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Abstract

The objective of this work is to obtain a composite of clay-cement-metakaolin
having good mechanical properties and geotechnical. To do this, a lateritic
clay from Burkina Faso referenced ALK was characterized by various me-
thods (X-ray diffraction, infrared spectrometry, thermal analysis and Induc-
tively Coupled Plasma, Atomic Emission Spectrometry) in order to be used as
a base course after adding cement and metakaolin. The results of the minera-
logical characterization of this clay showed that it is composed of kaolinite
(65.7 wt.%), quartz (19.3 wt.%) and goethite (10.8 wt.%). The geotechnical
tests carried out showed that ALK is moderately plastic with a plasticity index
Ip = 22%. The optimum moisture content and the maximum dry density are
respectively 15.9% and 1.76 g-cm™. Simple compressive strength and splitting
tensile strength are Rc = 1.59 MPa and ft = 0.149 MPa respectively. The Cali-
fornia Bearing Ratio (CBR) index at 95% is 40% and above the minimum
value of 30% shows that ALK can be used as a sub-base course in road con-
struction. The addition of cement and metakaolin in various proportions im-
proved the CBR index and the mechanical strength of the composites pro-
duced. This improvement is due to the formation of hydrated calcium silicate
(CSH) resulting from the pozzolanic reaction between the portlandite of the
cement and the amorphous silica of the metakaolin. Thus the 2 wt.% meta-
kaolin and 6 wt.% cement formulation with a 95%CBR index of 81% is suita-
ble for the development of a base course in road construction.
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Bearing Ratio Index

1. Introduction

The landlocked countries of Africa, Burkina Faso in particular, concerned with
integral and sustainable development must think about improving their road
network. However, the construction and ongoing maintenance of these roads is
very expensive. Despite the various efforts made by the states to improve the
roads, their quality still leaves something to be desired. Indeed the road network
in Burkina Faso is subject to deformations such as those called corrugated
sheets, the loss of materials, and the depression of the roads. This poor quality of
the roads is probably due to the nature of the raw materials used and the insuffi-
ciency of geotechnical tests for the choice of materials for road construction. The
geotechnical characterization of the raw materials used in road construction is
essential in order to define an appropriate treatment. Thus, several research
works have been carried out on the stabilization of roads by the use of mineral
binders such as cement and lime [1] [2] [3] [4]. These binders, although essen-
tial, are expensive and their method of manufacture is energy-intensive and
produces large quantities of greenhouse gases such as carbon dioxide. Indeed,
the production of one kilogram of cement generates on average the same
amount of CO, [5] [6]. In addition, the use of these hydraulic mineral binders
leaves solid and liquid residues that pollute the environment. However, the use
of metakaolin in view of its proven pozzolanic properties as a partial substitute
for cement in construction could constitute an alternative to reducing the con-
tent of cement and improving the quality of roads [7] [8]. In this present work,
the mineralogical composition and the geotechnical characteristics of a lateritic
clay from Burkina Faso will be determined. Then clay-cement-metakaolin com-
posites will be developed in order to evaluate their geotechnical, mechanical and

mineralogical properties.

2. Materials and Experimental Methods
2.1. Materials
2.1.1. Lateritic Clay Raw

The lateritic raw material subject of this study was taken from the village of
Kamboinse located 15 km from the capital Ouagadougou (12°27'44" north and
1°33'17" west). This site was formerly exploited by local companies for the con-
struction of pavement layers in road construction. This clay is also used by the
resident populations for making raw bricks (adobes) in the construction of ha-
bitats.

2.1.2. The Cement
The cement used in this study for the various tests comes from Diamond Ce-
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ment, a cement factory in Burkina Faso. It is a CEM I 45 cement whose chemi-

cal, physical and mineralogical properties are recorded in Table 1 [9].

2.1.3. The Metakaolin

The metakaolin used in this work was obtained by calcination at 730°C for two
hours with a rise rate of 10°C /min of a local clay from Burkina Faso taken from
the Loulouka clay site (12°31' North and 1°47' West). The raw material as well as
the metakaolin has already been the subject of previous scientific work [10]. In
addition, the chemical and mineralogical composition of Loulouka clay and the
pozzolanic indices of metakaolin are recorded respectively in Table 2 and Table
3. The pozzolanic indices obtained for a substitution of 20, 25 and 30 wt.% of the
cement by metakaolin are greater than the minimum value of 75% set by stan-
dard ASTM C 618 shows the pozzolanic character of metakaolin [11]. Thus, the
metakaolin produced can be used as a pozzolan in the replacement of cement.

2.2. Formulation of the Specimens

The specimens were developed according to the type of test: modified Proctor,
CBR, simple compression or tension by splitting. Thus, after sampling, heaps of
6 kg of lateritic clay are mixed with quantities of water with different mass per-
centages. Homogenize before compacting. For the CBR test, a clay-water mix-
ture is made taking into account the optimum moisture content and the maxi-
mum dry density given by the modified Proctor test. The prepared specimen is
kept in the mould, immersed directly in a water tank for four days or cured in
the open air for three days before immersion. For the specimens to be subjected
to simple compression and to tension by splitting, the confection is of the mod-
ified Proctor type in a split Proctor mould. A compaction of 56 strokes on 5 lay-
ers is made, immediately unmolded and then dried for at least 28 days. The
mixture to be compacted is identical to that of the CBR type. For composites
(laterite-cement-metakaolin), the manufacturing techniques remain the same.
Only the preparation of the different mixtures changes. For the modified Proctor
tests, the mixtures are made taking into account the percentages of cement and
metakaolin given in Table 4 [12] [13].

2.3. Experimental Methods
2.3.1. Techniques for the Chemical and Mineralogical Characterization
of Raw Clay and Specimens

In order to determine the chemical and mineralogical composition of the laterit-

ic raw material and the specimens several experimental techniques were used.
Chemical analysis of the lateritic clay raw was carried out by inductively

coupled plasma atomic emission spectrometry (ICP-AES). A sample of raw ma-

terial was crushed to particles size less than 80 um and melted with lithium te-

traborate (Li,B,O,) to form a glass bead. The glass bead was dissolved in a nitric

acid solution, and the solution obtained was analysed by an ICP-AES device.
X-ray diffraction patterns of the lateritic clay raw and specimens sample

powders were obtained with a Siemens D5000 type diffractometer, equipped
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Table 1. Chemical and mineralogical composition and some physicals properties of cement use.

Chemical Si0,  ALO, Fe,0, MgO CaO P,O, SO, Na,0 KO FL IR LOI
composition
o 20.12 5.73 4.06 1.18 64.8 0.39 2.68 0.08 0.17 0.8 0.28 0.27
(wt.%)
Mineralogy G CS GA C,AF
(wt.%) 55.7 15.68 8.31 12.34
Specific density Apparent Density Setting time
Physical -3 -3 h
j (grem™) (g-cm™) (h)
properties
3.02 1.06 3
FL: Free lime; IR: Insoluble residues; LOI: Loss on ignition (1000°C).
Table 2. Chemical and mineralogical compositions (in wt.%) of the Loulouka clay [9].
Chemical composition
Oxides Sio, Al,0, Fe,O, MnO MgO Na,O K,O0 TiO, LOI Total
(wt.%) 71.42 19.5 0.4 0.0 0.23 0.36 1.68 0.82 5.30 99.7
Mineralogical composition
Minerals Kaolinite Quartz Illite Total
(Wt.%) 34 49 15 98
Table 3. Pozzolanic activity index after 28 days.
Metakaolin content (wt.%) 20 25 30
Activity index (%) 108 105 103
Table 4. Composition of the different formulated test specimens.
Codes Specimens description Lateritic clay (g) Cement (g) Metakaolin (g)
My, Owt.%métakaolin + Owt.% cement 6000 0 0
Mg, 6wt.%métakaolin + 2 wt.% cement 5520 120 360
M, 4wt.%métakaolin + 4wt.% cement 5520 240 240
M,y 2wt.%métakaolin + 6 wt.% cement 5520 360 120

with a monochromator using cobalt Ka radiation (Co Ka, 1 = 1.789 A) and gra-
phite back monochromator.

The range of analysis was between 5° and 75°, with a step size of 0.04°. The
acquisition time of the analyses was 2 s. The analyses were all performed on
powders previously crushed to particles size less than 80 um and placed in a ro-
tating sample holder.

Infra-red spectrometry on crushed the lateritic clay raw and specimens sample
(particles size less than 80 pum) was carried out on an attenuated total reflec-
tance-Fourier transform infra-red spectrometer (ATR-FTIR Frontier, 4000 - 500
cm™', diamond crystal-Perkin Elmer). The device used for the analysis was a

Perkin Elmer L125000 P Frontier. Analysis by differential scanning calorimetry
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(DSC) consisted of monitoring the difference in the heat flow between the two
containers-one contained the analyzed sample, and the second contained the
thermally inert sample (calcined alumina). The heating rate during the analyses
was 10°C/min. Thermogravimetric analysis (TGA) consists of record the varia-
tion in mass during a thermal cycle.

These changes are related to chemical reactions or the departure of volatile
constituents adsorbed or combined in a material. The two techniques are often
applied simultaneously on the same apparatus and sample. The DSC-ATG
thermograms were recorded with a Netzsch SATA 449F3 Jupiter apparatus, un-
der an argon atmosphere between 30°C and 1100°C. A quantity between 10 and
30 mg of the sample, with a maximum particle size not exceeding 80 pm, was
tested.

2.3.2. Geotechnical Characteristics

The determined geotechnical parameters essentially consist of sieving particle
size analysis, Atterberg limits, methylene blue test as well as Proctor and CBR
tests.

The particle size distribution has been achieved according to NF P18-560 [14]
(particle size distribution by dry sieving) standards. The liquid limit was meas-
ured by the method of the dish of Casagrande (W) and the plastic limit by the
method of the roller (W). The tests were realized according to NF P94-051 [15]
standard. The blue methylene value (MVB) was determined on the total sample
according to NF P94-068 [16].

The use of a material in road construction requires the performance of the
Proctor test and the CBR (California Bearing Ratio) test.

The objective of the Proctor test is to determine the optimum moisture con-
tent (OMC) in percentage and the maximum dry density (MDD) for a standar-
dized compaction of a given intensity. It consists of identically compacting sam-
ples of the same soil with different water contents. It can be seen that the dry
density varies and goes through a maximum for a determined water content
called the modified Proctor optimum [12]. With regard to pavement base mate-
rials and draining materials, the modified Proctor test is carried out according to
the classification standard NF P 11-300 [17], and then supplemented by standard
NF P 98-231-1 [13]. There are two types of Proctor tests. Depending on the in-
tensity of compaction used, the test will be called normal Proctor test or mod-
ified Proctor test. The modified Proctor test was carried out because it is the one
recommended for road construction.

For the various elements of the body of a pavement, performances are re-
quired which are based on a standardized type test, the CBR test. This test is an
essential parameter for the mechanical design of pavements. The CBR index is a
quantity used to characterize a soil, as a support or constituent of a pavement
structure. The general principle of the test used to determine the CBR lift index
consists of measuring the forces to be applied to a cylindrical punch with a

cross-section of 19.35 cm’ to make it penetrate at a speed of 1.27 mm/min into a
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soil specimen. The particular values of the two forces having caused the depres-
sions of 2.5 and 5 mm are then related, to the values of 13.35 and 20 kN, which
are respectively the forces observed on a reference material for the same depres-

sions. The CBR indices are then determined from relations 1 and 2:

=

CBR, (%) =10013.135 (relation 1)
F, .

CBR, (%) =100% (relation 2)

where F| and F, correspond to the forces measured during the test, they are ex-
pressed in kN. The CBR index is conventionally defined by the highest value of
the ratios thus calculated. The test was carried out according to standard NF P
94-093 [12].

2.3.3. Mechanical Characteristics

The mechanical tests carried out on the specimens relate to the simple compres-

sive strength and the Tensile strength by splitting (Figure 1(a) and Figure 1(b)).
For simple compressive strength, the specimen is subjected to a monotonically

increasing load until failure (Figure 1(a)). The compressive strength is the ratio

of the breaking load to the cross section of the specimen. The value of the com-

pressive strength is given by relation 3:

F
R, =10§ (relation 3)

R: compressive strength of the specimen in MPa; £ maximum load supported
by the specimen in kN; & average value of the section in cm®. The test was car-
ried out according to standard NF P18-406 [18].

The Tensile strength by splitting is generally evaluated on cylindrical speci-
mens (Figure 1(b)). In this test, a compressive force is applied to the specimen
along two opposite generatrices. This compressive force induces tensile stresses
in the plane passing through these two generatrices. Failure, due to these tensile
stresses, occurs in this plane. The specimen is placed between the two platens of
the press, the contact between the plates and the specimen being made through
the two strips of plywood. The test was carried out according to standard NF P
18-408 [19]. The loading rate was 0.05 MPa/second. The breaking stress is given
by relation 4:

F F
f,=20—=6.37— (relation 4)
nah ah

with: £;: breaking stress in (MPa); F load applied in (kN); a: diameter of the spe-
cimen in (cm); A: height of the specimen in (cm).

3. Results and Discussion

3.1. Chemical and Mineralogical Characterization of Lateritic Clay

The chemical composition of ALK lateritic clay is given in Table 5. Analysis of

the table shows that the sample contains a large amount of silica (49.88 wt.%)
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Figure 1. Performing mechanical tests. (a) The simple compressive strength; (b) Tensile
strength by splitting.

Table 5. Chemical composition (in wt.%) of lateritic clay.

Oxides SiO, ALO; Fe,0; MnO MgO CaO Na,0O K,0 TiO, P,0, LOI Total

(wt.%) 49.88 2595 9.69 0.05 0.17 0.05 0.03 039 1.12 0.04 11.78 99.15

and alumina (25.95 wt.%) as well as an appreciable amount of iron oxide (9.69
wt.%). These results suggest that quartz, aluminosilicates and iron minerals are
predominant in the sample studied.

Analysis of the powder diffractogram of the lateritic clay shown in Figure 2
shows that it is essentially composed of kaolinite (Si,0;Al,(OH),), quartz (SiO,)
and goethite (FeO(OH)). The presence of these minerals is also confirmed by the
infrared spectrum in Figure 3. The spectrum shows bands of quartz (Si-O-Si vi-
bration at 786 cm™); of kaolinite: 3620and 3690 cm™ (O-H stretching vibra-
tions); 1113, 1000 cm™" (Si-O vibrations); 913 cm™ (Al-OH bending vibration)
[10] [20] [21].

The DSC/TG thermogram in Figure 4 shows three endothermic peaks and
one exothermic peak. The first endothermic peak at 140°C corresponds to the
departure of hydration or hygroscopic water. This thermal phenomenon is asso-
ciated with a mass loss of 0.63 wt.%. The second endothermic peak at 310°C
corresponds to the dehydroxylation of goethite and its transformation into he-
matite [22], with a mass loss of 1.93 wt.%. This dehydroxylation of the iron oxy-

hyoxides present in the sample takes place following reactions 1 and 2:

2y-FeOOH—25 yFe,0, +H,0 (1)
2a-FeOOH—"° 5 aFe,0, +H,0 )

As for the last endothermic peak around 515°C, it corresponds to the dehy-
droxylation of kaolinite and its transformation into metakaolinite followed by a
mass loss of 9.23 wt.% [23].

The overall dihydroxylation reaction can be schematized according to reaction

$i,0;AL(OH),(kaolinite) — 2SiO,-AlL,O,(métakaolinite) + 2H,O 3)

DOI: 10.4236/msce.2023.116001
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Figure 2. X-ray diffraction pattern of ALK sample. G: Goethite; K: Kaolinite; Q:
Quartz.
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Figure 3. Infrared spectrum of ALK sample.
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Figure 4. Thermograms DSC-TGA of ALK sample.
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The dehydroxylation temperature of an ordered kaolinite is around 600°C
while that of a disordered kaolinite is lower. Thus, the ALK sample would there-
fore be composed of disordered kaolinite. The only exothermic peak at 960°C
corresponds to the recrystallization or the structural reorganization of the meta-
kaolinite [9]. This is the reorganization of mekaolinite into more stable struc-
tures (spinel, mullite) in addition to amorphous silica following reaction 4:

2(25i0,-Al,0;)(métakaolinite) — Si;Al,O,,(Al-Si-spinelle) + SiO,(amorphe)

4

The results of the elementary chemical analysis and the mineralogy given by
X-ray diffraction from relation 5 of Yvon et al [24] made it possible to draw up

the mineralogy composition of the ALK sample.
T (a) = Z M; R (a) (relation 5)

with: 7{a): content (oxide%) of the chemical element “a”; M;: content (%) of

« »

mineral “/” in the material studied and containing the element “/’; P(a): propor-
tion of the element “a” in the mineral “7”.

Table 6 gives the semi-quantitative composition of the mineral phases of the
sample studied. It consists of a high proportion of kaolinite (42 wt.%). The
quantities of quartz (19.3 wt.%) and goethite (10.8 wt.%) are significant. The
balance (4.2 wt.%) consists mainly of organic matter and amorphous mineral

phases.

3.2. Geotechnical and Mechanical Characterization of
the Specimen of the Pure Sample ALK

The geotechnical properties of lateritic clay are recorded in Table 7. The Atter-
berg limits indicate that the raw material is moderately plastic clay. This is
probably due to the presence of clay minerals such as kaolinite which makes it
plastic [25]. The methylene blue value of 1.57 g/100 g attests that the sample be-
longs to the category of sandy clay soils with low plasticity. This result corrobo-
rates well with those of the Atterberg limits. However, the values of the plasticity
index and the methylene blue value remain low compared to those reported by
Millogo et al [26] in 2008 on lateritic gravel from Sapouy (Ip = 10.5% and VBS
= 0.17 g/100 g). This is justified by the clayey nature of the sample studied com-
pared to that of Sapouy which is very gravelly and therefore poor in clay minerals.

As for the particle size composition, it is deduced from the particle size curve
of Figure 5 determined by sieving, it indicates that ALK would be made up of
70% fines fraction. This confirms the clayey nature of the sample.

The results of the modified Proctor test presented graphically in Figure 6
showed that the optimum moisture content and maximum dry density are 15.9
wt.% and 1.76, respectively. The optimal high moisture content of the ALK sam-
ple and its low density compared to those obtained by Millogo et a/. on the late-
ritic gravel of Sapouy can be explained by the clayey nature of the ALK sample.
These values are in agreement with the values of the Atterberg limits and that of

methylene blue.
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Table 6. Mineralogical compositions (in wt.%) of the lateritic clay.

Minerals Kaolinite Quartz Goethite Balance

Composition (wt.%) 65.7 19.3 10.8 4.2

Table 7. Some geotechnical properties of lateritic clay.

Geotechnical properties Results
Atterberg limits
Liquid limit W, (%) 44
Plasticity limit W, (%) 22
Plasticity index PI (%) 22

The methylene blue value (g/100 g) 1.57

Particle size distribution > 80 pm (%)

Gravel 10
Coarse sand 15
Fine sand 5
Modified Proctor
Optimum moisture content (OMC) (%) 15.9
Maximum dry density (MDD) (g-cm™) 1.76
CBR at 95% (%) 40
stones |  Gravel | Coarsesand | Fine sand | Slit
100 + ' ! %
95 + ! : i
o]l e
2 | !
2 8T .
[} 4 |
8 )
o 80 + Ir
70 {L 3
65 ‘ ,
100 0.01

Particule size (mm)

Figure 5. Particle size curve by sieving the ALK sample.

The value of the CBR lift index at 95% after four days of immersion is 40% for
the natural sample. This value between 30% and 80% shows that the sample can
be used as a sub-base course raw material in road construction [27]. Its use as a
base course raw material in road construction requires a chemical improvement

(by mineral binders) or mechanical improvement (by adding crushed stones).
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Figure 6. The results of the modified Proctor test of the ALK sample.

After the geotechnical parameters, the various specimens were subjected to me-
chanical tests by simple compression and tension by splitting. Simple compres-
sive strength and splitting tensile strength are Rc = 1.59 MPa and ft = 0.149 MPa
respectively. This compressive strength value is greater than 1.25 MPa and that
of the tensile strength by splitting is greater than 0.125 MPa, values obtained by
Messou on the stabilization of laterites in Ivory Coast [28]. These results are jus-
tified by the fact that the laterites studied by Messou are richer in clay minerals
(therefore more plastic) than the laterite clay ALK studied. In order to improve
the geotechnical and mechanical properties of the raw material and at the same
time reduce cement consumption, cement-metakaolin-clay composites have

been produced.

3.3. Study of the Mineralogy of Clay-Cement-Metakaolin
Composites

The pieces of the specimens prepared (lateritic clay-cement-metakaolin) ac-
cording to the modified Proctor test process then subjected to the simple com-
pression and tensile tests by splitting after 28 days of curing in the open air were
finely ground and analyzed by X-ray diffraction, infrared spectrometry and dif-
ferential scanning calorimetry.

The powder diffractograms of these composites are shown in Figure 7. Anal-
ysis of these diffractograms shows the presence of laterite raw material minerals
such as kaolinite, quartz and goethite. Also we note the presence of new phases
such as calcite and portlandite.

The low presence of portlandite is probably due to its involvement in the
pozzolanic reaction with amorphous silica of metakaolin. To complete the mi-
neralogy of the composites and particularly the demonstration of any amorph-
ous phases formed, samples of ground clay-cement-metakaolin mixtures were

analyzed by infrared spectrometry and then by differential scanning calorimetry
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Figure 7. X-ray diffractogram of composites.

(DSC). The analysis of Figure 8 shows that in the high frequencies, we have the
characteristic bands of the vibration of the OH bond of kaolinite between 3692
and 3620 cm™' [9] [29]. It can be seen that the intensity of these bands decreases
with the addition of cement. This shows the reaction between the cement and
some minerals of the lateritic raw material. Indeed, the kaolinite contained in the
clay matrix is weakly crystallized, thus the cement can react with the
non-crystalline fraction then causing a reduction in the quantity of kaolinite in
the material. Also, the band at 913 cm™ corresponds to the vibration of the
Al-OH bond while those at 1000 and 1113 cm™ would be due to the vibration of
the Si-O bond of the kaolinite. At 748 cm™' we have the vibration of the Si-O-Al
bond also of the kaolinite. The band at 786 cm™ is attributable to quartz. The
spectra also show new vibration bands around 1450 and 3400 cm™. The discreet
band around 1450 cm™ is due to the combined effect of calcite [9]. On the other
hand, that around 3400 cm™ is attributable to the vibrations of the CSH hydrox-
yls [30] [31]. On the DSC thermograms of the composites presented in Figure 9,
we can identify thermal accidents attributable both to the minerals of the clay
sample and those due to the formation of calcite and CSH. Composites contain-
ing cement-metakaolin exhibit a large endothermic phenomenon around 100°C.
This is the phenomenon of dehydration corresponding to the loss of hygroscopic
water and/or the dehydration of hydrated calcium silicates (CSH) [32]. The
thermal accidents around 310°C, 515°C and 960°C correspond respectively to
the loss of water from crystallization of goethite, to the dehydroxylation of kao-
linite and to the recrystallization of metakaolinite from the lateritic raw material.
The area of the kaolinite dehydroxylation peak decreases with the addition of

cement. This would be due to the involvement of kaolinite in the pozzolanic
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Figure 9. Thermograms DSC-TGA of composites.

reaction [33]. The broad peak around 700°C corresponds to the decomposition

of calcite into lime (CaQ) and carbon dioxide [9].

3.4. Mechanism of Formation of New Phases

The newly formed phases are essentially calcite (CaCQO,), portlandite (CH) and

hydrated calcium silicate (CSH). Portlandite is formed as a result of the hydra-

tion of alite (C,S) and belite (C,S) according to the following reactions 5 and 6

[9] [34]:
2C,S+6H — C,S,H,(CSH) + 3CH (5)
2C,S+4H — C,S,H,(CSH) + CH (6)
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with: CaO = C; SiO, = S et H,O = H.
Calcite is formed as a result of a carbonation reaction involving portlandite
produced by the hydration of cement and carbon dioxide from the atmosphere

according to reaction 7 [29]:

Ca(OH),+CO, —> CaCO,+ H,0 )

Hydrated calcium silicate (CSH) is formed according to two synthetic path-
ways, including the direct hydration of alite (reaction 5) and belite (reaction 6)
of cement and according to the pozzolanic reaction involving the silicate of me-
takaolinite and hydrated lime (portlandite).

The mechanism of CSH synthesis by the pozzolanic reaction is as follows [9]

o dissociation of portlandite according to reaction 8:

Ca(OH), = Ca* +20H" (8)

o dissolution in basic medium of the silica of the metakaolinite according to

the chemical reaction 9:
SiO,(silica of the metakaolinite) + 20H" —» H,SiO%” 9)

 reaction in aqueous medium of Ca® ions released with solubilized silica
(H,Si0%") to form CSH according to reaction 10:

Ca*+ H,SI0; — Ca0-5i0,H,0(CSH) (10)

3.5. Influence of Cement and Metakaolin on the Geotechnical and
Mechanical Properties of the Raw Material

The variations of the optimal moisture content and the maximum dry density as
a function of the quantity of cement-metakaolin are illustrated in Figure 10. The
OMC increases while the MDD decreases with the addition of cement and me-
takaolin. The increase in OMC is due to the strong affinity of the cement-meta-
kaolin mixture with water to initiate the hydration reactions of their anhydrous
components. In addition, the synthesis of hydrated calcium silicate (CSH) also
needs water for the dissociation of the portlandite produced in order to produce
Ca®* ions. The OMC increases more when the metakaolin content in the mixture
increases. This is linked to the high demand for water to initiate the process of
the pozzolanic reaction, especially in the portlandite dissociation stage [35]. Also
this significant water demand would be due to the fineness of the metakaolin.

The reduction of the MDD would be due to the fact that the addition of ce-
ment-metakaolin creates the aggregation of the particles. As a result, the volume
of the material increases, leading to a change in the particle size distribution.
This result is in agreement with that reported by Osulaon cement-amended late-
rites in Nigeria [33]. The decrease in MDD is more felt for composites rich in
metakaolin and this is justified by the low density of metakaolin compared to
that of cement.

The results of the California Bearing Ratio (CBR) test of the composites are
presented in Figure 11. All the CBR index values are greater than 40%, which is
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Figure 11. Evolution of California Bearing Ratio (CBR) (after 4 days water im-
mersed, 3 days dried and 4 days of immersion) of composites.

the natural sample. Also, the CBR for the formulations at three (3) days of air
cure and after four (4) days of immersion are better than the CBR after 4 days of
immersion. Finally, formulations containing more cement than metakaolin have
the best CBR.

The increase in CBR would be essentially due to the formation of CSH fol-
lowing the pozzolanic reaction involving the portlandite of the cement and the
amorphous silica of the metakaolin. The lower values of the CBR for the speci-
mens immediately immersed result from the uninterrupted process of the hy-
dration of the cement and the lack of consolidation of the CSH. For specimens
having undergone a 3-day cure in the air before being immersed, the cement had
time to set at a young age. Specimens containing more cement have the best
CBR due to the high content of CSH formed by the hydration pathway of alite
and belite compared to CSH formed by the pozzolanic reaction [34]. The CBR
obtained are lower than those reported by Millogo et al [26] on lateritic gravels
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improved with cement and lime. This difference is explained by the nature of the
two samples. Indeed, the sample studied is more plastic than the sample studied
by Millogo et al. The 2 wt.% metakaolin + 6 wt.% cement composite is suitable
for a base course in road construction regardless of the type of traffic. The com-
posite (4 wt.% metakaolin + 4 wt.%) cement is better suited for the sub-base
course in road construction but could be used as a base course for low traffic
[26]. As for the composite low in cement (6 wt.% metakaolin + 2 wt.% cement),
it can only be used for the sub-base course like the natural sample. Nevertheless,
the natural sample was improved in terms of CBR. These results prove that with
the contribution of the cement-metakaolin mixture, the material reacts favorably
both to the possible poor hygrometric conditions observable in practice and to
the constraints imposed on a pavement. The addition of cement and metakaolin
markedly improved the geotechnical properties of the base lateritic clay. The
maximum observed (81%) for 2 wt.% metakaolin + 6 wt.% cement is the most
favorable case with a CBR index greater than 80%.

The results of the simple compressive strength and tensile splitting strength
tests for the different composites are presented in Figure 12. Overall, the simple
compressive and tensile splitting strengths of the clay-cement-metakaolin com-
posites are better than those of the raw sample. As with CBR, composites rich in
cement compared to metakaolin have the best strengths. Thus, the resistances
increase until reaching the maximum value of 4.5 MPa in simple compression
against a value of 0.5 MPa in tension then decrease for the other formulations.
The improvement in resistance is explained, as for CBR, by the formation of
CSH, a cementitious compound responsible for the mechanical strength. These
CSH then play the role of glue that will bind the isolated particles of the clay
matrix while reducing the porosity [34]. The drop in resistance is related to the

formation of an excessive amount of calcite in the mixture.
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Figure 12. Variation of the compressive strength and tensile strength of composites.
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Calcite is formed in large quantities because the portlandite formed is not fully
used for the pozzolanic reaction, so the rest will undergo a carbonation reaction
[36].

The simple compressive strengths and the splitting tensile strengths for the
engineered composites are higher than those reported by Messou, Bahar and
Kolias [28] [37] [38] [39] on lateritic soils improved with cement. This could be
due to the mineralogical composition of the soils studied by these authors which

would be richer in clay minerals compared to our basic raw material ALK.

4. Conclusions

This work has made it possible to characterize the lateritic raw material of Kam-

boinse and then to develop composites from clay-cement-metakaolin mixtures

for application in road construction. The following conclusions emerge from
this study:

- The chemical and mineralogical characterizations showed that the raw ma-
terial is essentially composed of kaolinite (65.7 wt.%), quartz (20.5 wt.%) and
goethite (10.78 wt.%) with a very low content of materials organic and in
amorphous phases;

- The geotechnical and mechanical characterizations indicated that the ALK
clay is not very plastic and rich in fine particles. In view of the value of the
CBR at 95% which is 40%, ALK could be used as a sub-base course in road
construction;

- The mineralogical analysis of the various composites obtained showed the
formation of new phases such as calcite, portlandite and especially hydrated
calcium silicate CSH resulting from the hydration of the cement and the
pozzolanic reaction;

- The value of the CBR of all the composites at 95% compactness is better than
that of the natural sample, showing a contribution of these mineral binders in
terms of mechanical resistance. Only the composite containing 6 wt.% ce-
ment and 2 wt.% metakaolin is suitable for the development of a base course
in road construction. However, a study of sustainability on the mechanical
performance in the long term is necessary in order to understand the beha-

vior of composites in time.
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