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Abstract 14 

The main objective of this study is to characterize the physico-chemical and mineral properties of 15 

clay materials from Burkina Faso to produce stabilized compressed earth blocks (CEBs). The 16 

reactivity of the clay materials was tested based on the electrical conductivity of solutions and the 17 

compressive strength of CEBs stabilized with 0-20 wt% CCR (calcium carbide residue) and cured 18 

for 45 days at 40±2 °C. Pabre and Kossodo respectively contain the highest fractions of clay (20-19 

30%) and gravel (40%). Saaba and Pabre contain the highest content of kaolinite (60˗70%) and 20 

quartz (45-60%) and recorded the highest and lowest reactivity, respectively. The compressive 21 

strength of CEBs stabilized with 20% CCR improved tenfold (0.8 to 8.3 MPa) for Saaba and only 22 
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2.6 (2 to 7.1 MPa) for Pabre. The clay materials in the present study are suitable to produce CCR-23 

stabilized CEBs for load-bearing construction. 24 

Keywords: Calcium carbide residue; clay material; compressed earth block; compressive strength; 25 

kaolinite; reactivity. 26 

1. Introduction and background 27 

Clay materials for application in construction of modern buildings have been mostly studied for 28 

production of fired products such as tiles and bricks [1-5]. The firing process is energy consuming 29 

and therefore not environmental-friendly, resulting in relative increase of the cost and embodied 30 

energy of the products [6-8]. Today, the awareness of the global warming and necessity for energy 31 

saving on the one hand and improved indoor comfort provided by unfired clay material on the 32 

other hand give this material the potential for construction of sustainable buildings [7,9-12]. For 33 

centuries, unfired clay materials have been used in building construction, in various forms such as 34 

adobe (sun dried brick), rammed earth and recently compressed earth block (CEBs), and proved 35 

promising to provide affordable and comfortable housing [7-10].  36 

Burkina Faso is experiencing drastic demographic increase mainly in Ouagadougou, the capital 37 

city of 1.9 million inhabitants [13]. The valorization of local and non-conventional materials in 38 

modern construction can potentially contribute to providing the shelter to this population. 39 

Historically, the city of Ouagadougou is known to have been constructed using adobe and other 40 

techniques based on unfired clays. Clay materials lost much interest and acceptance with the arrival 41 

of so called “modern” materials such as cement and steel [14]. Clay materials from this region are 42 

basically used for road pavement and in some cases for the artisanal production of adobe; although 43 

some small enterprises such as Zi-Matériau and CC3D offer services of production, 44 

commercialization and construction with CEBs in the major cities. In fact, current research on 45 
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earth for building construction in Burkina Faso mainly reports on adobes and only a limited 46 

number of studies are reported on CEBs [10, 11, 14, 24-26]. 47 

CEBs are the most accepted form of unfired clay materials for the construction of modern building 48 

[7,10,15,]. This is basically related to their low (ambient) temperature of curing and other 49 

advantages such as improved mechanical and hygrothermal performances and durability, regular 50 

shape and size which allow to achieve various architectural designs contrary to the adobe and 51 

cement blocks [10, 15, 16, 18]. Clay material used for production of CEBs should have a certain 52 

fraction of fine particles and plasticity for binding cohesion of coarser particles in order to ensure 53 

physical and mechanical stability of the matrix, i.e. 10˗50% of clay particles and plasticity index 54 

of 10-30, depending on the presence, the type and the content of stabilizer [7,9,12,16]. Table 1 55 

presents the texture, plasticity, and mineralogy of earthen materials recommended for the 56 

production of stabilized CEBs. The CEBs should generally have dry compressive strength of at 57 

least 2 MPa for usage in non-load bearing walls, as prescribed by various standards and normative 58 

documents applicable in different parts of the world [15,18]. Nevertheless, the performances of 59 

the CEBs become critical when it comes to construction of load bearing walls and usage in water 60 

saturated conditions [7,12]. 61 

Table 1. Some recommendations for production of stabilized CEBs: texture, plasticity, 62 

mineralogy, type and content of stabilizer and physico-mechanical performances. 63 

Parameters 
Chemical stabilizers (mass percent)  

Cement (5-10 %)*
, a, c, f

 Lime (6-12 %)*
, a, c

 

Composition of the clay materials 

Clay particle (%) 
c, f

 10-30 30-50 

Plasticity index (%) 
c
 10-20  20-30 

Mineralogy **
, c, e

 Inactive Active  

Production and curing of stabilized CEBs 

Moisture of production (%) ***
, a, b

 10-15
 
  15-20

 
 

Curing time in ambient condition (days)
 a

 28
 
 >28 (up to many months)

 
 

Physico-mechanical performances of cured CEBs 

Bulk density (kg/m3) 
b
 1600-2200

 
 1400-2000 

Dry compressive strength (MPa)
 b, c, d

 4-12  2-7  
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Structural categories: Compressive strength of ordinary CEBs used in dry environment (CEB O D) according 

to ARS 673:1996 & ARS 674:1996 
g
. 

CEB O 1 D: ≥ 2 MPa for no load-bearing applications (single-storey building). 

CEB O 2 D: ≥ 4 MPa for load-bearing applications in two-storey building. 

CEB O 3 D: ≥ 6 MPa for load-bearing applications in three-storey building. 

References a 
[6-7], 

b [9,12], 
c 

[16], 
d 

[17], 
e 

[19], 
f 
[20], 

g 
[21], [22-23]  

* Mass percentage of the dry mass of the clay materials. 

** Inactive: no swelling minerals such as kaolinite, quartz.  

** Active: swelling/ reactive minerals such as smectite (montmorillonite), poorly ordered kaolinite. 

*** Mass percentage of the dry mass of clay material + stabilizer, at normal compaction pressure (1˗2 MPa). 

The moisture content of production of CEBs can widely vary around the optimum moisture content 

dependent on the type of the clay material and stabilizer, thus need to be determined accordingly. 

ARS(O): African regional standard (organization). 

Many efforts have been made to improve the physico-mechanical performances of CEBs in dry 64 

and saturated conditions as well as their long term durability. This is mainly achieved by 65 

stabilization with chemical binders such cement, lime, geopolymer as well as by-product materials 66 

[6-7,15,18,24-26]. The stabilization of CEBs with by-product materials in partial or full 67 

substitution to classic binders not only improves the technical performance but also can potentially 68 

improve the sustainability and economic  benefits of stabilized CEBs [8,24,27-28]. The 69 

compressive strength of CEBs, considered as an appropriate indicator of the mechanical 70 

performance of stabilized CEBs, should be at least 4 MPa and 2 MPa, respectively, in dry and 71 

saturated conditions for usage in the construction of load-bearing walls [7,15,21].  72 

Prior studies used cement (5-10%) and lime (6-12%) to stabilize sandy (10˗30 % clay particles, 73 

10-20 of PI) and clayey (30-50 % clay particles, 20-30 of PI) earthen materials for production of 74 

CEBs, respectively [6,17,20,17,23]. The stabilization resulted in substantial improvement of the 75 

compressive strength of CEBs in dry and saturated conditions (Table 1). The improvement of the 76 

compressive strength was related to the formation of cementitious products such as calcium silicate 77 

hydrates (CSH) and calcium aluminate hydrates (CAH), either from the hydration reaction of 78 

cement or pozzolanic reaction between lime and aluminosilicate minerals such as kaolinite and 79 

fine particles of quartz (<50 µm) in the clay material [6,19,29,30-31]. More recently, calcium 80 

carbide residue (CCR), an industrial by-product rich in lime (Ca(OH)2), showed the potential to 81 
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improve the compressive strength of CEBs through the chemical interactions with the clayey 82 

earthen material [24,26]. Therefore the suitability of clay materials should be characterized prior 83 

to the production of stabilized CEBs given that their performance is largely influenced by the 84 

characteristics of the earthen material, type and content of stabilizer as well as the production and 85 

curing process. Most of the studies focused on the textural and plasticity properties for selecting 86 

the appropriate clay materials for production of stabilized CEBs. Nevertheless, the latter chemical 87 

interactions prompted a further need for understanding the contribution of chemical/mineral 88 

composition of the clay materials on the performance of stabilized CEBs.  89 

The present study investigates the suitability of clay materials from four different sites for the 90 

production of CCR-stabilized CEBs. This is achieved through the characterization of the physico-91 

chemical and mineral properties of the clay materials and their reactivity. The effect of the mineral 92 

composition of the clay materials on their reactivity with CCR was evaluated based on the rate of 93 

consumption of calcium ions. The bulk density and compressive strength of CCR­stabilized CEBs 94 

were considered as the main criteria for selecting the most appropriate materials for construction 95 

of at least two-storey buildings. 96 

2. Material and methods 97 

2.1. Clay material 98 

The study was carried out on clay materials from four different sites in the vicinity of 99 

Ouagadougou­Burkina Faso, i.e. Kamboinse, Pabre, Kossodo and Saaba (Fig. 1). The number of 100 

samples collected from each site depended on its size, exploitability and apparent variability.  101 

The site of Kamboinse (K) is located 15 km in the North of Ouagadougou (12°29'24.48" N; 102 

1°32'59.28" W; altitude 326 m). It has an average area of 700x200 m² and average thickness of 103 

exploitable layer of 6 m. The clay material from Kamboinse has a reddish-brown color, with some 104 
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whitish irregularities. The apparent texture of the particles varies depending on the depth: gravelly 105 

on the surface layer (< 2 m of depth), clay in the middle (2­6 m) and sandy in the depth (> 6 m) 106 

(Fig. 1). Pabre (P) is located 20 km in the North of Ouagadougou (12°31'23.46" N; 1°34'22.8" W; 107 

Alt. 297 m). It has an average area of 600x100 m² and thickness of exploitable layer estimated at 108 

2 m. The clay material from Pabre was collected 50 cm under the top layer and has a silty clay 109 

texture (Fig. 1). This material has a grey color and is used for artisanal production of adobe bricks. 110 

Kossodo (Ko) is located 10 km in the North­East of Ouagadougou (12°27'49.32" N; 1°26'34.02"; 111 

W Alt. 303 m) and extends over an average area of 350x150 m² and has an average thickness of 112 

exploitable layer of 5 m. The clay material from Kossodo has a reddish­brown color, gravel­like 113 

texture on the top (depth ~3 m), silty­sandy texture in the depth (Fig. 1). The clay material from 114 

this site is used for production of cement stabilized CEBs by a local enterprise. Saaba (S) is located 115 

15 km in the East of Ouagadougou (12°22'48.12" N; 1°24'2.22" W Alt. 310 m) and extends over 116 

an average area of 350x70 m² and has an average thickness of exploitable layer of 4 m. It is 117 

characterized by whitish a purple-brown clay material, which has sandy silt texture (Fig. 1). The 118 

clay materials from Saaba are exploited by the local population for artisanal production of 119 

construction materials and pottery.  120 
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 121 

Fig. 1. Geographical setting of the Centre region of Burkina Faso and some views of the studied 122 

outcrops. 123 

Table 2 presents the quantity of exploitable clay materials given the total volume of the deposit 124 

estimated from average dimensions (area and depth) of the deposit and volume of material already 125 

excavated from the deposit. Kamboinse contains the largest quantity of exploitable clay materials 126 

(700 000 m3) while Saaba contains the smallest quantity (49 000 m3).  127 

Table 2. Average resources and samples of the clay materials from the four investigated sites. 128 

Sites Average 

length (m) 

Average 

width (m) 

Average 

depth (m) 

Total volume 

(m3) 

Excavated 

volume (m3) 

Exploitable 

volume (m3) 

Kamboinse (K) 700 200 6 840 000 140 000 700 000 

Pabre (P) 600 100 2 120 000 - 120 000 

Kossodo (K) 350 150 5 262 500 131 250 131 250 

Saaba (S) 350 70 4 98 000 49 000 49 000 

Samples Geographical coordinates on the surface Depth (m) Sample description (Rock color chart) 

K1-3 12°29'24.48" N; 1°32'59.28" W; 326 m 3.5 Reddish brown (10R 4/6) 

K3-1 12°29'32.76" N; 1°32'55.62" W; 315 m 2.5 Reddish brown (10R 4/6) 

K3-2 3.5 Reddish brown (10R 4/6) 

K3-4 
 

3.5 Whitish orange (10 YR 8/2) 

K3-5   5 Yellowish orange (10YR 8/6) 

K4-1 12°29'32.4" N ; 1°32'52.44" W; 313 m 6.5 Reddish grey (5YR 8/1) 

K4-2 6.5 Reddish brown (10R 4/6) 

K4-3 
 

5.5 Reddish brown (10R 4/6) 

K4-4   7.5 Rose-grey (5YR 8/1) 

K5-1 12°29'23.46" N ; 1°32'58.8" W; 321 m 5 Reddish brown (10R 4/6) 

K5-2 4 Reddish brown (10R 4/6) 
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K5-3 
 

3.5 Greyish orange (10YR 7/4) 

K5-4 
 

6 Greyish orange (10YR 7/4) 

K6 12°29'17.88"N; 1°32'59.28"W; 310 m 1 Greyish orange (10YR 7/4) 

K8 12°29'15.54" N; 1°33'2.4"W; 318 m 4 Reddish brown (10R 4/6) 

K9-1 12°29'23.46" N ; 1°33'2.88"W; 328 m 1.5 Reddish brown (10R 4/6) 

K9-2 3 Pale brown (5YR 6/4) 

K9-3 
 

3.5 Pale brown (5YR 6/4) 

K9-4 
 

4.5 Pale brown (5YR 6/4) 

K9-5 
 

5.5 Pale brown (5YR 6/4) 

K9-6 
 

6.5 Pale brown (5YR 6/4) 

K9-7 
 

7.5 Dark red-brown (10R 3/4) 

K9-8 
 

8.5 Pale orange (10 YR 8/2) 

K9-9 
 

9 Red (5R 5/4) 

K9-10 
 

3.5 Pale rose grey (5YR 8/1) 

K9-11   5.5 Pale orange (10 YR 8/2) 

P1 12°31'35.7" N; 1°34'31.5"W; 299 m 0.5 Yellowish brown (10YR 6/2) 

P2 12°31'23.46" N; 1°34'22.8"W; 297 m 0.5 Yellowish brown (10YR 6/2) 

P3 12°31'18.36" N; 1°34'18"W; 293 m 0.5 Yellowish brown (10YR 6/2) 

Ko1-1 12°27'49.32" N; 1°26'34.02" W; 303 m 2.9 Brown gravel-like 

Ko1-2 3.1 Pale brown silty clayey (5YR 5/6) 

Ko1-3 
 

3.9 Pale brown silty clayey (5YR 5/6) 

Ko1-4   4.9 Dark yellowish orange silty clayey (10YR 6/6) 

S1-1 12°22'44.88" N ; 1°24'38.1" W; 315 m 2.3 Reddish brown (10R 4/6) 

S1-2 
 

3.9 Rose orange (10R 7/4) 

S1-3 
 

4 Pale red (5R 6/2) 

S1-4 
 

4.5 Rose grey (5YR 8/1) 

S1-5   5 Pale red (5R 6/2) 

S2-1 12°22'48.12" N; 1°24'2.22"W; 310 m  0.75 Greyish orange (10R 8/2) 

S3-1 12°22'44.04" N; 1°24'34.08"W;  312 m 4 Greyish orange (10R 8/2) 

S3-2 4.5 Reddish brown (10R 5/4) 

2.2. Calcium carbide residue 129 

Calcium carbide residue (CCR) is whitish-grey by-product material formed from the hydrolysis of 130 

calcium carbide (CaC2) during the production of acetylene gas. It was collected from Burkina 131 

Industrial Gas (BIG) in Ouagadougou, ground and sieved to a particle size of 125 µm. Prior study 132 

reported that the CCR contains up to 43 % lime (Ca(OH)2), determined by mean of X-ray powder 133 

diffraction and thermogravimetric analysis, has a median particle size (D50) of 20.5 µm and can 134 

improve the compressive strength of CEBs [24]. 135 

2.3. Physico-chemical and mineral characterization of the clay material 136 

Particle size distribution (PSD), clay: <0.002 mm, silt: 0.002-0.08 mm, sand: 0.08-2 mm and 137 

gravel: >2 mm, was determined referring to NF EN ISO 17892˗4 standards [32]. Atterberg’s 138 

plasticity limits (liquidity and plasticity) were determined using a Casagrande apparatus in 139 
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accordance with NF P 94-051 [33]. The specific density of particles was determined according to 140 

NF EN 1097-6 [34]. The optimum water content required for achieving the maximum dry density 141 

was determined by standard proctor test according to NF P 94-093 [35]. These physical and 142 

geotechnical properties were characterized at the laboratory LEMHaD, 2iE, Burkina Faso. 143 

Chemical composition was analyzed by means of X-Ray Fluorescence (XRF) technique using 144 

ARL Perform'X Sequential XRF equipment (Department of geology, PGEP, ULiege, Belgium). 145 

After determination of loss-on-ignition at 1000 °C for 2 hours (LOI 1000), about 340˗450 mg (Ms) 146 

of the sample were fused in lithium borate (11xMs) to form pellets. The major chemical elements 147 

were determined on the pellets against an internal standard calibrated from sodium to uranium.  148 

Mineral composition was analyzed by X-Ray diffraction (XRD) performed using the Bruker 149 

D8˗Advance Eco 1.5 kW diffractometer equipped with copper anticathode (Cu Kα λ=1.54060 Å 150 

at 40 kV and 25 mA) and Lynxeye xe detector (Department of geology, AGEs, ULiege, Belgium). 151 

The bulk mineralogy was identified by powder diffraction on samples ground to less than 150 µm, 152 

while the clay minerals were identified on oriented <2 µm aggregates throughout treatments (air-153 

drying, glycolated and heat treatment). The XRD patterns were acquired from 2 to 70° 2θ, at step 154 

size of 0.02° 2θ, scan time of 2 s per step for bulk samples and 2 to 30° 2θ, step size of 0.009° 2θ, 155 

scan time of 0.5 s per step for oriented aggregates. The acquired patterns were analyzed using 156 

Diffrac.Eva V4.11 software of Bruker. The mineral composition was further confirmed by 157 

thermogravimetric analysis (TGA) and Fourier Transform Infrared Spectroscopy (FTIR). The 158 

TGA was carried out using automatic multiple sample thermogravimetric analyzer TGA˗2000 of 159 

the Las Navas Instruments (Department of Geology, AGEs, ULiège, Belgium). The analysis was 160 

carried out in 25-1000 °C range at a heating rate of 5 °C/min in dry air environment. FTIR was 161 

recorded using FTIR spectrometer in the range of 4000˗400 cm˗1 at scan size of 1 cm-1 (Department 162 

of ArGenCo, UUE, ULiège, Belgium). The FTIR was carried out on pellets formed using 2 g of 163 

the clay materials (ground to <250 µm) and 148 g of potassium bromide. 164 
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Semi-quantitative estimation of the mineral composition was achieved based on the measurement 165 

of the intensity of diagnostic peaks of minerals identified by XRD on which corrective factors 166 

were applied, i.e. “XRD: Method A”, according to [36-38]. The content of kaolinite and goethite 167 

were confirmed based on the mass loss on the TGA due to their respective dehydroxylation 168 

compared to that of pure kaolinite  (13.97% at 530-590°C) and pure goethite (10.13% at 169 

290­330°C), i.e. “TGA: Method B” [2,39]. Additionally, the mineral composition was estimated 170 

based on chemical analysis by XRF and applying the formula proposed by [40] in [2]. This 171 

so˗called “XRF: Method C” allows assigning different oxides to minerals identified by XRD and 172 

TGA. The following assignments were made: (1) K2O to illite or K­feldspar, (2) CaO to 173 

plagioclase, (3) Al2O3 to kaolinite after subtracting the contribution to illite or K-feldspar, (4) SiO2 174 

to quartz after subtracting the contribution to illite or K-feldspar and kaolinite, (5) Fe2O3 to 175 

hematite after subtracting the contribution to goethite (determined from the TGA). The values of 176 

the mineral composition obtained from “Method A” and “Method C” were normalized with respect 177 

to 100 %. 178 

K O
2%illite = 814

94  or 
2K O

%K-feldspar 557
94  

(1) 

CaO
%plagioclase= 278

56  

(2) 

2 3

%illite x 102x3 %K-feldspar x102 %plagioclase x 102
%Al O - - -

814 557 278%kaolinite= 258
102  

(3) 

2

%illite x 60 x6 %K-feldspar x 60 x 6 %plagioclase x 60 x 2 %kaolinite x 60 x 2
%SiO - - - -

814 557 278 258%quartz= 60
60  

(4) 

2 3

%goethite x 160
%Fe O -

178%hematite= 160
160  

(5) 

814= molar mass of illite (K2O)(SiO2)6(Al2O3)3(H2O)3 in g/mol 

557= molar mass of K-feldspar (K2O)(SiO2)6(Al2O3) in g/mol 

278= molar mass of plagioclase (CaO)(SiO2)2(Al2O3) in g/mol 

258= molar mass of kaolinite (SiO2)2(Al2O3)(H2O)2 in g/mol 

94= molar mass of K2O in g/mol 

56= molar mass of CaO in g/mol 

102= molar mass of Al2O3 in g/mol 

60= molar mass of SiO2 in g/mol 
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60= molar mass of quartz (SiO2) in g/mol 

178= molar mass of goethite (Fe2O3)(H2O) in g/mol 

160= molar mass of Fe2O3 in g/mol 

2.4. Tests of the suitability of clay material 179 

The suitability of different clay materials for the production of stabilized CEBs was tested based 180 

on the rate of reactivity with the CCR and physico­mechanical performances of CEBs stabilized 181 

with CCR. The evaluation of the reactivity aims to estimate the initial content of the CCR required 182 

by the clay material for the pozzolanic reactivity to take place and monitor the rate of consumption 183 

of that CCR over the curing time. It was assessed based on the evolution of the pH and electrical 184 

conductivity (EC) in the mix solutions made of clay materials and CCR, referring to [26].  185 

The representative clay materials from different sites, i.e. the mix of samples from different point 186 

on each site, were washed on 400 µm to collect the undersize and dried at 40±2 °C. The finer 187 

fraction of clay materials, undersize on 400 µm, was considered for their binding and reactivity 188 

contribution to the earthen materials contrary to the coarser fraction. Dry mixtures were prepared 189 

using 5 g of dry clay material and 0, 10, 20 wt% CCR (mass percent of CCR with respect to the 190 

dry mass of the clay materials). The dry mixtures were completed with 200 mL of distilled water 191 

to prepare mix solutions. Mix solutions were cured for 1 to 45 days at 40±2°C in tightly closed 192 

bottles to minimize carbonation. The initial pH and EC were measured after different curing times 193 

(1, 14, 28 and 45 days) using pHenomenal MU 6100 L multiparameter lab conductimeter equipped 194 

with CO 11 conductivity probe and pH electrode. 195 

CEBs stabilized with CCR were produced using clay materials from different sites and 0, 10, 20% 196 

CCR. The clay materials were sieved on 5 mm and dry mixed with CCR until apparent 197 

homogeneity, as recommended by CRATerre [16]. The optimum amount of water, determined 198 

according to the static compaction method proposed by CDE [41] was added to the dry mix and 199 

mixed until homogeneous moisture distribution. An appropriate amount of humid mix was 200 
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manually compressed in a prismatic mold (295x140x95 mm3) of a Terstaram press machine to 201 

mold the CEBs. The Terstaram machine allow to reach the compaction pressure up to 35 bars [25]. 202 

The CEBs were stored in polyethylene bags, to prevent the loss of humidity and eventual 203 

carbonation, and cured for 45 days in an oven at 40±2 °C. After the curing, the CEBs were dried 204 

at 40±2 °C until reaching constant mass (change of weigh less than 0.1 % for 24 hour). The 205 

compressive strength was tested on stack of two halves of the CEBs according to the XP P13˗901 206 

standard [42].  207 

3. Results and discussion 208 

3.1. Particle size distribution of the clay material 209 

The particle size distribution (PSD) curves of the clay materials from different sites are presented 210 

in Fig. 2. These curves show continuous PSD for all samples, basically clay particles (<0.002 mm), 211 

silt (0.002-0.08 mm), sand (0.08-2 mm) and gravel (> 2 mm). The shape of the PSD curve varies 212 

for different sites and within the same site, for the case of Kamboinse. The clay materials from 213 

Pabre (Fig. 2a) and Saaba (Fig. 2d) have PSD fitting in the boundaries recommended by the 214 

CRATerre [16] for production of CEBs stabilized with lime. By contrast, Kossodo (Fig. 2c) does 215 

not fit within these boundaries, as well as some points from Kamboinse (Fig. 2b). However, it is 216 

noteworthy that these boundaries are just guidelines which do not have to be fully satisfied by the 217 

earthen materials [16].  218 
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 219 

Fig. 2. Particle size distribution of the bulk samples from the four investigated sites: (a) P=Pabre, 220 

(b) K=Kamboinse, (c) Ko=Kossodo, (d) S=Saaba. Comparison with CRATerre boundaries 221 

recommended for lime stabilized earthen materials [16]. 222 

The variations of PSD of the clay materials from Kamboinse range in 10-25 % of clay particles 223 

except K3-1, K8, K11 and K9-1, K9-2 which respectively contain <10% and >25% of clay 224 

particles, 30-60 % of silt, 15-45 % of sand and 0-20 % of gravel (Fig. 3a). The PSD of the clay 225 

materials from Pabre is characterized by 20­30 % of clay particles, 40­55 % of silt, 15­35% of 226 

sand and 0-5 % of gravel (Fig. 3b).The sample analyzed from Kossodo contained less than 10% 227 

of clay particles, 15 % of silt, 35 % of sand and 40 % of gravel (Fig. 3c). The materials from Saaba 228 

contained 20­25 % of clay, 25­30 % of silt, 40­45 % of sand and less than 10 % of gravel (Fig. 3d). 229 

Samples from Pabre contain the highest fraction of clay particles, while Kamboinse, Saaba and 230 

Kossodo respectively contain the highest fractions of silt, sand and gravel particles. In term of total 231 

fraction of fine particles (<0.08 mm: clay + silt), Pabre contains the highest fraction (60­85 %) 232 
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followed by Kamboinse (50­80 %), Saaba (~50 %) and Kossodo (~25 %). It is noteworthy that 233 

Saaba has relatively homogeneous PSD, while Kamboinse has the most heterogeneous PSD.  234 

 235 

Fig. 3. Fractions of particle size of the bulk samples from the four investigated sites: 236 

(a) K=Kamboinse, (b) P=Pabre, (c) Ko=Kossodo, and (d) S=Saaba. 237 

3.2. Plasticity of the clay materials 238 

Fig. 4 presents the relationship between plasticity index (PI) and limit of liquidity (LL) of all 239 

samples. The plasticity behaviors vary from medium to high plastic silt (under the A-line) and 240 

medium to high plastic clay (above the A-line). The clay materials from Pabre are characterized 241 

by a PI of 20 and LL of 35­40 (Fig. 4a). The PI and LL of the clay materials from Kamboinse 242 

range in 10­25 and 40­65, respectively, except K3-1 and K8 (PI: 35, LL: 60) (Fig. 4b). The sample 243 

from Kossodo has a PI of 15 and LL of 40 (Fig. 4c). The clay materials from Saaba have a PI of 244 

10­20 and LL of 45­55 (Fig. 4d). These results suggest that the clay materials from Pabre behave 245 

as clay of medium plasticity; those from Kamboinse and Saaba as silt-clay and silt of medium to 246 

high plasticity, respectively; Kossodo as silt-clay of medium plasticity. 247 
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 248 

Fig. 4. Plasticity of the bulk samples from the four investigated sites: (a) P=Pabre, (b) 249 

K=Kamboinse, (c) Ko=Kossodo, and (d) S=Saaba. Comparison with the boundaries recommended 250 

for earthen construction [42]. 251 

The clayey behavior of the materials from Pabre (PI ≥ 20, LL > 30) agrees with their high content 252 

of the fine particles (60-85% of clay + silt) and give them high cohesion. Similarly, clay materials 253 

from Kamboinse have medium to high cohesion given their silt-clay behavior (PI of more or less 254 

than 20 and LL > 30) and high fraction of fine particles (50­80%). Kossodo and Saaba, both having 255 

PI < 20 and small fraction of fine particles (< 50%) have medium cohesion [16]. Moreover, clay 256 

materials from Pabre and Kossodo have plasticity close to that recommended for earth construction 257 

[42], thus they would be more suitable for production of unstabilized CEBs. Clay materials with 258 

high cohesion and continuous PSD would be suitable for production of CEBs.  259 
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3.3. Chemical composition of the clay materials 260 

The chemical composition of selected samples from different sites mainly consists of silica (SiO2), 261 

alumina (Al2O3), iron (III) oxide (Fe2O3) and traces of CaO, MgO, Na2O, K2O (Table 3). The 262 

samples from Kamboinse, Kossodo and Saaba basically contain 40­60 % of silica, 20­30 % of 263 

alumina and 0­15 % of iron (III) oxide. The sample from Pabre (P1) contains the highest fraction 264 

of silica (~75 %) and the lowest fraction of alumina (~11 %) compared to other sites. The contents 265 

of oxides in samples from Kamboinse, Kossodo and Saaba are consistent with the chemical 266 

composition of kaolinite­rich clay minerals [5]. The occurrence of CaO, MgO, Na2O, K2O in trace 267 

reflects the unlikely presence of high swelling clay minerals such smectite [43].  268 

The content of iron (III) oxide (0­15 %) can be related to the increasing reddish brown color which 269 

may suggest the presence of goethite. The ratio of SiO2/Al2O3 generally varied between 2 to 3, 270 

apart from exceptional samples such as P1 (6.6), K3­1 (1.6) (Table 3). This ratio reveals the 271 

difference in mineral content, where the highest ratio can be related to the highest content of quartz 272 

and vice versa [2]. For most samples, the range of variation of the LOI 1000 between 9˗12 % (at 273 

the exception of P1, LOI 1000 = 5.7 %) reveals the presence of mainly hydrated minerals such as 274 

clay and goethite [2]. High ratio of SiO2/Al2O3 (>3) and low LOI 1000 (5.7 %) in the sample from 275 

Pabre (P1) suggests an important contribution of quartz and low content of clay minerals [2,4]. 276 

Moreover, Table 3 shows that the sum of SiO2, Al2O3, and Fe2O3 is greater than 75 % which agrees 277 

with some recommendations for stabilized CEBs [12]. 278 
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 279 

Fig. 5. XRD patterns of selected bulk samples from the four investigated sites. K=Kamboinse, 280 

P=Pabre, Ko=Kossodo, S=Saaba; Ct= total clay, k= kaolinite, I= Illite, Q= quartz, kF=K˗feldspar. 281 

 282 

Fig. 6. XRD patterns of selected oriented aggregates from the four investigated sites: 283 

K=Kamboinse, P=Pabre,   Ko=Kossodo, S=Saaba; kao= kaolinite, I= illite, Q= quartz, 284 

G= goethite. 285 

3.4. Mineral composition of the clay materials 286 

The XRD spectra of bulk samples selected from the four investigated sites mainly revealed the 287 

diagnostic reflection of clay mineral (4.47 Å), kaolinite (7.15 Å), quartz (3.34 Å), goethite 288 

(2.44 Å), hematite (2.69 Å) and traces of K-feldspars and illite (Fig. 5). The spectra of the oriented 289 
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aggregates confirmed the predominance of kaolinite and some traces of illite (Fig. 6). The 290 

reflection of kaolinite clay appeared at 7.15 Å on air­dried and glycolated samples and disappears 291 

on heating at 500 °C for 4 hours, while that of illite appeared at 10 Å and remained throughout all 292 

treatments [38]. 293 

 294 

Fig. 7. Thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (D­TGA) 295 

curves of bulk samples selected from the four investigated sites. K=Kamboinse, P=Pabre,   296 

Ko=Kossodo, S=Saaba.  297 

Fig. 7 presents the thermogravimetric analysis (TGA) of samples selected from different sites. The 298 

samples recorded a loss of mass around 550 °C (i.e., between 450 and 650 °C) corresponding to 299 

the dehydroxylation of kaolinite [39]. At this temperature range, sample S2˗1 recorded the highest 300 

loss of mass (9 %), while P1 recorded the lowest loss of mass (3.33 %). This confirms that S2˗1 301 

and P1 contain the highest and lowest fraction of kaolinite, respectively. The thermal removing of 302 

hydroxyl groups in kaolinite was previously reported around 530­590 °C, depending on the degree 303 

of crystallinity [2,39,43]. Early onset of the dehydroxylation can be related to poorly ordered 304 

structure of kaolinite [43]. The TGA/D-TGA displays the peak of dehydroxylation of kaolinite in 305 

samples P1 and Ko1­4 at lower temperature (525­535 °C) compared to other samples (550 °C) 306 

(Fig. 7). This suggests that the sample from Pabre not only contains the lowest content of kaolinite 307 

but also, similarly to Kossodo, this kaolinite is relatively poorly ordered. 308 
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 309 

Fig. 8. Semi quantitative analysis of the bulk samples from the investigated sites estimated by 310 

XRD powder diffraction (i.e. method A). K=Kamboinse, P=Pabre,   Ko=Kossodo, S=Saaba. 311 

The semi-quantitative estimation of mineral composition of the bulk samples confirmed the 312 

predominance of clay minerals, quartz with minor goethite, hematite and K-feldspar and trace of 313 

mica, plagioclase and rutile (Fig. 8). The mineral composition widely varies from one site to 314 

another. The clay materials from Kamboinse contain 40­75 % of clay minerals, 5­40 % of quartz, 315 

0­20 % of goethite, <10 % of hematite (Fig. 8a). Pabre contains 30­35 % of clay mineral, 45­60 % 316 

of quartz, <5 % of goethite, <5 % of hematite, and <10 % of K-feldspar (Fig. 8b). Kossodo is 317 

characterized by 35­50 % of clay mineral, 25­35 % of quartz <15 % of goethite, <5 % of hematite 318 

and <20 % of K­feldspar (Fig. 8c). Saaba contains 60­80 % of clay mineral, 15­30 % of quartz, 319 

<10 % of goethite and <5 % of hematite (Fig. 8d). Saaba is characterized by the highest content of 320 

clay mineral (60­80 %) and lowest content of quartz (15­30 %). By contrast, Pabre contains the 321 

lowest content of clay mineral (30­35 %) and highest fraction of quartz (40­60 %). Kamboinse and 322 

Kossodo have medium composition of clay mineral. The mineral composition of Kamboinse is the 323 

most heterogeneous among the investigated sites.  324 

 325 
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Table 3. Chemical and mineral composition of selected samples from the investigated sites. 326 

Chemical composition of selected samples (%) 

Oxides 
Kamboinse Pabre Kossodo Saaba 

K3-1 K5-4 K9-1 P1 Ko-4 S1-1 S2-1 

SiO2 42.9 63.7 49.7 76.9 55.0 53.5 60.9 

Al2O3 27.3 23.3 24.0 11.7 23.4 24.7 27.6 

Fe2O3 15.7 2.3 13.0 3.8 8.1 9.7 0.6 

CaO 0.1 0.1 0.6 0.2 0.1 0.1 0.1 

TiO2 1.4 0.5 0.9 0.9 1.2 0.9 0.0 

MnO 0.1 0.0 0.0 0.1 0.0 0.0 0.0 

MgO 0.1 0.0 0.1 0.0 0.0 0.0 0.0 

Na2O 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

K2O 0.1 0.3 0.2 0.8 2.3 0.1 0.1 

P2O5 0.1 0.0 0.1 0.0 0.1 0.0 0.0 

Total LOI (1000 °C for 2 hours) 12.1 9.7 11.3 5.7 9.8 10.9 10.6 

Total oxides 100 100 100 100 100 100 100 

SiO2/Al2O3 ratio 1.6 2.7 2.1 6.6 2.4 2.2 2.2 

SiO2 + Al2O3 + Fe2O3 85.9 89.3 86.8 92.4 86.5 87.9 89.2 

TGA mass loss: 200-400°C  -0.8 -0.6 -1.3 -0.8 -1.3 -1.3 -0.4 

TGA mass loss: 450-650°C  -9.4 -7.3 -7.9 -3.4 -6.8 -7.9 -8.9 

Mineral composition of selected samples (%) 

Methods Minerals K3-1 K5-4 K9-1 P1 Ko1-4 S1-1 S2-1 

A: XRD 

(powder 

& oriented 

aggregate) 

Quartz 11 31 29 61 30 31 14 

Goethite 6 12 12 0 12 9 3  

Hematite 9 0 5 0 0 2 0  

K-feldspar 0 0 0 8 19 0 0  

Plagioclase 0 0 0 0 0 0 0  

Mica 0 3 0 0 2 0 2  

Rutile 0 0 0 0 1 0 0  

Total clay minerals 74 54 54 31 36 58 81  

Clay minerals 

Kaolinite 69 47 53 29 35 58 78  

Illite 5 7 1 2 1 0 3 

Total: Method A 100 100 100 100 100 100 100 

B: TGA 

 

Goethite (200­400°C) 8 6 13 8 12 12 4 

Kaolinite (450­650°C) 67 53 57 24 49 56 64 

C: XRF 

(chemical 

analysis) 

Illite 1 3 2   1 1 

K-feldspar    5 13   

Plagioclase 1 1 3 1 1   

Kaolinite 70 55 58 26 52 61 67 

Quartz  11 35 22 60 22 25 28 

Goethite 8 6 13 8 12 12 4 

Hematite 9  2  1 1  

Total: Method C 100 100 100 100 100 100 100 

Table 3 comparatively summarizes the chemical and mineral composition of selected samples 327 

from different sites using different methods. It shows that kaolinite is the main clay mineral 328 

accompanied by traces of illite (±5 %). The kaolinite content determined from TGA (Method B) 329 

is in good agreement (within ±5 %) with XRF (Method C), while the content estimated by XRD 330 

(Method A) differs up to ±10 %. Exceptionally for the sample Ko1-4 from Kossodo, the content 331 

of kaolinite significantly differs for XRD (35 %) and TGA/XRF methods (49/52 %). This 332 
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difference can be related to the possible disorder in the structure of kaolinite from Ko1-4, as 333 

suggested from the TGA, whereby the fraction of disordered kaolinite is not detected by XRD. 334 

 335 

 336 

Fig. 9. FTIR spectra of bulk samples of clay materials selected from the investigated sites. 337 

K=Kamboinse, P=Pabre,   Ko=Kossodo, S=Saaba. 338 

The FTIR confirmed the predominance of kaolinite and quartz mineral (Fig. 9). Intense 339 

transmittance bands detected at 3700, 3670, 3652 and 3620 cm­1 are related to the stretching of 340 

hydroxyl groups in the kaolinite, while the mild band at 3600 cm­1 is related to the illite [45]. 341 

Bands at 1110, 1030 and 1000 cm­1 correspond to the vibration of Si­O bonds, those at 940 and 342 

915 cm­1 to vibration of Al­OH bonds in the kaolinite as already observed by [5,43,45]. The bands 343 

at 790 and 755 cm­1 correspond to the vibration of Si­O­Al while those around 540 cm­1 and 470 344 

cm­1 respectively correspond to the stretching of Si­O­Al and Si­O bonds of the kaolinite [45].  345 

The bands in 3700-3620 cm­1 are useful for qualitative assessment of the structure of kaolinite in 346 

a sense that well­defined bands represent well­ordered kaolinite and the disappearance of the band 347 

at 3670 cm­1 represents poorly ordered kaolinite [5,43,45-46]. Samples K9-1 and K5-4 (from 348 

Kamboinse), S1-1 and S2˗1 (from Saaba) present intense and well-defined diagnostic bands of 349 

kaolinite (3700˗3620 cm­1) while K3­1, P1 and Ko1-4 (from Kamboinse, Pabre and Kossodo, 350 
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respectively) recorded low intensities. The contents of kaolinite in samples K3-1, P1, and Ko1˗4 351 

estimated from the TGA are respectively 67 %, 24 % and 49 % (Table 3). This suggests that the 352 

disappearance of the bands at 3650 and 3670 cm­1 can be related not only to the low content of the 353 

kaolinite in P1 but also to the poor order of its structure in K3­1, P1 and Ko1-4. This is in agreement 354 

with the early onset of the dehydroxylation in P1 and Ko1­4 observed during TGA/D˗TGA. The 355 

mild intensity of the vibration band at 940 cm­1 for K3-1 and Ko1-4 samples is also consistent with 356 

a poorly ordered clay mineral [5,43]. Additionally, the lack of well resolved bands at 357 

1110­1000 cm­1 and 540 cm­1 in sample K3-1 suggests the presence of defects in Si­O and Si-O-358 

Al bonds of the kaolinite. The occurrence of poorly ordered kaolinite would be beneficial for its 359 

reactivity during the pozzolanic reaction with lime [6,43-44,46]. 360 

3.5. Suitability of clay materials for production of stabilized compressed earth blocks 361 

3.5.1. Initial pH and evolution of electrical conductivity of the mix solutions 362 

The initial pH of the solutions of clay materials were 8.5 for Kamboinse, 6.1 for Pabre, 5.2 for 363 

Kossodo, and 5.5 for Saaba. The pH reached the apparent maximum values of 11.7 for Kamboinse, 364 

11.4 for Pabre, 11.3 for Kossodo, and 11.4 for Saaba after 1 hour of addition of 2 % CCR compared 365 

to the pH of 11.6 for the solution of 2 % CCR alone. This suggests that at least 2 % CCR is 366 

necessary to satisfy the short term modification and increase the pH of all clay materials [26]. This 367 

is related to the predominance of low activity clay mineral, such as kaolinite, in all clay materials. 368 

Therefore, more than 2 % CCR would be necessary for triggering and sustaining the long term 369 

pozzolanic reaction in all clay materials [47].  370 

Fig. 10 shows the evolution of the electrical conductivity (EC) of the mix solutions containing the 371 

clay materials and 10­20 % CCR over the curing time. Note that the EC of the solution of the clay 372 

materials alone remained less than 0.1 mS/cm over time, while that of the solutions of CCR alone 373 

was greater than 6.3 mS/cm. Fig. 10a and Fig. 10b show that the initial EC (after 1 hour) of the 374 
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clay materials mixed with 10 % and 20 % CCR respectively reached at least 5.8 mS/cm and 375 

6.0 mS/cm. The dissolution of portlandite (Ca(OH)2) from CCR into Ca2+ and OH- was responsible 376 

for this drastic increase of the initial pH and EC [26,47].  377 

 378 

Fig. 10. Evolution of electrical conductivity (EC) in mix solutions containing the clay materials 379 

and (a) 10 % (b) 20 % CCR at 40±2 °C: K= Kamboinse, P= Pabre, Ko= Kossodo, S= Saaba. 380 

The EC of all mixtures decreased over the curing time, at similar rate in the first 3 days, after which 381 

a clear difference was recorded for different clay materials and CCR contents (Fig. 10). For 382 

mixtures containing 10 % CCR, the clay materials from Saaba (S) and Kossodo (Ko) recorded the 383 

highest rate of decrease of EC compared to Kamboinse (K) and Pabre (P) between the 3rd and 14th 384 

day. This resulted in reaching the apparent minimum EC of about 2 mS/cm after 14 days of curing 385 

for Kossodo and Saaba and 28 days for Kamboinse and Pabre (Fig. 10a). For mixtures containing 386 

20 % CCR, similar evolution of the EC was observed, the EC of Kamboinse and Pabre delayed 387 

until the 14th day before starting to decrease and reaching the apparent minimum value of about 388 

2 mS/cm after 28 days (Fig. 10b). For both CCR contents, the EC can be considered to reach the 389 

minimum value after 28 days for all clay materials, given that no substantial decrease was recorded 390 

between the 28th and 45th day.  391 
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The decrease of the EC is explained by the consumption of Ca2+ and OH- during the pozzolanic 392 

reaction of CCR with the clay materials [26,47]. In fact, linear correlation between the evolution 393 

of the EC and concentration of Ca2+ in mix solution of clay materials and CCR was previously 394 

reported [26]. The minimum EC in mix solutions can be related to the end of the consumption of 395 

Ca2+ and the occurrence of optimum maturity of the pozzolanic reaction. Thus clay materials from 396 

Kossodo and Saaba have better reactivity, given their early and high rate of consumption of Ca2+, 397 

than the materials from Kamboinse and Pabre. The reactivity of clay materials from Saaba and 398 

Kossodo can respectively be related to their relatively high content and poorly ordered kaolinite 399 

as shown by XRD, TGA and FTIR (Section 3.4). The pozzolanic reaction involves aluminosilicate 400 

minerals such as kaolinite and eventually fine quartz from the clay materials and lime (Ca(OH)2) 401 

from the CCR [19,26,29-30]. This is highly dependent on the particle fineness and content of 402 

reactive constituents and degree of order in their structure, with finer and poorly ordered materials 403 

presenting better reactivity [19,46].  404 

3.5.2. Physico-mechanical performances of stabilized compressed earth blocks 405 

Fig.11 presents the evolution of the average compressive strength of CEBs produced from clay 406 

materials from different sites stabilized with 0, 10, 20 % CCR. The average compressive strength 407 

of CEBs containing 0 % CCR (unstabilized/control) was 1.1 MPa for Kamboinse, 2 MPa for 408 

Pabre, 1.4 MPa for Kossodo and 0.8 MPa for Saaba (Table 4). The compressive strength of 409 

unstabilized CEBs is basically related to the cohesion behavior as well as the granular distribution 410 

of the clay materials. In fact, Pabre, which was characterized as highly cohesive material (Section 411 

3.2), recorded the highest average compressive strength (2 MPa) compared to other sites which 412 

have medium cohesion. This suggests that only unstabilized clay material from Pabre are likely to 413 

produce ordinary CEBs for construction of single­storey (no load­bearing) building according to 414 

the ARS 674:1996 [21].  415 
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 416 

Fig.11. Dry compressive strength of CEBs made of clay materials from different sites stabilized 417 

with CCR cured for 45 days at 40±2 °C: K= Kamboinse, P= Pabre, Ko= Kossodo, S= Saaba.  418 

The average compressive strength of the CEBs was substantially improved by stabilization with 419 

10 % and 20 % CCR (Fig.11). The addition of 20 % CCR resulted in increasing the compressive 420 

strength, with respect to the control, more than 3.3 times (1.1 to 4.7 MPa) for Kamboinse, 2.6 421 

times (2 to 7.1 MPa) for Pabre, 3.5 times (1.4 to 6.4 MPa) for Kossodo and 10 times (0.8 to 422 

8.3 MPa) for Saaba (Table 4). Saaba not only recorded the highest compressive strength (8.3 MPa) 423 

after stabilization with 20 % CCR, but also the similar rate of improvement of the strength in the 424 

ranges of 0˗10 % and 10˗20 % CCR, contrary to other sites which presented little improvement 425 

beyond 10 % CCR (Fig.11). This suggests that the compressive strength of clay material from 426 

Saaba can further be improved by the addition of more than 20 % CCR while it would likely get 427 

to the optimum beyond 20 % CCR for other sites.  Additionally, the average compressive strength 428 

of CEBs from Kossodo, Pabre and Saaba stabilized with 10 % CCR is greater than 4.5 MPa of the 429 

CEBs stabilized with 10 % geopolymer [25]. The compressive strength of CEBs from Saaba 430 

stabilized 20 % CCR is comparable to 8.5 MPa of CEBs stabilized 20 % geopolymer or 8-10 % 431 

cement [20,25].  432 

The improvement of the compressive strength with the addition of CCR is related to the pozzolanic 433 

reaction between the clay materials and CCR. This reaction was previously responsible for the 434 
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formation of cementitious products such as CSH and CAH for binding the matrix of stabilized 435 

CEBs [24,26,44]. The reactivity of different clay materials (Section 3.5.1) is partly responsible for 436 

the difference in the improvement of the compressive strength of CEBs. Clay materials which 437 

recorded the highest rate of reaction (Saaba and Kossodo) recorded the highest rate of 438 

improvement of the compressive strength. Therefore, clay materials which would not fit for 439 

production of unstabilized CEBs can rather be used for production of stabilized CEBs.  440 

Table 4. Physico-mechanical properties of stabilized CEBs produced from the investigated sites. 441 

Clay material CCR * content  

(wt %) 

OWC ** 

(wt %) 

Bulk density 

(kg/m3) 

Total void ratio 

(%) 

Dry compressive strength 

(MPa) 

Kamboinse 

0 17 1800 (±12) 34.5 (±0.5) 1.1 (±0.4) 

10 19 1666 (±11) 38.8 (±0.4) 3.9 (±0.3) 

20 22 1624 (±9) 39.8 (±0.3) 4.7 (±0.3) 

Pabre 

0 16 1805 (±10) 32.1 (±0.6) 2.0 (±0.5) 

10 18 1729 (±5) 35.4 (±0.4) 5.8 (±0.4) 

20 20 1629 (±8) 38.0 (±0.3) 7.1 (±0.6) 

Kossodo 

0 13 2036 (±17) 30.0 (±0.8) 1.4 (±0.4) 

10 15 1892 (±15) 34.0 (±0.5) 5.7 (±0.5) 

20 17 1849 (±26) 34.6 (±0.9) 6.4 (±0.2) 

Saaba 

0 18 1646 (±15) 38.1 (±0.4) 0.8 (±0.3) 

10 20 1617 (±31) 38.8 (±1.2) 5.4 (±0.2) 

20 22 1613 (±9) 38.6 (±0.3) 8.3 (±0.1) 

*CCR : Mass percent of CCR with respect to the dry mass of the clay material; 

**OWC: Optimum water content, with respect to the dry mass of clay material + CCR, required for achieving the 

maximum dry density; 

(…) Values in parentheses are the standard deviation. 

Additionally, some physical properties such as bulk density and total void ratio can have impact 442 

on the mechanical performance of CEBs. Table 4 shows that the bulk density of CEBs stabilized 443 

with 0­20 % CCR ranges in 1800­1600 kg/m3 for clay materials from other sites than Kossodo 444 

which has 2000­1800 kg/m3. This is related to the optimum water content (OWC) required for 445 

achieving appropriate consistency for production of CEBs which increased between 16˗22 %, 446 

except for Kossodo (13˗17 %), with the addition of 0-20 % CCR. The increasing OWC with 447 

respect to the plasticity and fraction of fine particles of clay materials and addition of CCR resulted 448 

in increasing the apparent total void ratio in range of 32­40 % for the stabilized CEBs, except for 449 

Kossodo (30­34 %). The low OWC required for the material from Kossodo can be explained by 450 
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its lower content of fine particles (clay+silt) and higher content of gravel compared to other sites 451 

(Section 3.1). This is partly responsible for the relatively higher bulk density of CEBs produced 452 

from Kossodo. This high bulk density can also be related to the higher specific density (2.9) of the 453 

material from Kossodo compared to others (2.6˗2.7).  454 

The bulk density of CEBs stabilized with 10 % CCR is lesser than 1775 Kg/m3 of CEBs stabilized 455 

with 10 % geopolymer or cement, except Kossodo [20,25]. This shows the structurally benefit of 456 

CCR˗stabilized CEBs which can provide similar or better mechanical performance and lower dead 457 

load than cement-stabilized CEBs. Furthermore, the decrease of the bulk density of CEBs 458 

stabilized with CCR would potentially decrease their thermal conductivity and possibly contribute 459 

to the improvement of the thermal comfort in the building [10,25]. It is noteworthy that denser and 460 

lesser porous CEBs are more likely to have better durability such as the resistance to water 461 

absorption and erosion [7]. These results suggest that clay materials investigated from the four 462 

sites stabilized with 20 % CCR, cured for 45 days at 40±2 °C, can be used to produce ordinary 463 

CEBs suitable for construction of three-storey building except Kamboinse which is suitable for 464 

two-storey building [21]. This is regardless of whether the parameters of texture and plasticity of 465 

these clay materials fit in the boundaries recommended by the CRATerre. Nevertheless, further 466 

studies should be carried out for better understanding the long time durability and other 467 

engineering properties of these CEBs.  468 

4. Conclusion 469 

The suitability of clay materials from 4 different sites located in the vicinity of Ouagadougou in 470 

Burkina Faso was investigated for the production of CCR-stabilized CEBs. The characterization 471 

of the clay materials showed that Pabre and Kossodo respectively contain the highest (20­30 %) 472 

and the lowest (<10 %) fraction of clay particles. The material from Kamboinse behaves as 473 

medium to high plastic clay­silt, Pabre as medium plastic clay giving it high cohesion, Kossodo 474 
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as medium plastic clay­silt and Saaba as medium to high plastic silt. The material from Saaba 475 

contains the highest fraction of clay minerals (60­75 %), mainly kaolinite, followed by Kamboinse 476 

(45˗75 %) while Pabre contains the highest fraction of quartz (45­60 %). Although Kossodo seems 477 

to contain medium fraction of clay mineral (35­45%), different independent analyses suggested 478 

that its kaolinite is poorly ordered than that of materials from the other sites. Moreover, the clay 479 

materials from Kossodo as well as Saaba recorded the earliest and highest rate of reactivity with 480 

CCR reaching the apparent maturity in 28 days of curing at 40±2 °C. 481 

The relatively high cohesion of clay material from Pabre allows to produce unstabilized CEBs 482 

which have the highest compressive strength (2 MPa) compared to Kamboinse (1.1 MPa), 483 

Kossodo (1.4 MPa) and Saaba (0.8 MPa). Additionally, the compressive strength of CEBs 484 

recorded improvement when they were stabilized with 20 % CCR reaching 7.1 MPa for Pabre, 485 

4.7 MPa for Kamboinse, 6.4 MPa for Kossodo and 8.3 MPa for Saaba. The highest improvement 486 

of the compressive strength of stabilized CEBs from Saaba and Kossodo was related to their 487 

highest rate of reactivity with CCR. This reactivity can be related to the highest content and degree 488 

of disorder of kaolinite in the clay materials from Saaba and Kossodo, respectively. In addition, 489 

the clay material from Kossodo recorded the highest bulk density (2000˗1800 kg/m3) and void 490 

ratio (30-34 %) related to its low plasticity and fraction of fine particles and high specific density 491 

compared to other sites. 492 

The results show that the clay materials from all studied sites stabilized with 20 % CCR are suitable 493 

for production of stabilized CEBs with compressive strength of 4 MPa required for bearing load 494 

in two­storey building. This suggests that clay materials which would not be suitable for 495 

production of unstabilized CEBs can be suitable for production of CCR-stabilized CEBs. These 496 

results also reveal that the selection of clay materials for production of CEBs based only on their 497 

texture and plasticity may be misleading in leaving out the clay materials which would be suitable 498 

considering their reactivity with the stabilizer. Nevertheless, more engineering and durability 499 
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properties, such as water absorption, compressive strength in saturated conditions and thermal 500 

properties, should be tested in order to better understand the performances of these CEBs in 501 

conditions of usage. Moreover, the study of technical feasibility should be carried on the viability 502 

of exploitation of the largest deposit (Kamboinse) whose volumetric quantity was estimated at 503 

700 000 m3. 504 
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