architecture based at the National School of Architecture of Grenoble (ENSAG) in France. This test consists in subjecting the specimens to regular drops of water falling from a height of 2.5 m (Fig. 9) at the rate of one drop per second until the latter is punctured or deteriorates. The water resistance time of the specimen is noted.
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Figure 9: Schema showing the drip test device

These same types of test specimens were partially immersed in water to a height of 5 mm for 10 min to determine the partial absorption capacity of the various mixtures. The total absorption capacity was determined by fully immersing the specimens in water for 10 min, the height of the water above the specimen was at least 5 mm. The water absorption coefficient Cb of each specimen is expressed by the formula:


Cb=100×(m2−m1)S×t(3)

where:

m1: mass of the specimen before the start of the test;

m2: mass of the specimen after immersion in water;

S: the surface of the submerged face, in square centimeters.

3  Results and Discussion

3.1 Characteristics of the Soil Sample from Abomey-Calavi (Southern Benin)

If we designate by TB-Ab-C, the Bar Earth of Abomey-Calavi, the geotechnical characteristics of this earth are given in Table 2. The grain distribution is shown in Fig. 10.
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Figure 10: Particle size curve of the earth of Abomey-Calavi

She is composed of particles the grain size of which is less than 2 mm. The percentage of undersized materials obtained by washing with an 80 μm sieve is approximately 18%. The nature of this earth is the moistened sandy clay.

The soil analysis revealed that the organic matter content is 0.9%. It is less than 2% which represents the limit recommended by Taallah [39]. According to the ASSHO classification, which is more suitable for earth construction [6], the earth under study has characteristics that correspond to class A2-7-a.

XRD analysis shows that the Abomey Bar Earth is mainly made up of quartz, kaolinite, hematite, microcline, and albite (Fig. 11).

[image: images]

Figure 11: Abomey-Calavi bar earth diffractogram

However, the analysis of the chemical composition (Table 3) indicates that silica and alumina are the main oxides in the Bar Earth sample from Abomey Calavi. The mass ratio SiO2/Al2O3 is about 4.6. According to Konan, 2006, this value is much higher than that of pure kaolin which is around 1.18 and therefore suggests the presence of free silica and other clay minerals [40]. Observation with an optical microscope (Fig. 12) shows the presence of silica crystals. The iron oxide present in the sample is characteristic of hematite in the soil.
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Figure 12: Optical microscope observation of the bar earth of Abomey-Calavi

3.2 Characteristics of Stabilizers Based on Parkia Biglobosa and Vitellaria Paradoxa

The XRD analysis of the dry extract stabilizers based on Parkia Biglobosa and Vitellaria Paradoxa (Fig. 13) revealed that they are composed of organic molecules of the Oxo bis Diphenyl antimony and Vinylheptaphenyltrisiloxane type.

[image: images]

Figure 13: DRX on dry stabilizer residues

The chemical composition of the stabilizers obtained by ion chromatography is shown in Fig. 14. It emerges from this figure that the two types of stabilizers are composed of the same type of sugar, but in different proportions. We note that Ac galactu and Galactose are the dominant sugars of the stabilizer based on Parkia Biglobosa, while the dominant sugars of the stabilizer based on Vitellaria Paradoxa are glucose, Arabinose, and Xylose.

[image: images]

Figure 14: Sugars present in the stabilizers

3.3 Physical and Mechanical Characteristics of Geomaterials

If we designate by T the “adobe” geomaterial control of soil mixture +100% water, Adb10.25 the “adobe” geomaterial of soil mixture +0.25% stabilizer based on Vitellaria Paradoxa and 0.75% water, etc., the physical and mechanical characteristics in particular, final mass loss, final dimensional variation (shrinkage) and compressive strength of the geomaterials developed are presented in Table 4.
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To better illustrate the influence of stabilizers on mass loss, shrinkage, and compressive strength, Figs. 15–17 deduced from Table 4, have been drawn.
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Figure 15: Mass loss after drying depending on stabilizer dosages
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Figure 16: Dimensional variation (shrinkage) after drying depending on stabilizer dosages
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Figure 17: Compressive strength of mixtures according to stabilizer dosages

In Fig. 14, we observe that the final loss of mass decreases according to the dosages of Vitellaria Paradoxa and Parkia Biglobosa in the aqueous phase. We note a final mass loss of 18.35% for T and 12.25% for Adb4100 and 11.78% for Adb8100. Compared to T, this represents a reduction of approximately 35% in the loss of mass for a mixture made with 100% stabilizer. It is also noted that the loss of total mass is practically achieved with a dosage of 25% of Parkia Biglobosa in the mixture. For Vitellaria Paradoxa, the loss of mass becomes significant when the aqueous solution contains 75% of this product.

Fig. 15 shows that the shrinkage decreases practically in the same way as a function of the dosages of the two types of stabilizers. A total shrinkage of 4.72% for T, 3.55% for Adb4100, and 3.14% for Adb8100 is observed. Which represents respectively a total decrease of approximately 25% and 33% compared to T.

We note in Fig. 16 an increase in compressive strength with increasing stabilizer dosage. This improvement in resistance is better with the stabilizer of Parkia Biglobosa than with the stabilizer of Vitellaria Paradoxa. The compressive strength goes from 0.97 MPa for T to 1.84 MPa for Adb4100 and 2.56 MPa for Adb8100. This represents a variation of 90% for the Adb4100 sample and 260% for Adb8100.

From the Figs. 15–17, we deduce that the use of stabilizers based on Parkia Biglobosa and Vitellaria Paradoxa instead of water in the mixing of kneaded earth effectively improves the physical properties and mechanical adobes.

By comparing the measured compressive strength values to those of geomaterials studied by Heathcote in 1991 [41] and the normative requirements of the Australian, Mexican, and UNESCO codes [42–44] regarding the performance of stabilized blocks (Table 5), it is obvious that the optimal sample is the adobe “Adb8100”.
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3.4 Durability of Geomaterials

To measure that the durability of the formulated adobes is guaranteed, an erosion test was performed (Fig. 9). From the observation of the histogram of Fig. 18, we note that the breaking time of the adobes increases with the increase in the dosage of stabilizer. The addition of admixtures improves the water resistance of adobes.

[image: images]

Figure 18: Resistance time of mixtures to water depending on stabilizer dosages

Indeed, the control adobes perforate after approximately 2.5 h while the Adb8100 adobes have a resistance of up to 12 h, which represents an improvement rate of about 500%.

On the other hand, this improvement is about 46% for the adobe Adb4100 compared to the mixture T. This clearly shows the influence that stabilizers have on the water resistance of formulated geomaterials and more particularly the stabilizer of Vitellaria Paradoxa. These stabilizers play a role in waterproofing because they contribute to the resistance to perforation of water drops.

The performance of adobes against water could be explained by the fact that the stabilizers participate in the good consolidation of the clay plates.

The behavior of adobes in water is also studied by absorption tests. The results of these tests are shown in Figs. 19 and 20.
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Figure 19: Absorption coefficient according to stabilizer contents
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Figure 20: Total absorption coefficient depending on stabilizer contents

Fig. 19 shows us the shape of the absorption coefficient as a function of the dosage of the stabilizer. We find that there is not a large variation in the absorption coefficient by capillarity for the control samples. However, for the samples with 25% stabilizer, we note a significant absorption rate for all the samples having undergone stabilization.

By observing the curves in Fig. 20, we notice that the “Adb8100” geomaterial behaves better in water compared to the others.

By comparing these different results, it can be seen that the geo-material prepared has better performance for mixtures of 100% stabilizer and better with the stabilizer based on Parkia Biglobosa. But we can also see that the performances begin to be remarkable from mixtures of 50% stabilizer. And as the availability of 100% stabilizer for earthen constructions will be difficult, we recommend the realization of geomaterials a mixture with 50% stabilizer based on Parkia Biglobosa.

4  Conclusion

The mixtures of Abomey Calavi Bar Earth with the Vitellaria Paradoxa and Parkia Biglobosa stabilizers have proven to be effective because the geomaterials produced have values of mechanical resistance in compression higher than those obtained without the addition of stabilizers. These results are better with Parkia Biglobosa than with Vitellaria Paradoxa. The study of the durability of geomaterials facing water also proved to be more effective with Parkia Biglobosa than with Vitellaria Paradoxa. These results demonstrate the possibility of stabilizing the land with non-timber forest products. In short, the decoctions studied are promising additives for stabilizing the earth in order to be able to use it as a structural material. Thus through this study, we recommend a mixture of 50% stabilizer based on Parkia Biglobosa for the manufacture of geomaterials. Further studies on surface wettability and long-term durability are planned to better characterize the geomaterial. Also, in perspective, it is planned to study the influence of the organic adjuvants studied on the compressed earth bricks for better mechanical resistance.
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Table 3: Chemical composition (%) of Abomey Calavi Bar Earth and stabilizers

LOI NazO MgO A1203 SlOz P205 SO3 Kzo T102 MnO F6203 SrO
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Table 4: Physical and mechanical characteristics of adobes

Nature of TB-Ab- TB-Ab-C+watert% Vitellaria TB-Ab-C+water+% Parkia Biglobosa
mixtures C+water Paradoxa

Designation of T Adbly,s Adb2ys5 Adb3gss Adb4,gg Adb5y,s Adb6gs Adb775 Adb8g
samples

Final mass loss 18.35 17.44 17.1 15.79 1225  12.7 12.38 12.15 11.78
(%)

Final 4.72 3.96 3.89 3.53 3.55 3.89 3.86 3.61 3.14

shrinkage (%)
Compressive  0.97 1.37 1.60 1.79 1.84 1.27 1.70 1.84 2.56
strength (MPa) £0.15  +0.14  £0.22 +0.25 +0.19 +0.21 +0.26 +0.14  +0.38
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Table 1: Composition of the liquid solution used to shape the mixtures

Mixture reference T M1-P M1-V M2-P M2-V M3-P M3-V M4-P M4-V
Water 100% 75% 50% 25% 0%
Additive Parkia Biglobosa (P) 0 25% 50% 75% 100%

Vitellaria Paradoxa (V) 0 25% 50% 75% 100%
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Table 2: Geotechnical characteristics of the Bar Earth

Earth  Relative density of solid Content of organic Fine fraction Pi L1 ASSHO Designation
particles (g/cm?) matter (<0.08 mm) M145 classification
TB 2.69 0.9% 18% 18 41 A2-7-a Silty or clayey

Ab-C sand
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Table 5: Compressive strength requirements

Authors Compressive strength requirements (MPa)
Heathcote, 1991 2.2

Australian standard 3700-1988 2

ISSUING, 2016 2

UNIDO/ILO, 1987 2.1
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