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Abstract 

Compressed earth bricks (CEBs) stabilized with lime represent a sustainable alternative to conventional construction materials 

in West Africa. However, the effective stabilization of lateritic soils depends strongly on their mineralogical composition, which 

remains insufficiently documented for Beninese soils. This study aims to provide the first quantitative mineralogical 

characterization of four lateritic soils collected from Dassa-Zoumé, Glazoué, N'Dali, and Zogbodomey in Benin, together with 

a recycled lime derived from oxy-acetylene welding residues, in order to assess their suitability for the production of stabilized 

compressed earth bricks. The investigation was conducted using X-ray diffraction (XRD) coupled with Rietveld refinement. 

Diffractograms were recorded over a 2θ range of 5-70° using a Rigaku diffractometer, and mineral phases were identified using 

the PDF-4 Minerals 2026 database. Quantitative phase analysis and crystallite size determination were performed through 

Rietveld refinement and the Scherrer equation, respectively. The results revealed that all four soils are dominated by a quartz-

feldspar mineralogy, with quartz contents ranging from 40% to 56%. Significant mineralogical differences were observed among 

the soils. The N'Dali soil was distinguished by the exclusive presence of kaolinite-1A (26 ± 4%), indicating a high pozzolanic 

reactivity and strong potential for lime stabilization. In contrast, the Dassa-Zoumé and Zogbodomey soils exhibited 

predominantly quartz-rich compositions with limited reactive clay content, while the Glazoué soil showed elevated goethite 

content (12%) and evidence of a poorly crystalline or amorphous fraction. The recycled lime was characterized by a high 

portlandite content (85.4 ± 1.8%), confirming its suitability as a stabilization binder. The study demonstrates that mineralogical 

composition is a key factor governing the stabilization potential of Beninese lateritic soils. Among the investigated materials, 

the N'Dali soil appears to be the most suitable for lime-stabilized CEB production. These findings provide valuable scientific 

data for the development of sustainable, locally sourced construction materials in Benin and West Africa. 
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1. Introduction 

This study presents the first quantitative mineralogical 

characterization, using X-ray diffraction (XRD) and Rietveld 

refinement, of four lateritic soils from Benin (Dassa-Zoumé, 

Glazoué, N'Dali, and Zogbodomey) and a recycled lime de-

rived from oxy-acetylene welding residues, with a view to 

their use in the manufacture of stabilized compressed earth 

bricks (CEBs). The analyses were performed using a Rigaku 

diffractometer over the 2θ range of 5-70°, with phase identifi-

cation based on the PDF-4 Minerals 2026 database. The four 

soils exhibit a predominantly quartz-feldspar mineralogy, 

with quartz contents ranging from 40% to 56%. The N'Dali 

soil is distinguished by the exclusive presence of kaolinite-1A 

(26 ± 4%), conferring superior pozzolanic potential for lime 

stabilization. Goethite contents (0.12-12%) reflect varying de-

grees of ferritization depending on the locality. The analyzed 

lime is of high quality (portlandite: 85.4 ± 1.8%), with gros-

sular as a minor impurity (10.3%). Based on these results, the 

N'Dali soil ranks first in terms of suitability for lime stabiliza-

tion. These findings constitute an original contribution to the 

understanding of local construction materials in West Africa. 

The water resistance of stabilized CEBs is significantly 

improved through lime stabilization. In the specific context 

of this study, the analyzed lime originates from oxy-acety-

lene welding residues, giving it an innovative character 

within a circular economy approach. This valorization of lo-

cal industrial by-products for the manufacture of sustainable 

construction materials aligns with the orientations of the Af-

rican Environmental Strategy and the objectives of Agenda 

2063 [9]. 

Despite the abundance of studies on CEBs in West Africa, 

a persistent gap remains regarding the systematic and quanti-

tative mineralogical characterization of Beninese lateritic soils. 

Most studies are limited to geotechnical tests (Atterberg limits 

and particle size distribution) without precise identification of 

the mineral phases present. However, only X-ray diffraction 

(XRD), coupled with Rietveld refinement, allows accurate de-

termination of the weight fractions of each crystalline phase 

and the deduction of the expected physicochemical behavior 

in CEB formulations [10-12]. 

Rietveld refinement, initially developed by Hugo Rietveld 

(1969) for the analysis of neutron diffraction data and subse-

quently adapted to XRD, is now recognized as the reference 

method for the quantitative mineralogical characterization of 

multiphase materials [11, 12]. This method not only enables 

identification of the phases present, but also quantification of 

their weight fractions, with uncertainties generally below 2-

5%, provided that rigorous treatment of preferred orientation 

and micro absorption correction is applied. Applied to geo-

sourced construction materials, it has enabled significant ad-

vances in understanding soil-lime stabilization mechanisms 

and optimizing CEB formulations [5, 13]. In West Africa, few 

studies have applied this method to lateritic soils from a CEB 

formulation perspective; this is precisely the gap that the pre-

sent study aims to address. 

This study aims to fill this gap by characterizing, through 

XRD analysis, four lateritic soils collected from four locali-

ties in Benin (Dassa-Zoumé, Glazoué, N'Dali, and Zogbodo-

mey), as well as a recycled lime derived from oxy-acetylene 

welding residues used as a binder. The specific objectives 

are: (i) to identify and quantify mineral phases using 

Rietveld refinement; (ii) to calculate crystallite size using the 

Scherrer equation; and (iii) to evaluate the suitability of each 

soil for lime stabilization. The research question addressed 

in this study is: how does the mineralogical composition of 

lateritic soils, determined by XRD and Rietveld refinement, 

influence their suitability for stabilization with recycled lime 

to produce high-performance and durable compressed earth 

bricks (CEBs)? 

2. Materials and Methods 

The characterization of constituent materials used in com-

pressed earth bricks (CEBs) requires a rigorous experimental 

approach capable of identifying their mineralogical composi-

tion and evaluating their reactivity potential. In this study, X-

ray diffraction (XRD), coupled with Rietveld refinement, was 

employed to analyze lateritic soils as well as alternative mate-

rials, including recycled lime derived from an industrial pro-

cess. This section describes the investigated materials, the data 

acquisition procedures, and the analytical methods used. 

From a methodological perspective, the adopted strategy 

follows a multi-scale characterization approach, ranging from 

overall mineralogical identification by XRD to precise phase 

quantification through Rietveld refinement, along with crys-

tallite size estimation using the Scherrer equation. This inte-

grated methodology is consistent with current recommenda-

tions for the characterization of geo-sourced civil engineering 

materials [11, 14, 15]. The limitations inherent to the XRD 

method, particularly its inability to detect amorphous phases, 

are discussed in Section 4.5. 
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2.1. Description of Samples 

Five samples were analyzed in this study in relation to the 

formulation of stabilized compressed earth bricks (CEBs). 

The first four samples consist of lateritic soils collected from 

different localities in Benin: Dassa-Zoumé, Glazoué, N'Dali, 

and Zogbodomey. These sites were selected to represent the 

geological and pedological diversity of soils commonly ex-

ploited for construction purposes. Sampling was conducted 

from surface horizons (0-50 cm), corresponding to the layers 

typically used for CEB production. The soils were air-dried 

and manually disaggregated to preserve their mineral structure. 

They were subsequently ground and sieved to 75 µm to obtain 

a homogeneous powder suitable for X-ray diffraction analysis. 

From a geological perspective, Benin is characterized by 

two major geological domains: (i) a Precambrian crystalline 

basement outcropping in the northern and north-central re-

gions of the country, mainly composed of granites, gneisses, 

and migmatites; and (ii) a southern coastal sedimentary basin 

composed of Tertiary and Quaternary clayey-sandy for-

mations. The four sampling sites cover these two domains: 

Dassa-Zoumé and Glazoué belong to the southern crystalline 

basement domain (Collines region), N'Dali belongs to the 

northern crystalline basement domain (Borgou region), and 

Zogbodomey is located within the transition zone between the 

crystalline basement and the coastal basin (Zou region). This 

geological diversity explains the mineralogical variability ob-

served among the four soils [1, 2]. 

Sample 5 corresponds to recycled lime derived from oxy-

acetylene welding residues. This material originates from 

solid deposits generated during welding operations using 

combustible gases (oxy-acetylene type). These residues, rich 

in calcium compounds, are recovered and subsequently valor-

ized as a potential binder in CEB formulations. Unlike con-

ventional commercial lime, this recycled lime is of particular 

interest within a sustainable construction approach, as it sup-

ports a circular economy strategy through the valorization of 

industrial by-products. 

From a chemical standpoint, this recycled lime is composed 

of calcium hydroxide (portlandite), resulting from the trans-

formation of calcium compounds present in combustion and 

welding residues. It may also contain secondary phases origi-

nating from impurities such as silica and alumina, giving the 

material a potentially reactive character toward clayey soils. 

From a regulatory perspective, hydrated lime used as a soil 

stabilization binder is defined by standard NF EN 459-1 

(2015), which classifies lime according to its active CaO + 

MgO content. The CL 90 class, corresponding to a minimum 

content of 90% (CaO + MgO) on a dry mass basis, is recom-

mended for soil stabilization in construction applications [6]. 

The mineralogical characterization by XRD of the recycled 

lime investigated in this study makes it possible to verify 

whether it meets equivalent quality criteria, thereby justifying 

its use as a substitute for commercial lime. 

Tables 1 and 2 present, respectively, a summary of the five 

analyzed materials and the geotechnical characteristics of the 

clayey soils used in this study. 

Table 1. Summary of the Five Analyzed Materials. 

Sample Material Locality / Origin Administrative Region 

1 Lateritic soil Dassa-Zoumé Collines (Central Benin) 

2 Lateritic soil Glazoué Collines (Central Benin) 

3 Lateritic soil N'Dali Borgou (Northern Benin) 

4 Lateritic soil Zogbodomey Zou (Southern Benin) 

5 Recycled lime Local Beninese supplier  

Table 2. Geotechnical Characteristics of the Clayey Soils Used. 

Parameter Zogbodomey Dassa Glazoué N'Dali 

Bulk density (g/cm3) 1.75 1.96 1.777 1.495 

True density (g/cm3) 2.21 2.36 2.648 2.650 

Absorption (%) 14.59 8.83 33.00 44.00 

Porosity (%) 19.6 18.6 32.89 43.58 

Compaction (%) 80.4 81.4 67.11 56.42 

Void ratio 0.244 0.229 0.490 0.772 
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Parameter Zogbodomey Dassa Glazoué N'Dali 

Liquid limit (%) 55 33 78 91 

Plastic limit (%) 28.36 19.52 37.00 48.00 

Plasticity index (%) 26.64 13.48 41.00 43.00 

 

The analysis of the geotechnical characteristics presented in 

Table 2 reveals significant variability among the four soils. 

The high plasticity indices of Glazoué (PI = 41%) and N'Dali 

(PI = 43%) indicate a substantial content of swelling clay min-

erals, consistent with the presence of kaolinite in N'Dali and a 

reactive amorphous fraction in Glazoué. These PI values ex-

ceed the 20% threshold recommended for unstabilized soils 

intended for CEB production, thereby justifying the need for 

lime stabilization. In contrast, the Dassa-Zoumé soil exhibits 

a low plasticity index (13.48%), indicating lower clay reactiv-

ity and better natural dimensional stability [16]. 

2.2. XRD Data Acquisition 

X-ray diffraction (XRD) is a structural analysis technique 

used to identify the crystalline phases present in a material. It 

is based on the interaction between a monochromatic X-ray 

beam and the atomic planes within a crystal structure. When 

X-rays strike a crystalline material, they are diffracted at spe-

cific angles that satisfy Bragg’s law: nλ=2dsinθ. 

Since each crystalline phase is characterized by a unique set 

of interplanar spacings, it produces a specific diffraction pat-

tern. Analysis of the diffractogram, therefore, enables identi-

fication of the present minerals. In lateritic soils, this tech-

nique makes it possible to distinguish major phases such as 

quartz and feldspars, clay minerals such as kaolinite, and iron 

oxides such as goethite, all of which are essential for under-

standing the behavior of CEBs. 

X-ray diffraction analyses were conducted using a Rigaku 

diffractometer equipped with a copper anticathode (λCu Kα = 

1.5406 Å). The scanned angular range extended from 5° to 70° 

(2θ), with a step size of 0.01° and a counting time of 1 s per 

step. The data were processed using crystallographic analysis 

software integrated with the PDF-4 Minerals 2026 database, 

enabling phase identification through comparison of diffrac-

tion peak positions and intensities with reference patterns. 

2.3. Rietveld Refinement 

The Rietveld refinement method, initially proposed for the 

analysis of neutron diffraction data [11, 12], is now considered 

the international reference method for the mineralogical quan-

tification of multiphase materials by X-ray diffraction. Unlike 

methods that rely solely on the integrated intensities of iso-

lated peaks, Rietveld refinement exploits the entire diffraction 

profile, offering a significant advantage for the analysis of 

complex mineral mixtures such as the lateritic soils investi-

gated in this study. 

Quantification of mineral phases was performed using the 

Rietveld refinement method [11, 12], which consists of fitting 

a calculated diffraction profile derived from known crystallo-

graphic structures to the experimental diffractogram by mini-

mizing the sum of squared residuals between calculated and 

observed profiles. The refined parameters include lattice pa-

rameters, peak profile parameters (pseudo-Voigt functions), 

weight fractions, and thermal vibration parameters. The qual-

ity of the refinement is evaluated using the Rwp and Rp relia-

bility factors, as well as the goodness-of-fit parameter (GoF = 

Rwp/Rexp). The reliability of phase identification is assessed 

using the Figure of Merit (FOM), for which values below 1.0 

indicate excellent agreement with the reference phase. 

2.4. Crystallite Size Calculation 

Crystallite size (D) was calculated using the Scherrer equa-

tion: D = \frac{K\lambda} {\beta \cos\theta} 

where K = 0.94 is the Scherrer shape factor, λ = 1.5406 Å 

is the wavelength of CuKα radiation, β is the full width at half 

maximum (FWHM) of the diffraction peak expressed in radi-

ans, and θ is the Bragg angle corresponding to the considered 

peak. The calculation was applied to the main quartz peak 

(101 reflection) for each of the four lateritic soils. 

3. Results 

3.1. Lateritic Soils 

X-ray diffraction analysis, coupled with Rietveld refine-

ment, enabled the precise identification and quantification of 

the mineral phases present in the four lateritic soils, as well as 

in the recycled lime derived from oxy-acetylene welding resi-

dues. The results highlight significant mineralogical variabil-

ity among the soils, with direct implications for their behavior 

in compressed earth brick (CEB) formulations. 

3.1.1. Dassa-Zoumé Soil (Sample 1) 

The diffractogram of Sample 1 (Dassa-Zoumé soil) reveals 

a mineralogical profile characteristic of a quartz-feldspar-

dominated lateritic soil. The most intense peak is centered at 

2θ = 27.012° (d = 3.298 Å), corresponding to the (101) reflec-

tion of quartz (SiO2). The full width at half maximum (FWHM) 
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of 0.187° and the crystallite size of 456 Å (Scherrer equation) 

indicate well-crystallized quartz. Five phases were identified: 

quartz (42%), orthoclase (25%), albite (14.4%), goethite 

(9.4%), and muscovite (8%). 

The presence of orthoclase (25%) and albite (14.4%) indi-

cates an early stage of weathering: the feldspars are undergo-

ing hydrolysis but have not yet been completely transformed 

into clay minerals. This phenomenon is consistent with the ge-

ological conditions of the Dassa-Zoumé region, which corre-

sponds to a partially lateralized Precambrian crystalline base-

ment. Goethite (FeOOH, 9.4%) reflects moderate lateraliza-

tion with enrichment in hydrated iron oxides; it acts as a sec-

ondary binder between particles, improving cohesion and wa-

ter resistance. 

This composition reflects a mineralogy dominated by pri-

mary phases derived from the crystalline basement. 

 
Figure 1. XRD diffractogram of the Dassa-Zoumé soil (Sample 1) - 2θ range = 5-70°, with indexing of the main peaks. 

The dominance of quartz gives the soil the role of a granular 

skeleton, ensuring good mechanical strength in the dry state 

and high volumetric stability. However, since quartz is chem-

ically inert, it does not participate in lime stabilization reac-

tions. The significant presence of feldspars (orthoclase and al-

bite) indicates a moderate degree of weathering. Although 

these minerals are stable, they may gradually release silica and 

alumina ions under alkaline conditions, contributing to slow 

pozzolanic reactions. Goethite (9.4%) plays a key role as a 

natural binder. It promotes intergranular cohesion and im-

proves the water resistance of compacted materials. Its pres-

ence reflects an already advanced lateralization process. The 

absence of kaolinite constitutes a determining factor, as it 

strongly limits the chemical reactivity of the soil with recycled 

lime. Consequently, CEBs produced from this soil will depend 

more on compaction and the contribution of the external 

binder than on internal pozzolanic reactions. These observa-

tions are consistent with the work of Meukam in 2004 [10, 17] 

on stabilized lateritic soils in Central Africa, which showed 

that quartz-feldspar-dominated soils with low contents of re-

active clay minerals require higher lime contents (8-12%) to 

achieve compressive strengths meeting structural require-

ments (fc > 2 MPa at 28 days according to NF EN 772-1 stand-

ard). The limited reactivity of this soil suggests the relevance 

of a blending approach with the N'Dali soil to optimize the 

CEB formulation. 

Table 3. Quantitative Mineralogical Composition of the Dassa-Zoumé Soil (Sample 1) — Rietveld Refinement. 

Mineral phase Formula Content (%) Structural role 

Quartz SiO2 42 ± 4 Resistant granular skeleton 

Orthoclase KAlSi3O8 25 ± 2 Potassic feldspar (slow weathering) 

Albite NaAlSi3O8 14,4 ± 1,4 Sodic feldspar (moderate weathering) 
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Mineral phase Formula Content (%) Structural role 

Goethite FeOOH 9,4 ± 0,9 Natural ferruginous binder 

Muscovite KAl2(AlSi3O10)(OH)2 8 ± 9 Mica (provides flexibility) 

 

 
Figure 2. Quantitative mineralogical composition of the Dassa-

Zoumé lateritic soil (Rietveld analysis, XRD 2026). 

The dominance of quartz (42%) confers on a resistant gran-

ular skeleton to this soil. The simultaneous presence of ortho-

clase (25%) and albite (14.4%) indicates an early stage of ge-

ochemical weathering, consistent with the geological condi-

tions of the Precambrian crystalline basement in the region. 

Goethite (9.4%) reflects moderate lateralization. The absence 

of detectable kaolinite is the most distinguishing feature: with-

out reactive crystalline clay, pozzolanic reactions with lime 

will be limited. This soil presents: 

1) Good potential mechanical strength due to quartz, 

2) Low chemical reactivity, 

3) High dimensional stability. 

It is therefore suitable for lightly stabilized CEBs but will 

require an optimized lime addition to improve cohesion. 

3.1.2. Glazoué Soil (Sample 2) 

The diffractogram of Sample 2 (Glazoué soil) shows two 

main peaks: a broad and diffuse peak centered at 2θ = 20.3° 

(d = 4.38 Å, FWHM = 2.6°) and an intense peak at 2θ = 26.612° 

(d = 3.347 Å, FWHM = 0.32°). The first peak of low intensity 

(137 cups) and large width suggests the presence of a poor 

crystalline or partially amorphous phase. The associated crys-

tallite size (32 Å) is extremely small, characteristic of a poorly 

crystallized clay phase or a residual amorphous alteration frac-

tion. This peak could be attributed to a clay phase such as hal-

loysite or degraded smectite, whose basal reflections occur 

precisely in this angular range. 

 
Figure 3. XRD diffractogram of the Glazoué soil (Sample 2) showing a broad peak at 2θ ≈ 20.3° and a quartz peak at 26.6°. 
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The second peak at 2θ = 26.612° (d = 3.347 Å) corresponds 

to the (101) reflection of quartz, with a crystallite size of 266 

Å, slightly lower than that of Dassa-Zoumé quartz, indicating 

a slightly less well-ordered crystallization state. Five phases 

were identified: quartz (SiO2, FOM = 0.907), albite 

(NaAlSi3O8, FOM = 0.918), orthoclase (KAlSi3O8, FOM = 

1.257), goethite (Fe2O3·H2O, FOM = 1.017), and muscovite 

(H2KAl3(SiO4)3, FOM = 0.880). FOM values close to or be-

low 1 indicate good reliability of phase identification. 

The diffractogram of Sample 2 shows two notable features: 

a broad and diffuse peak centered at 2θ = 20.3° (d = 4.38 Å, 

FWHM = 2.6°, crystallite size = 32 Å), indicating a poorly 

crystalline or partially amorphous phase, and an intense quartz 

peak at 2θ = 26.612° (d = 3.347 Å, crystallite size = 266 Å). 

Table 4. Quantitative Mineralogical Composition of the Glazoué Soil (Sample 2) Rietveld Refinement. 

Mineral phase Formula Content (%) Structural role 

Quartz SiO2 46 ± 3 Dominant granular skeleton 

Albite NaAlSi3O8 29 ± 3 Major sodic feldspar 

Orthoclase KAlSi3O8 11,2 ± 1,1 Potassic feldspar 

Goethite FeOOH 12,0 ± 1,5 Ferruginous binder — high content 

Muscovite KAl2(AlSi3O10)(OH)2 1,79 ± 0,12 Accessory mica 

 

 
Figure 4. Quantitative mineralogical composition of the Glazoué lat-

eritic soil (Rietveld analysis, XRD 2026). 

It constitutes intermediate material, of interest but requiring 

optimized formulation. 

The Glazoué soil is distinguished by an albite content (29%) 

significantly higher than that observed in Dassa-Zoumé 

(14.4%), indicating a parent material rich in sodic plagioclase 

feldspars. Goethite reaches 12%, the highest value in the se-

ries, characteristic of an advanced stage of lateralization. The 

muscovite content is exceptionally low (1.79%), suggesting 

deeper alteration of mica minerals. The small crystallite size 

of the peak at 20.3° (32 Å) is characteristic of a poorly crys-

tallized clay phase or a residual amorphous fraction. 

The high albite content distinguishes this soil from the oth-

ers. This sodic feldspar is more susceptible to chemical weath-

ering, giving the soil a higher reactivity potential in an alkaline 

environment. The elevated goethite content (12%) is the high-

est in the series. It confers on the material a natural cohesion 

and improves its behavior with respect to water. The diffuse 

peak observed suggests the presence of an amorphous fraction 

or poorly crystallized clays, which may play a non-negligible 

role in physic-chemical interactions. The amorphous or poor 

crystalline fraction detected at 2θ ≈ 20.3° in the Glazoué soil 

warrants particular attention. Amorphous silicate phases, alt-

hough not detectable by conventional XRD, can be highly re-

active in alkaline media and actively participate in pozzolanic 

reactions with lime [3]. Complementary analyses by TGA 

(thermogravimetric analysis) and selective dissolution using 

dilute hydrofluoric acid would allow quantification of this 

amorphous fraction and assessment of its actual reactivity po-

tential. This non-crystalline fraction may partly explain the fa-

vorable mechanical properties of CEBs made from this soil, 

which cannot be fully attributed solely to the crystalline 

phases identified by XRD. 

Implications for CEBs 

This soil presents: 

1) Good natural cohesion, 

2) Moderate reactivity with recycled lime, 

3) Potential water sensitivity related to the amorphous frac-

tion. 

3.1.3. N'Dali Soil (Sample 3) 

The N'Dali diffractogram is the richest and most complex 

among the four soils. Four main peaks were indexed. The peak 

at 2θ = 12.88° (d = 6.87 Å) is characteristic of the basal reflec-

tion of kaolinite-1A, a key clay mineral for lime stabilization. 

The dominant peak at 2θ = 27.089° (d = 3.289 Å, crystallite 

size = 555 Å) corresponds to quartz. Six phases were identi-

fied: quartz (40%), kaolinite-1A (26%), albite (23.3%), mus-

covite (6.3%), orthoclase (3.9%), and goethite (0.12%). 
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Figure 5. XRD diffractogram of the N'Dali soil (Sample 3) showing identification of the kaolinite-1A peak at 2θ = 12.88°. 

Table 5. Quantitative Mineralogical Composition of the N'Dali Soil (Sample 3) — Riet. 

Mineral phase Formula Content (%) Structural role 

Quartz (syn) SiO2 40 ± 3 Granular skeleton 

Kaolinite-1A Al2Si2O5(OH)4 26 ± 4 Reactive clay (key phase) 

Albite NaAlSi3O8 23,3 ± 1,4 Sodic feldspar 

Muscovite KAl2(AlSi3O10)(OH)2 6,3 ± 0,4 Mica (matrix flexibility) 

Orthoclase KAlSi3O8 3,9 ± 0,8 Potassic feldspar (minor) 

Goethite FeOOH 0,12 ± 0,04 Trace (weak ferralitization) 

 

 
Figure 6. Composition minéralogique quantitative du sol latéritique 

de N’dali (Analyse Rietveld, DRX). 

The confirmed presence of kaolinite-1A (26%) is the most 

significant result of the series. This 1:1 dioctahedral phyllosil-

icate (Al2Si2O5(OH)4) constitutes the most reactive clay phase 

for lime stabilization due to its cation exchange capacity (5-

15 meq/100 g) and its reactivity in alkaline media. The near 

absence of goethite (0.12%) contrasts with the other three soils 

and indicates a low degree of ferritization, typical of the Su-

danian zone of northern Benin. 

The presence of 26% kaolinite constitutes the most deter-

mining element of the study. This clay mineral is particularly 

reactive in alkaline media and represents the key phase for 

lime stabilization. In the presence of recycled lime (rich in 

portlandite), kaolinite undergoes partial dissolution, releasing 

silica and aluminum ions that participate in the formation of 

cementitious phases (C-S-H and C-A-H). The low goethite 

content indicates a low degree of lateralization, but this is 

compensated by the high clay reactivity. The reaction mecha-

nisms involved in the stabilization of the N'Dali soil with lime 
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can be described in three successive stages [7, 8]: 

1) Immediate modification (0-24 h): the dissolution of 

Ca(OH)2 in pore water generates a pH > 12, inducing 

rapid Ca2+/Na+ and K+ cation exchange on the surface 

sites of kaolinite, resulting in flocculation of clay parti-

cles and reduction of plasticity. 

2) Short-term pozzolanic reactions (7-28 days): in an alka-

line medium, kaolinite undergoes partial dissolution of 

its SiO4 tetrahedra and AlO6 octahedra, releasing Si4+ 

and Al3+ ions that react with Ca2+ to form hydrated cal-

cium silicates (C-S-H, tobermorite-type) and hydrated 

calcium aluminates (C-A-H, katoite-type) according to 

the equation: 

Al2Si2O5(OH)4 + Ca(OH)2 + H2O → C-S-H + C-A-H 

3) Long-term secondary reactions (28 days-1 year): in soil-

lime-alumina systems, secondary phases such as C-A-S-

H, ettringite, and zeolites may form, contributing to the 

progressive consolidation of the matrix. The albite con-

tent (23.3%) of this soil provides an additional source of 

silica and alumina capable of sustaining these long-term 

secondary reactions. 

This soil presents: 

1) Excellent chemical reactivity, 

2) High potential for stabilization with recycled lime, 

3) Significant expected improvement in mechanical prop-

erties. 

It constitutes the best candidate to produce stabilized CEBs. 

3.1.4. Zogbodomey Soil (Sample 4) 

The Zogbodomey diffractogram is remarkable for the ex-

ceptionally high intensity of its main peak at 2θ = 26.829° (d 

= 3.320 Å, height = 3581 cps, FWHM = 0.101°, crystallite size 

= 845 Å). These represent the highest intensity and crystallite 

size values of the entire series, indicating a very pure and well-

crystallized quartz of granitic origin. Five phases were identi-

fied: quartz (56%), orthoclase (20.3%), muscovite (12.4%), 

goethite (7.6%), and albite (4%). 

With 56% quartz, Zogbodomey is the most quartz-rich soil. 

This composition provides an exceptionally rigid granular skel-

eton with low shrink-swell susceptibility. Muscovite (12.4%) is 

the highest in the series; its lamellar structure introduces poten-

tial planes of delamination within the microstructure. The ab-

sence of kaolinite and the low albite content (4%) limit direct 

pozzolanic reactivity, but the goethite content (7.6%) ensures 

appreciable intergranular cohesion. 

 
Figure 7. XRD diffractogram of the Zogbodomey soil (Sample 4) showing a very intense quartz peak at 2θ = 26.83°. 
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Table 6. Quantitative Mineralogical Composition of the Zogbodomey Soil (Sample 4). 

Mineral phase Formula Content (%) Structural role 

Quartz SiO2 56 ± 2 Highly dominant granular skeleton 

Orthoclase KAlSi3O8 20,3 ± 0,8 Potassic feldspar 

Muscovite KAl2(AlSi3O10)(OH)2 12,4 ± 0,5 Mica — high proportion 

Goethite FeOOH 7,6 ± 0,3 Natural ferruginous binder 

Albite NaAlSi3O8 4 ± 3 Sodic feldspar — minor phase 

 

 
Figure 8. Quantitative mineralogical composition of the Zogbodo-

mey lateritic soil (Rietveld analysis, XRD 2026). 

With 56% quartz and crystallites of 845 Å, Zogbodomey is 

the most quartz-rich and most crystalline soil in the series. 

Muscovite (12.4%) is the highest content observed among the 

four soils. The absence of kaolinite and the low proportion of 

albite (4%) strongly limit direct pozzolanic reactivity. 

This soil is the richest in quartz, which gives it a very rigid 

granular skeleton. However, the absence of kaolinite and the low 

albite content strongly limit its chemical reactivity. Muscovite, 

although non-reactive, may influence mechanical behavior by in-

troducing planes of weakness. The muscovite content of 12.4% 

deserves particular attention. This mica, with a lamellar structure 

(2: 1 phyllosilicate), is known to reduce the compressive strength 

of CEBs by creating preferential cleavage planes within the com-

pacted matrix [18]. Muscovite contents above 10% are consid-

ered unfavorable to produce unstabilized CEBs. 

A blending strategy with the N'Dali soil (rich in kaolinite 

and poor in muscovite) therefore represents a promising ap-

proach to dilute the muscovite content while providing the 

clay reactivity required for lime stabilization. 

This soil presents: 

1) Extremely high potential mechanical strength, 

2) Low natural cohesion, 

3) Extremely limited chemical reactivity. 

It requires stronger stabilization or blending with clay-rich 

soil (such as N'Dali). 

3.2. Comparative Synthesis of Lateritic Soils 

Table 7. Comparative synthesis of quantitative mineralogical compositions of the four lateritic soils (% by mass). 

Mineral phase Dassa-Zoumé Glazoué N'Dali Zogbodomey 

Quartz (SiO2) 42 ± 4% 46 ± 3% 40 ± 3% 56 ± 2% 

Kaolinite-1A Absent Absent 26 ± 4% Absent 

Orthoclase 25 ± 2% 11,2 ± 1,1% 3,9 ± 0,8% 20,3 ± 0,8% 

Albite 14,4 ± 1,4% 29 ± 3% 23,3 ± 1,4% 4 ± 3% 

Goethite 9,4 ± 0,9% 12,0 ± 1,5% 0,12 ± 0,04% 7,6 ± 0,3% 

Muscovite 8 ± 9% 1,79 ± 0,12% 6,3 ± 0,4% 12,4 ± 0,5% 

Quartz crystallite size 456 Å 266 Å 555 Å 845 Å 
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Figure 9. Comparative mineralogical profiles of the four lateritic 

soils — radar chart (% by mass, Rietveld). 

The four soils share a common quartz-feldspar mineralogy, 

reflecting their belonging to the broad family of laterites de-

rived from the Precambrian crystalline basement of West Af-

rica. The fundamental distinction lies in the exclusive pres-

ence of kaolinite in the N'Dali soil (26%), which is absent in 

the other three soils. The variability in goethite content (0.12-

12%) reflects strongly different intensities of ferritization de-

pending on geographic areas: Glazoué and the central plateau 

undergo more intense lateralization than N'Dali in the Suda-

nian zone. 

The comparative synthesis highlights three distinct miner-

alogical profiles corresponding to three expected behaviors in 

CEB formulations: (1) a “pure quartz-feldspar profile” 

(Dassa-Zoumé, Zogbodomey) with high intrinsic mechanical 

strength but low chemical reactivity, requiring high lime con-

tents; (2) a “goethite-dominant profile” (Glazoué) with strong 

natural cohesion and moderate reactive potential through the 

amorphous fraction; and (3) a “kaolinite-feldspar profile” 

(N'Dali) with high pozzolanic reactivity and excellent lime 

stabilization potential. These three profiles correspond to the 

three major families of tropical lateritic soils described by 

Gidigasu in 1976 and Ola in 1983 [1, 2], confirming the rep-

resentativeness of the sampling conducted in Benin. 

For CEB production, a binary soil blending approach 

(N'Dali + Zogbodomey in proportions of 60/40 to 70/30) 

could optimize both chemical reactivity and granular skeleton 

mechanical strength [14, 15]. 

3.3. Recycled Lime (Sample 5) 

The diffractogram of Sample 5 (lime) shows seven well-

defined peaks. The most intense peak is centered at 2θ = 34.23° 

(d = 2.618 Å, height = 1041 cps, FWHM = 0.40°, crystallite 

size = 220 Å), attributed to combined reflections of portlandite 

[Ca(OH)2] and grossular [Ca3Al2(SiO4)3]. The second most in-

tense peak at 2θ = 18.21° (d = 4.868 Å, crystallite size = 255 

Å) corresponds to the (001) reflection of portlandite, which is 

highly characteristic of this mineral. The other peaks are as-

signed to portlandite and grossular. Three phases were identi-

fied: portlandite [Ca(OH)2, space group P-3m1, FOM = 0.585], 

grossular [Ca3Al2(SiO4)3, space group Ia-3d, FOM = 1.385], 

and residual quartz [SiO2, FOM = 2.850]. The low FOM value 

for portlandite confirms an excellent diffractometric match 

with reference PDF-4 data. 

 
Figure 10. XRD diffractogram of the commercial lime (Sample 5) showing identification of portlandite and grossular peaks. 

Table 8. Quantitative Mineralogical Composition of the Commercial Lime (Sample 5) — Rietveld Refinement Results. 

Phase mineral Formula Teneur (%) Signification 

Portlandite Ca(OH)2 85,4 ± 1,8 Main active phase (direct binder) 
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Phase mineral Formula Teneur (%) Signification 

Grossular Ca3Al2(SiO4)3 10,3 ± 1,8 Calcium garnet (inert impurity) 

Quartz SiO2 4,3 ± 0,2 Siliceous residue (filler role) 

 

Portlandite represents 85.4% of the analyzed lime, making 

it a high-quality binder. The low FOM value (0.585) confirms 

excellent diffractometric agreement. The small crystallite size 

of portlandite (220-255 Å) is favorable to reactivity, as a high 

specific surface area enhances access to aluminosilicate reac-

tive sites. The presence of grossular (10.3%) indicates a 

slightly clayey limestone origin; this calcium garnet is inert at 

ambient temperature but reflects an aluminum-rich composi-

tion that may be beneficial. 

The portlandite content of 85.4% corresponds, in terms of 

active CaO content (after stoichiometric conversion: 85.4% 

Ca(OH)2 × (56/74) = 64.7% CaO), to a CL 70 class lime ac-

cording to NF EN 459-1: 2015. Although slightly below the 

CL 90 threshold required for the most demanding applications, 

this portlandite content exceeds the minimum recommended 

60% active CaO suggested by Little (1995) for clay soil stabi-

lization in construction applications [6]. 

The presence of grossular (Ca3Al2(SiO4)3, 10.3%) is inter-

esting from a reactivity standpoint: although inert at ambient 

temperature, this alumino-calcium garnet may contribute to 

long-term partial dissolution reactions in highly alkaline envi-

ronments (pH > 12), releasing Al3+ ions that can participate in 

the formation of C-A-H phases [4]. These results validate the 

use of this recycled lime as a sufficiently high-quality binder 

for the stabilization of Beninese lateritic soils, with a benefi-

cial circular economy advantage compared to conventional 

commercial lime. The results section should provide an accu-

rate and concise description of the experimental findings, and 

the resulting conclusions that can be inferred from the experi-

ments. Meanwhile, the results should be presented in a trans-

parent and truthful manner, avoiding any fabrication or im-

proper manipulation of data. Where applicable, results of sta-

tistical analysis should be included in the text or as tables and 

Figures. 

4. Discussion 

4.1. Significance of Kaolinite in the N'Dali Soil 

The presence of kaolinite-1A at a level of 26% in the N'Dali 

soil constitutes the most discriminating result of this study for 

CEB application. Kaolinite is a 1: 1 dioctahedral phyllosilicate 

with the formula Al2Si2O5(OH)4, whose reactivity in alkaline 

media (pH > 12) has been well documented in the works of 

Croft (1967) and Bell (1996) [5, 13]. In contact with portland-

ite Ca(OH)2, it releases Si4+ and Al3+ ions that participate in 

the formation of hydrated calcium silicates (C-S-H) and hy-

drated calcium aluminates (C-A-H). These newly formed min-

eral phases fill intergranular pores and create rigid bonds be-

tween particles, significantly increasing the mechanical 

strength of CEBs. 

This pozzolanic reactivity places the N'Dali soil in a clearly 

favorable position compared to the other three soils. Its kao-

linite content (26%) falls within the optimal range reported in 

the literature for lime stabilization [1]. The kaolinite-albite-

portlandite association in this soil may also generate, over the 

long term, secondary geopolymer and zeolitic phases benefi-

cial to the durability of CEBs. The muscovite present (6.3%), 

although less reactive, contributes to stress distribution within 

the matrix. 

4.2. Role of Quartz and Crystallites in the 

Granular Skeleton 

The quartz content of the studied soils ranges from 40% 

(N'Dali) to 56% (Zogbodomey), confirming the dominant 

quartz-feldspar nature of laterites derived from the crystalline 

basement. Quartz, a chemically stable mineral at ambient tem-

perature, constitutes the load-bearing granular skeleton of 

CEBs. 

Its proportion directly influences: 

1) compressive strength, 

2) material stiffness, 

3) dimensional stability (low shrinkage/swelling). 

Analysis of crystallite size, estimated using the Scherrer 

equation, reveals values ranging from 266 Å (Glazoué) to 845 

Å (Zogbodomey). Large crystallite sizes indicate high crystal-

linity and well-developed grains, often associated with higher 

mechanical strength and greater abrasion resistance due to a 

more efficient granular interlocking. 

The Zogbodomey soil, characterized by the largest crystal-

lite sizes and the highest quartz content, thus presents the most 

efficient granular skeleton. However, this intrinsic mechanical 

performance is counterbalanced by low intergranular cohesion, 

due to the absence of reactive clay, which limits its behavior 

in the unstabilized state. 
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Figure 11. Comparative contents of quartz and goethite in the four lateritic soils. 

 
Figure 12. Quartz crystallite size in the four lateritic soils (Scherrer equation). 

From a construction materials engineering perspective, the 

optimal quartz content for CEBs lies between 45 and 65% [16]. 

Contents below 40% lead to a matrix that is too clay-rich, 

prone to drying shrinkage and freeze-thaw cycles, whereas 

contents above 65% produce a material that is too sandy, with 

low cohesion and insufficient compressive strength. All stud-

ied soils fall within this range or at its upper limit (Zogbodo-

mey: 56%), confirming their basic suitability for CEB produc-

tion. The correlation between quartz crystallite size and CEB 

compressive strength has been reported by Meukam (2004) 

[10, 17]: large crystallites (> 600 Å) are associated with com-

pressive strengths above 3 MPa for CEBs compacted at opti-

mal pressure. 

4.3. Influence of Iron Oxides on Natural 

Cohesion 

Goethite (FeOOH) is present in all soils at highly variable 

concentrations (0.12-12%). It acts as a secondary binding 

agent by creating chemical bridges between particles and pro-

moting the aggregation of quartz and feldspar grains. Accord-

ing to the work of Gidigasu (1976), iron oxide content above 

5% improves drained cohesion and unconfined compressive 

strength of compacted lateritic soils [1]. Glazoué (12%) thus 

benefits from higher natural cohesion. The near absence of 
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goethite in N'Dali (0.12%) is partly compensated by the pres-

ence of kaolinite for interparticle cohesion. 

The role of goethite in CEBs extends beyond simple me-

chanical cohesion. As a hydrated iron oxide, goethite exhibits 

a strong affinity for surface hydroxyl groups, enabling it to 

form stable hydrogen bonds with surrounding clay phases and 

feldspars [1]. This property gives high-goethite CEBs im-

proved resistance to moisture and to wetting-drying cycles, a 

critical parameter for durability in tropical climates. Recent 

studies [19] have also shown that goethite contributes to the 

adhesion between the soil-lime matrix and plant fibers (palm 

kernel cake, sisal), acting as an interfacial layer between or-

ganic and mineral phases. This observation further supports 

the interest of the Glazoué soil for fiber-reinforced CEB for-

mulations. 

4.4. Lime Quality and Expected Reactivity 

The analyzed lime, derived from autogenous welding resi-

dues, exhibits a high portlandite content (85.4%), equivalent 

to a CL 90 type lime according to NF EN 459-1. This high 

calcium hydroxide content ensures strong alkaline activation 

capacity of soils. The small portlandite crystallite size (220-

255 Å) is favorable to reactivity due to the increased specific 

surface area available for reactions with aluminosilicate 

phases. 

The presence of grossular (10.3%), a calcium garnet result-

ing from aluminosilicate impurities, reflects the recycled in-

dustrial origin of the material. Although this phase is inert at 

ambient temperature, it indicates an aluminum-rich composi-

tion that may, under certain conditions, contribute to second-

ary reactions with clays. Previous work by Seco et al. (2011) 

suggests that limes containing aluminous impurities may ex-

hibit broader reactivity [4]. 

Thus, the studied recycled lime is not only a conventional 

binder but a potentially multifunctional material, combining 

alkaline activation and secondary reactive contributions. From 

a circular economy perspective, its use provides a dual benefit: 

(i) valorization of a potentially polluting industrial waste, and 

(ii) a reduction in CEB production cost of approximately 15-

25% compared to commercial CL 90 lime (estimate based on 

2025 Beninese market prices). 

4.5. Limitations of XRD for Material 

Characterization 

XRD does not detect amorphous phases, which may repre-

sent a significant fraction of highly weathered lateritic soils 

(amorphous silica, amorphous alumina, amorphous iron ox-

ides). These phases can be highly reactive with lime, meaning 

their non-detection leads to an underestimation of pozzolanic 

potential, particularly for the Glazoué soil, whose broad peak 

at 20.3° suggests a significant amorphous fraction. Comple-

mentary selective dissolution analyses would allow quantifi-

cation of these phases. 

Rietveld quantification of phyllosilicates is also affected by 

crystallographic preferred orientation, particularly pro-

nounced for muscovite and kaolinite. The high uncertainty in 

muscovite content for Dassa-Zoumé (8 ± 9%) illustrates this 

limitation. Finally, for treated materials, FTIR, TGA, and 

SEM analyses are required to complete the characterization 

initiated by XRD. 

5. Conclusion 

This study presents the first quantitative mineralogical 

characterization by XRD and Rietveld refinement of six ma-

terials intended for CEB production in Benin. The four later-

itic soils share a common quartz-feldspar mineralogy inher-

ited from the Precambrian crystalline basement but differ by 

key features relevant to their application. The most significant 

result is the exclusive presence of kaolinite-1A (26%) in the 

N'Dali soil, providing unmatched pozzolanic potential within 

the dataset. Based on XRD data, the ranking of soils according 

to their suitability for lime-stabilized CEB production is as 

follows: 

Table 9. Ranking of lateritic soils according to their suitability for lime stabilization for CEBs. 

Rank Soil Mineralogical strengths Weaknesses CEB suitability 

1 N'Dali Kaolinite 26%, albite 23% Near absence of goethite Excellent 

2 Glazoué Goethite 12%, albite 29% Absence of kaolinite Good 

3 Dassa-Zoumé Balanced quartz-feldspar system, goethite 9.4% Absence of kaolinite Moderate 

4 Zogbodomey Quartz 56%, rigid granular skeleton 
Excessively quartz-rich (low 

cohesion) 
Requires adjustment 
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The analyzed lime (85.4% portlandite) is validated as a 

high-quality binder for stabilization purposes. The most prom-

ising CEB formulation combines the N'Dali soil with 8 to 10% 

of this lime. 

These results open several research perspectives: (i) the ex-

ecution of comparative mechanical tests (compressive 

strength, flexural strength, water absorption) on CEBs pro-

duced with each of the four soils stabilized with varying con-

tents of recycled lime (4-12%), in order to experimentally val-

idate the established mineralogical ranking; (ii) the evaluation 

of the effect of incorporating palm kernel cake fibers at con-

tents of 0.5-2% by mass on the mechanical and thermal prop-

erties of CEBs; (iii) post-stabilization XRD analyses to iden-

tify newly formed phases (C-S-H, C-A-H) and confirm the 

progress of pozzolanic reactions at 7, 28, and 90 days of cur-

ing; and (iv) a life cycle assessment (LCA) comparing CEBs 

produced from these soils and this recycled lime with conven-

tional construction materials (cement blocks, fired bricks), in 

order to quantify the environmental benefits of the local CEB 

production chain. 

From a socio-economic perspective, the valorization of Be-

ninese lateritic soils and recycled lime for CEB production 

represents a significant opportunity for the development of 

sustainable construction supply chains in West Africa. The 

structuring of this sector, supported by rigorous mineralogical 

data such as those produced in this study, directly contributes 

to the United Nations Sustainable Development Goals, partic-

ularly SDG 11 (Sustainable Cities and Communities) and 

SDG 13 (Climate Action). 
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