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ARTICLE INFO ABSTRACT
Keywords: This paper investigates the direct transformation of laterites (natural iron-rich aluminosilicates) to cementi-
Laterites tious composites with principal mineral phases being Gismondine and Stratlingite. The effects of particles size
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distribution and cement content (2 to 8 wt%) on the mechanical properties and microstructure of laterite-
cement composites are assessed. Four grades of granulometry with various percentages of fine and coarse par-
ticles were considered. The Environment Scanning Electron Microscopy (ESEM), Mercury Intrusion
Porosimetry (MIP), Fourier Transformed Infrared Spectroscopy (FT-IR) and X-ray Powder Diffractometry
(XRD) were performed after 1, 90 and 365 days, to assess the phase’s evolution, mechanical performance
and the microstructure of the laterite-cement composites. It is found that fines particles, essentially pozzolanic
and amorphous, are responsible for the bonding strength while coarse particles improve the compressive
strength. Dense and compact microstructure, water absorption under 18% and flexural strength above
6 MPa (compressive strength > 30 MPa) could be achieved as from 4 wt% of cement making the laterite-
cement composite appropriate as building and construction materials. The choice of a highly corroded class
of laterite and the selection of the particle size distribution allows the production of optimum composite that
is presented as energy-efficient and sustainable. Thus, corroded or indurated laterites are considered as “green
metakaolins” which do not require any energy for their transformation unlike clayey materials.

Introduction raw material” ready to be converted to cementitious phases in the

presence of hydrated cement. The conversion, with the save of the

Cleaner production emphasizes both energy and resource-
efficiency improvements, and many of the requirements relating to
the reduction of greenhouse gas emissions, waste minimization, and
environmental protection. Calcinated clays are generally promoted
as eco-friendly materials with applications as a supplement for Port-
land Cement and an agent for the improvement of the durability of
concretes (Tironi et al., 2013; Fernandez et al., 2011; Zhang et al.,
2018; Forster et al., 2020; Kaze et al., 2018). In the tropical region
of the world, kaolinite in contact with iron minerals develops a partic-
ular class of raw materials called laterites (Kasthurba et al., 2008;
Kasthurba et al., 2007; Jaritngam et al., 2014). This natural transfor-
mation, without energy input, makes laterites appears as a “green

energy need for the thermal calcination of laterite is environmentally
friendly with low CO, emission and can be called energy efficiency
process in relation with the cleaner production.

Laterites are iron-rich aluminosilicates generally presenting SiO,/
Al,03; and SiO,/R,03; molar ratios less than 1.33 (R = Fe, Ti, Al).
The presence of a significant fraction of iron is one of the most impor-
tant factors that influence the engineering properties of laterites. Well
laterized crusts can present up to 34-40 wt% of iron oxides and
hydroxides. During the phenomenon of laterization, the iron cations
penetrate into the clay (kaolinite) structure and substitute many of
the AI** ions and even Si**. This substitution results to the structural
deformation of the kaolinite with a certain level of disorder that allows
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the formation of a significant semi-crystalline and metastable fraction
(Kaze et al., 2018; Kaze et al., 2017). The iron-rich aluminosilicates
become then favourable to the development of pozzolanic reactions
in the presence of cement (Jaritngam et al., 2014; Jaritngam et al.,
2013; Changling, 1969). In those laterites, amorphous and disordered
A1203.28i02 (ASz), A12034SIOZ (AS4), Fe203 (F) and FeO(OH) (FH)
can be found. In the presence of water, C,S and CsS are transformed
to CSH and CH as indicated with the equations (1) and (2).

2GS + 6H — G3S,H; + 3CH (1)

GS + 4H — CS;H; + CH @)

AS, and AS, react with Ca(OH)»(CH) to form some hydrates of alu-
mina bearing phases (Tironi et al., 2013; Tironi et al., 2015) as can be
indicated with the equations (3) and (4);

4CH + AS,+(FH) — C,AS,FH; 3)

6CH + AS,+(FH) — C¢AS,FH; (4)

The reactions (3) and (4) are pozzolanic and are essentially associ-
ated to the level of disorder into the kaolinic structure of laterites. Sim-
ilar pozzolanic reactions are extensively described into the literature
when using calcinated kaolin (metakaolin) to stabilize the residual
CH, product of the cement hydration or when developing alternatives
binders made from metakaolin and lime (Fernandez et al., 2011;
Tironi et al., 2015).

Goethite (FH) can be transformed in hematite phases according to
equation (5).

2FeO(OH) i FeZO3 + Hzo (5)

In the well laterized materials, the above physico-chemical reac-
tions would take place in alkaline conditions leading to a complex
microstructure in which many cementitious minerals densify the sys-
tem and provide enough strength. The laterite directly reacts with
cement without any thermal transformation (calcination). However,
although the largely availability of the materials in the tropical area,
many works undertaken in the field of laterites based composites add-
ing cement suffer from poor mechanical properties, low densification
and high-water absorption making those materials appear as second
class or non-appropriate for engineering applications (Kasthurba
et al., 2008; Jaritngam et al., 2014; Obonyo et al., 2014; Lasisi et al.,
1990; Omotoso et al., 2012). Kasthurba et al. (2007) studied the influ-
ence of a quarry depth on laterite engineering properties. They found a
maximum compressive strength of about 2.2 MPa with a water absorp-
tion under 15%. They concluded that, the engineering properties are
better when laterite is extracted from the surface of the quarry because
of a high iron content. However, explanations on the action of iron
within the material have not really been highlighted in order to justify
this trend, although the compressive strength remain low compared to
those of conventional materials. Billong et al. (2009) on the other
hand, studied the properties of a stabilized earth blocks with burnt
clay-lime at 20 and 30%. They succeed to obtain a maximum compres-
sive strength of 10 MPa and conclude that the increase of the percent-
age of binder is responsible for the increase of the final product’s
compressive strength. However, even if the binder plays an important
role in the improvement of the properties of final products, the nature
of the laterite together with the particle size have also a determining
role. In fact, the chemical composition of laterites respects the require-
ment of ASTM C618 concerning the evaluation of natural pozzolans
(Kazeetal., 2017; Pourkhorshidi etal., 2010); with SiO, + Al,O3 + Fe,-
O3(FeO) that is generally above 70 wt%. The level of laterization is
proportional to the effectiveness of the formation of binder from poz-
zolanic reactions. In the presence of cement, the action of iron partic-
ipating to the binder formation depends on the crystalline nature of
the parent minerals. Quartz and iron (hydroxide) have reactive sur-
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faces often associated with one to another in soils and sediments.
Studying the quartz-silica coating, with iron hydroxide (FeO(OH),
goethite) and iron oxide (Fe;O3, hematite), Rusch et al. 2010 showed
that the surface of hydroxyls of quartz can be involved into the coating
process, providing a strong bonding between the coating iron oxides
and the silica surface. The presence of soluble silica has an impact
on the reactivity of goethite crystallites which have small size and
higher surface area. Silicates can be covalently bonded to goethite sur-
face by replacement of OH group. In the laterite, iron can be found as
ferrihydrites, goethite, hematite and lepidocrocite: the amorphous
form of goethite being the mineral with the major reactive potential.
Considering the presence of quartz, sand and cement, the following
reactions can take place when the pH of the system is above 9.

Si0, + 20H —H,Si0,* (6)

Fe(OH), + H,Si0, — Fe?" +H,Si0,> +2H,0 — FeH,Si0,-2H,0
™)

Fresh ground fines particles of high grade of laterized materials are
expected to develop good physico-chemical bonds developing cemen-
titious phases capable of densifying and strengthening the laterite-
cement composites in the same manner as any other pozzolanic mate-
rials. The resulting composites are products with high potential of sus-
tainability with respect to the calcined clay added cement. Kaolin is
generally calcined at the temperature range between 700 and 850 °C
consuming 600-700 Kcal/Kg. This quantity of energy is associated
with 200-300 Kg of CO, emitted per ton of calcined kaolin in view
to obtain amorphous metakaolin (Fernandez et al., 2011; Maddalena
et al., 2018; Alujas et al., 2015; Yanguatin et al., 2017). The use of
laterite in this project allows to save the energy of calcination, the
emissions of CO, and related greenhouses gazes making the aim prod-
ucts viewed as energy efficient and sustainable materials.

The objective of this work is to highlight the effect of the particles
size of raw laterite within the matrix and to demonstrate the impact of
iron ions contained in laterite on the engineering properties. This is
achieved through the study of the phase evolution, the densification
process, the microstructure and the porosity of laterite-based compos-
ites. The mechanical properties (compressive and flexural strength)
and linear shrinkage are used for the evaluation of the cementitious
phases formed; those phases are assessed using FT-IR spectroscopy
and XRD. Water absorption and Mercury Intrusion Porosimetry are
used to compare the quality of products with existing structural mate-
rials for building and construction.

Materials and methods
Materials and samples preparation

Laterite was collected at Obili neighbourhood in Yaoundé (Centre
region in Cameroon). The laterite was dried (sun drying), crushed
and then sieved. Two fractions were considered after sieving: the fine
particles series (¢ < 1 mm; including nano and micro particles) and
coarse particles (1 mm < ¢ < 4 mm). The cement used was a Portland
cement (CEM II 42.5) from Dangote cement factory, Douala Cameroon.
This cement contains clinker (70-79 %), pozzolan (21-25 %) and gyp-
sum (<5 %). Its fineness is between 3900 and 4000 cmz/g. The min-
eral phases of laterite are quartz, kaolinite, hematite, goethite,
anatase, and lepidocrocite (Kaze et al., 2017) while CEM II 42.5 pre-
sented: Alite, Belite, quartz, calcite, pyroxene and plagioclase. Pyrox-
ene and plagioclase are residual crystalline phases of volcanic ash
used as additives (Jean Noél et al., 2020; Djobo et al., 2017; Leonelli
et al., 2007; Kamseu et al., 2016).

The bulk chemical composition of laterites and cement are summa-
rized in Table 1. Four powders of different fines/coarse ratio (100/0,
75/25, 50/50 and 25/75) were prepared. To each powder 2, 4, 6
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Table 1

Chemical compositions of raw materials.
Oxides (wt. %) Laterite Cement
Fe,03 37,5 4,65
SiO, 25,1 19.3
Al,O3 23 5,5
TiO, 0,9 /
V,0s 0,15 /
P,0s 0,14 /
Cry03 0,23 /
CaO 0.29 65
MgO 0.07 0,98
CaO free / 1,8
K,0 1.8 0.9
SOs3 Not detectable 2.01
Na,O 0.2 0.2
LOI 10,6 0.45

and 8 wt% of cement were added. The amount of water added to each
formulation before pressing varied from 6 to 11 vol% according to the
fines content: the powder 25/75 with the higher amount of coarse
laterite received 6 vol% of water while 100/0, 75/25 and 50/50
received respectively 11, 10 and 7 vol%. The mentioned water content
corresponds to the amount of water needed to achieve self-compaction
of each mix powder. After the addition of water, the slurry was mixed
for 5 min using the Hobart mixer (model N50_G). The mixture was
then poured in the mold (205 mm X 95 mm X 35 mm) and pressed
up to 140 bars. The apparatus used to realize specimens was Nannetti
Brand press machine with a hydraulic system. The total mass of later-
ite, cement and water was 1400 g for each specimen. Finally, speci-
mens were identified as presented in Table 2.

The blocks were wrapped into plastic for the first 28 days to avoid
water evaporation during the curing process and curing for a period of
90 and 365 days continued at room temperature.

Characterization of LAT-CEM composites

Mechanical and physico-chemical properties

Three-point flexural and compressive strength testing of the sam-
ples were performed using an ELE International machine with a dis-
placement rate of 3 mm/min. The results shown are an average of a
minimum of three replicate specimens tested. The mechanical test
was performed following as much as possible the American Standard
regarding the three-point flexural strength testing, ASTM C78/C78M
— 02 (ASTM C78/C78M-02, 2002) and the compressive strength test-
ing, ASTM C 39/C 39M - 05 (ASTM C39/C39M-05, 2005).

Considering the dimensions of the specimens,
205 mm X 95 mm X 35 mm and the spam 150 mm, the maximum
flexural strength was calculated using the equation (8):

_3xFxD

=227~ 8
’ 2x1Ixh? ®)

where ¢ is the maximum centre tensile stress (MPa), F maximum load at
fracture (N), D the distance between the supports (mm), 1 the width and
h the thickness of the specimen (mm).

For the maximum compressive strength, the formula is given by the
equation (9):

Table 2
Mix-design of the laterite-cement composites.
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F

where Rc is the maximum compressive stress (MPa), F the load of
crushing (N), | the width and h the thickness of the specimen (mm).

The water absorption (WA) analysis was carried out by immersing
the specimen in water at ambient temperature for 24 h and comparing
the humid weight (my,) to the initial dry weight (m;) according to the
equation (10). The water absorption test was carried out follow as pos-
sible the ASTM standard C373-88 (C. ASTM, 2008).

my — My

W (%) = x 100 (10)

S

where my, is the wet mass and my is the dry mass.

The bulk density and apparent porosity were determined by the
Archimedes method according to the ASTM standard C373-88 (C.
ASTM, 2008) using the analytical balance with +0.0001 g sensitivity.

For all the different analysis, three representative test specimens
were used to evaluate the mean values and standard deviation.

Phases evolution, mercury intrusion porosimetry and microstructure

Fourier Transformed Infrared Spectroscopy, FT-IR using Avatar 330
FT-IR, Thermo Nicolet was performed on selected samples. The analy-
sis was done on the pieces collected from the mechanical testing allow-
ing to have access to the surface and the bulk. A minimum of 32 scans
between 4000 and 400 cm ™! were averaged for each spectrum at the
intervals of 1 cm ™. The pieces were ground finely under 80 um before
analysis.

Mineralogical analysis of the LAT-CEM composites was carried out
with an X-ray powder diffractometer, XRD, (PW3710, Phillips) Cu Ka,
Ni-filtered radiation (the wavelength was 1.54184 10\). The radiation
was generated at 40 mA and 40 kV. The analysis was performed on
fine grains of ground samples. Specimens were step-scanned as ran-
dom powder from 5° to 70°, 26 range, and integrated at the rate of
2 s per step. Acquisition and processing of data was carried out using
the Philips High Score software package by comparing the pdf of min-
eral phases obtained with the pdf ICCD data.

Pieces collected from the mechanical tests were used to prepare
specimens of ~1 cm® of volume for the Mercury Intrusion Porosimeter
(MIP) (Auto pore IV 9500, 33000) analysis using psia (228 MPa). Mer-
cury Intrusion Porosimetry (MIP) covering the pore diameter range
from 0,01 to 360 pum having two low-pressure ports and one high-
pressure chamber.

For the Environmental Scanning Electron Microscope (ESEM),
pieces from mechanical tests were collected and dry cut parallel to
fracture surface with the diamond saw to observe the fractures sur-
faces. The specimens chosen had various interfacial aggregate/matrix
zones. A backscattered electron (SSD) detector was used to acquire
images. The principle of the SSD is that the intensity at which electrons
are backscattered depends on the local atomic number and topography
of the specimen. The pores, as absence of solid, do not scatter electrons
and appear uniformly black.

BET surface area of cement and laterite
The specific surface area of iron rich aluminosilicates powder was
determined according to the Brunauer-Emmet-Teller (BET) method

6 wt% of cement

8 wt% of cement

Wt % water

X/Y 2 wt% of cement 4 wt% of cement

100/0 LAT-CEM 100/0-2 LAT-CEM 100/0-4
75/25 LAT-CEM 75/25-2 LAT-CEM 75/25-4
50/50 LAT-CEM 50/50-2 LAT-CEM 50/50-4
25/75 LAT-CEM 25/75-2 LAT-CEM 25/75-4

LAT-CEM 100/0-6 LAT-CEM 100/0-8 11
LAT-CEM 75/25-6 LAT-CEM 75/25-8 10
LAT-CEM 50/50-6 LAT-CEM 50/50-8 7
LAT-CEM 25/75-6 LAT-CEM 25/75-8 6
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based on nitrogen absorption. The analysis was done using a micro-
metrics GEMINI 2360 instruments.

Results
Phases evolution

The FT-IR spectra of laterite-cement composites with 8 wt% at
1 day and 90 days are depicted in Fig. 1 (a and b). On the spectrum
of laterite-cement composite at 1 day, absorption bands situated at
3610 and 3695 cm ™! are characteristics of OH bonds that may be from
kaolinite and goethite (Kaze et al., 2017). The absorption bands disap-
peared with the reaction of cement and laterite (Fig. 1a), implying that
the kaolinite and goethite have been effectively transformed to new
binding phases (C-A-S-H, Equations (3) and (4)). The bands at 1639
and 3403 cm™! on spectra of laterite-cement composites cured at
1 day, are attributed to the O-H stretching and H-O-H bending vibra-
tion modes (Kapeluszna et al., 2017). Those bands significantly lose
intensities when the reaction with cement is effective. This is due to
the departure of water molecules out of matrix after the dissolution
and polycondensation reactions; and development of a compact struc-
ture. The same behaviour was proven by Latifi and co-workers (Latifi
et al., 2014), on laterite soil treated with sodium silicate-based liquid
stabilizer. In fact, the cement used is predominantly C-S-H phases after
hydration while sodium silicates are N-S-H phases: two well-known
alkaline based binders. They concluded that the reduction of peaks
intensity of H-O-H with curing time is due to the weathering action
of the stabilizer on the clay minerals. The weathering action is as fast
as the clay minerals into the laterite are corroded by iron making the
structure weaker, vulnerable to alkaline attack. The absorption bands
between 1409 and 1442 cm ™! are ascribed to stretching of G-O bonds,
which are found in all FT-IR spectra of specimens cured at 90 days due
to the formation of sodium carbonate from the reaction of alkali metal
with CO,. However, the peaks intensities of C-O bonds are very low
suggesting a very good stability of the C-A-S-H phases formed and
the quasi absence or very low content of residual alkali-based com-
pounds into the system. The principal peak showing the aluminosili-
cate nature of laterites (Kapeluszna et al., 2017; Latifi et al., 2014;
Yu et al., 2004) shifted to higher values of wavelength: 1027 cm ™!
(LAT-CEM 50/50) and 1031 cm™! (LAT-CEM 100/0, LAT-CEM
75/25 and LAT-CEM 75/25) confirming the incorporation of Si into
the system. In fact, the LAT-CEM 100/0 composite with just 1 day of
curing present peaks of C-S-H around 1080-1100 cm ™! after those
of 3400 and 1639 cm™! (Millogo et al., 2008; Millogo, 2008) and
the principal peak of aluminosilicate at 1024 cm™'. The peaks at

LAT-CEM 100/0 90 days

o,

305 3403 1999 1423
3610

LAT-CEM 100/0 1d
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912-914 cm™! in the LAT-CEM composites with complete curing
appears at 908 cm™! in the specimen having only 1 day of curing.
In fact, at 1 day, the reactions between C-S-H and laterite are still to
be completed. The peak essentially indicates the level of reactivity
means the formation of C-A-S-H systems. Its intensity increases signif-
icantly in the specimens with complete curing showing the effective
development of the cementitious binder. Between 900 and
400 cm™?, there are series of small peaks with increase intensities
when the reactions LAT-CEM are completed. Those peaks also evi-
dence the formation of C-A-S-H as it can be confirmed by the literature
(Horgnies et al., 2013; Kapeluszna et al., 2017; Latifi et al., 2014; Yu
et al., 2004; Millogo et al., 2008).

The X-ray patterns of laterite-cement composites aged of 1, 90 and
365 days are depicted in Fig. 2 (a, b and c). The main mineral phases
identified at 1 day are Ettringite (E) (CagAl>(SO4)3(OH)12-26H50),
Kaolinite (K) (Al,Si»O5(0OH),4), Portlandite (P) (Ca(OH),), Quartz (Q)
(Si0,), Hematite (He) (Fe;03), Goethite (Go) (FeO(OH)) and Calcium
Silicate Hydrated (C-S-H). Those phases are embedded in an amor-
phous matrix of laterite which at that stage has reacted partially. While
kaolinite, goethite, hematite and quartz are parent mineral of laterite,
ettringite, portlandite and C-S-H are essentially the products of hydra-
tion and partial reactivity of laterite. Phases like ettringite, goethite
and C-S-H present in the 1 day specimen are transformed after 90 days
of curing to new stable phases like Gismondine (Gi) (CaAl,Si>Og-4
(H,0)), Stratlingite (S) (CayAl,(SiO5)(OH);0-2.5H,0) and C-A-S-F-H.
The overall level of crystallinity of the matrix is enhanced at 90 days
of curing. Situation that is confirmed and improved at 365 days.

Portlandite, which is the result of self-hydration of cement, is gen-
erally more visible up to the seven first days of curing (Jaritngam et al.,
2014; Jaritngam et al., 2013; Jaritngam et al., 2012; Lucia, 2011;
Awoyera et al., 2018; Tajuelo Rodriguez, 2015) as observed in the
results obtained with XRD. Its presence at 1 day curing and total dis-
appearance at 90 and 365 days indicates that the reaction of the hydra-
tion of cement in the presence of laterite took place as usual: hydration
with formation of C-S-H and portlandite: equations (1) and (2).

The sequences of the reactions continue with portlandite that react
with laterite as described in the equations (3) and (4).

Those pozzolanic reactions that follow the bonding of C-S-H with
laterites (Al, Si, Fe) are responsible for the formation of C-A-S-H and
C-A-S-F-H which in this case are gismondine (CaAl,Si,Og-4(H>0))
and stratlingite (S) (CapAl»(SiO,) (OH);¢-2.5H,0).

LAT-CEM 100/0, LAT-CEM 75/25, LAT-CEM 50/50 and LAT-CEM
25/75 presented similar mineral phases at 90 days with 8 wt% of
cement content (gismondine, stratlingite, C-A-S-F-H and hematite)
with the only difference linked to peaks intensity (Fig. 3). The pres-
ence of the original phase as goethite that can be easily dissolved by

b

LAT-CEM 25/75

e e o —

- ‘
3695 1639 1440 L. Al
3610 \ A 706
1031 W Tg1y
LAT-CEM 50/50 .
S —————— —
asamanl N
%695 3610 R YA

1031 912
1002

1639 1436

3695 3610
LAT-CEM 100/0 1031 997
1639
3695 3610 1423 24
103 9"
995
T T T T T T l T T T T T T !
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)
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Fig. 1. FT-IR spectra (a) of LAT-CEM 100/0 at 1 day and at 90 days respectively and (b) different formulations at 90 days.
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Fig. 3. XRD patterns of different formulations with 8 wt% of cement content
at 90 days.

the alkalinity of cement make it evident that most of the mineral
phases formed will have iron cations into their structures.

In the laterite, goethite should be present into two forms: amor-
phous and crystalline. The amorphous fraction is the one participates
to the cementitious reactions while the residual goethite (crystalline
fraction) transformed to hematite as indicated in the equation (5).

The means phases obtained (gismondine and stratlingite) appear as
dominant cementitious phase as from 90 days curing. Phases known
for their action regarding the mechanical performance and long-term
durability of the cement-based composites. Results significatively dif-
ferent from what has been achieved in the literature up to date
(Jaritngam et al., 2014; Obonyo et al., 2014; Millogo et al., 2008;
Bouras et al., 2020). The achievement of the results of this work comes
from the appropriate selection of the grade of laterite (kaolinite com-
pletely corroded) with the fine particles presenting up to 2000 cm?/g
of BET surface area.

The more the laterite-cement composite contains fines, the mores
the reflection peaks corresponding to the formation of gismondine
and stratlingite compound increase. This can be justified by two ways:
firstly, it is known that the fines particles give an easy and quick access
to all reactive elements. So, it is possible that a part of the iron con-
tained in the fine particles has reacted immediately in contact with
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cement and water to form phases like ferrites and another part is trans-
formed to hematite. In coarse particles, to have a complete reaction, it
takes time because there is a certain distance between the surrounding
of particles and its core; coasres particles that are mainly crystalline.
These two reasons could be an explanation to why gismondine,
stratlingite and C-A-S-F-H increased with time because at the begin-
ning, the quantity of iron is the same for all specimens.
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Fig. 4. XRD patterns of different formulations at 365 days with cement
content addition: (a) 4 wt%, (b) 6 wt% and (c) 8 wt%.
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At 365 days, the minerals phases identified at 90 days remained
including gismondine, stratlingite, hematite, quartz and C-A-S-F-H
(Fig. 4a, 4b and 4c). During the curing and with the use of laterite con-
taining high amount of iron, the pozzolanic reactions took place in the
presence of hydrated cement. Those reactions are completed only
within 90 days. Furthermore, the granulometry used for the mix has
influence on the formation of cementitious phases justifying the high
intensities of the peaks corresponding to gismondine and C-A-S-F-H
in the diffractograms of specimens containing fine particles. On the
Fig. 2, the XRD patterns related to laterite-cement 100/0-8 at 90 days
and 365 days show similar phases although their intensities are differ-
ent. At 365 days, matrices seem more crystalline than those at 90 days
indicating continuous polycondensation through pozzolanic reaction.
There are still amorphous or metastable phases which continue to
react after 90 days until 365 days, to increase the volume of cementi-
tious phases already described. As confirmed with FT-IR spectra, resi-
dues of cement are still present in the matrix after 90 days. Those
pozzolanic materials maintain the reactivity of the matrix.

Bulk density, apparent porosity, water absorption and Mercury Intrusion
Porosimetry of laterite-cement composites

The specimens with only 2 wt% of cement disintegrated into water
indicating that this amount of cement was not enough to produce
stable LAT-CEM composites. With 4 wt% of cement, the water absorp-
tion varied from 17.90% for the LAT-CEM 100/0 to 14.90% for the
LAT-CEM 25/75. It appeared that the ability of the samples to absorb
water directly depends to the fines content. From 17.90% for LAT-CEM
100/0, the water absorption decreases to 17.00% for LAT-CEM 75/25;
15.80% for LAT-CEM 50/50 and 14.90% for LAT-CEM 25/75. This
decrease of the water absorption is directly linked in the same order
to the decrease of apparent porosity and the increase of bulk density
(Fig. 6a and 6b). Increasing the cement content to 6 wt%, the decrease
in water absorption is significant with the specimens LAT-CEM 100/0
and LAT-CEM 75/25: from 17,90 to 17.30% and 17.00 to 16.00%
respectively. The water absorption of specimens LAT-CEM 50/50
and LAT-CEM 25/75 did not change significantly (Fig. 5). Similar
behaviour is observed for the two specimens when 8 wt% of cement
is added. In the meantime, water absorption of the specimens LAT-
CEM 100/0 and LAT-CEM 75/25 continue to decrease suggesting the
hypothesis that the ability of the laterite-cement composites to absorb
water is linked not only to the level of reaction and formation of C-A-S-
F-H phases but also to the fines content (Kasthurba et al., 2008;
Kasthurba et al., 2007). In fact, coarse particles of laterites might have
shown low sensibility to water while the formation of cementitious
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Fig. 5. Water absorption behaviour of laterite-cement composites.
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phases with fine particles of laterites conducts to matrix more sensible
to moisture. This may justify the difference in behaviour between LAT-
CEM 100/0 and LAT-CEM 75/25 in the one hand and LAT-CEM 50/50
and LAT-CEM 25/75 in the other hand. Behaviour that corroborate
with the variation of the apparent density and the continuous increase
in densification with the coarse particle content (Fig. 6a and 6b).
From the cumulative pore volume and pore size distribution curves
(Fig. 7a and 7b), LAT-CEM 100/0 is dominated by nanopores (pore
size between 0.01 and 0.1 uym) and presents relatively low volumes
of pores between 0,1 and 1 pm together with those of the bands cen-
tred at 10 um. The nanoporosity with the principal band described
here is typically that of cementitious materials (Zhao et al., 2014;
Shi and Brown, 1991; Ma, 2014). Conventionally, with C-A-S-H or
C-A-S-F-H, the nanopores have band that are monomodal as it is visible
with the cumulative pore volume of LAT-CEM 100/0. In the case of
this work, as can be observed into the Fig. 7a, the nanopores are not
the only class of porosity due to the fact that the fine fractions of later-
ites still have some unreacted particle as demonstrated by the granu-
lometry in Table 3 (~15 wt% of ¢ < 2 um; ~ 27.6 wt% of
2um < ¢ <10 pm and ~ 58 wt% of 10 um < ¢ < 1 mm) and ESEM.
Coarse particles that induce the micrometrics porosity. With the
increase of the fraction of coarse particles, it can be observed an
increase of the bands of pores situated in the region between 0.1
and 1 ym as those centred at 10 um. The augmentation of the coarse
fraction increased the interface between cementitious materials and
aggregates. This trend is confirmed with the increase of the coarse
porosity with almost complete reduction of the nanopores in to the
specimen LAT-CEM 50/50 and LAT-CEM 25/75. In the Fig. 5, it is
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Fig. 7. (a) Cumulative pore volume and (b) variation of pore size distribution
for laterite-cement composites.

observed that the volume of water absorption decreases with the
increase of the coarse particles. In regard with the pore size distribu-
tion and the cumulative pore volume, it should be noted that the frac-
tion of water absorbed during immersion might remain into the
microstructure and explains partly the relatively high values of water
absorption of the samples LAT-CEM 100/0. In fact, during immersion
that takes 24 h, the water molecules have enough time to penetrate
and saturate those nanopores (El-Diadamony et al., 2018; Zhou
et al.,, 2010). However as demonstrated by Kamseu and co-workers
(Kamseu et al., 2018), the molecules of water present into those nano-
pores cannot be desorbed instantaneously as those from capillary
pores. Their desorption is time-temperature dependent and cannot
be effective within the cycle of time provided with the experimental
method regarding the water absorption test.

Physico-mechanical properties

Fig. 8 shows the variation of the linear shrinkage as function of the
particles size distribution and the cement content. It is observed that
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the LAT-CEM 100/0 exhibits the high linear shrinkage (3.2%) what-
ever is the cement content. With 25% of coarse laterite (LAT-CEM
75/25), the linear shrinkage drops under 3% apart from the specimen
with 2 wt% of cement where one can notice a poor level of reactivity.
Increasing the coarse particles, the general behaviour is the constant
value of linear shrinkage of 2.8% for 2 and 4 wt% of cement while
with 6 and 8 wt%, the linear shrinkage is stable at 2.1%. These results
allow to establish the suggestion that between 2 and 4 wt% of cement,
the reaction laterite-cement is not optimal in the matrix. Residual and
non-reacted clayey material responsible for the relativity high linear
shrinkage are still present. At 6 wt% of cement, the value of linear
shrinkage obtained seems to be appropriate as the extend of cement
content to 8 wt% did not modify the linear shrinkage. Moreover, as
demonstrated with XRD analysis and IR patterns, residual C-S-H was
observed in the sample with 8 wt% of cement content suggesting that
the value of 6 wt% of cement should be the optimum. In fact, as poz-
zolanic material, laterite should react with cement in hydration condi-
tion to form news phases (C-A-S-F and C-A-S-F-H). The presence of
hydrated phase (C-S-H) in laterite cement composite, should be inter-
preted as residual material. In this composite, C-S-H is an intermediate
product which presence at the end of the curing implied the unavail-
ability of pozzolan (laterite). The kaolinite contained in laterite being
metastable suggests the reactivity of all its elements such as iron, sili-
con and aluminium with the hydrated cement, which will favour the
formation of the CSH and CASFH phases. However, part of the silica
coming from the quartz and the iron hydrates will not react but will
behave as micro aggregates and reinforce the matrix. The relative high
value of linear shrinkage is also justified by the low level of porosity
and pore size as indicated in Fig. 4 for LAT-CEM 100/0 while the
reduction of linear shrinkage in the sample containing high propor-
tions of coarse laterite is correlated with important capillary porosity
(larger pores).

High values of shrinkage of LAT-CEM 100/0 and LAT-CEM 75/25
correspond into the Fig. 9a to high values of flexural strength while
low value of shrinkage of LAT-CEM 50/50 and LAT-CEM 25/75 corre-
spond to low values of flexural strength. In fact, LAT-CEM 100/0 and
LAT-CEM 75/25 presented the value of 4, 7, 10 and 11 MPa respec-
tively for 2, 4, 6 and 8 wt% of cement. In both formulations, the con-
tent of fines is high and the mix with cement directly conduct to the
formation of cementitious materials (chemicals bounding) responsible
for the flexural strength. With the reduction of fine content (LAT-CEM
50/50 and LAT-CEM 25/75) the flexural strength decreases as the
level of reactions decrease because the coarse particles reduce the
extend of cementitious phases responsible for the bonding strength.
In both formulations, the addition of 2 wt% of cement maintains the
flexural strength under 4 MPa. From 4 wt% of cement, the value
obtained (between 4 and 7 MPa) are those generally obtained with
standard mortars and concrete (Mulyadi, 2017). The variations of
the compressive strength of laterite cement composite are summarized
into the Fig. 9b. It appears that the specimen of LAT-CEM 100/0 and
LAT-CEM 75/25 with high fines content, although their relatively high
values of flexural strength, present low values of compressive strength
compared to the formulations of LAT-CEM 50/50 and LAT-CEM
25/75. The compressive strength seems to be affected by the particles
size distribution than to the reactivity. The combination of fine and
coarse particles contributes to improve the packing behaviour by the
way the compressive strength. For a similar value of cement content,
the combination of LAT-CEM 50/50 or LAT-CEM 25/75 seems more

Table 3
Cumulative volume of Particle of laterite passing at different sizes of sieve.
® <2 pum ® <10 ym ® < 25 um ® < 100 pm ® <1000 um
Laterite 15.02 42.91 62.13 89.40 100
Cement 10.88 50.65 100 100 100
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benefit for the achievement of higher compressive strength compared
to the formulations dominated by fine (LAT-CEM 100/0 and LAT-CEM
75/25) (Fig. 9b). While the compressive strength of formulations dom-
inated by coarse particles were respectively 23 and 27 MPa, those
dominated with fines presented compressive strength under 20 MPa
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although their relatively high flexural strength. So, in the point of view
of standards, the formulations with coarse particles containing the
same value of 2 wt% of cement are conformed with the standard CIP
35-Testing compressive strength of concrete while those dominated
by fine are not conform. Increasing the cement content to 4, 6 or
8 wt%, the value of compressive strength was above 30 MPa whatever
the particles size distribution considered. The formulation LAT-CEM
25/75 even give value of compressive strength above 40 MPa when
a minimum of 6 wt% of cement is applied. Globally, as already sug-
gested with XRD and IR spectra, optimum LAT-CEM composites can
be achieved with 6 wt% of cement and a combination of fines and
coarse LAT-CEM particles in the range of 50/50 and 25/75. These
combinations are capable to develop enough amount of gismondine
and stratlingite together with C-A-S-F-H phases that ensure optimum
densification and compactness in a context of an optimum particles
packing.

Microstructure of laterite-cement composite

Fig. 10 presents the micrographs of the LAT-CEM 100/0 at 1 day at
low magnification. It can be observed a homogenous microstructure
with some pores (Fig. 10a). This proves that fine particles size of
LAT-CEM 100/0 permit to achieve a good reactivity and cohesion
between the particles and phases formed. But, one can also observe
the residual particles of laterite. In fact, at this level of curing
(1 day), the reactions between the cement and the laterite are just
starting. And low compactness observed on this specimen is due to
the amount of portlandite within matrices which are still to be con-
sumed. This trend is in agreement with the phase’s evolution (Figs. 1
and 2). On the Fig. 10a, the round pores are voids from the sites pre-
viously occupied by water. This water which is from the preparation of
specimens evaporate during curing and produces large pores. On the
Fig. 11, there are micrographs of specimens cured at 90 days (lower
magnification). According to these figures, there was not a real differ-
ence in term of densification between LAT-CEM 100/0 and LAT-CEM
75/25 indicating that laterite particles are well bounded by the
reacted phases sufficiently cover the grain particles of the matrices.
LAT-CEM 50/50 show microstructure less compact and less homoge-
nous. That is why the flexural strength of LAT-CEM 100/0 and LAT-
CEM 75/25 are higher. The reactions being sufficiently efficient and
complete, produce enough binder compared to the LAT-CEM 50/50.
This is due to its coarse particles which make that the bending phases
developed can't embed the matrices enough. In those specimens, the
cementitious phases from the reaction between laterite and cement
seem to be not enough to cover the coarse grains as it is case in
LAT-CEM 100/0 and LAT-CEM 75/25. This situation is responsible
for the increase of porosity and pores size. In contact with cement,
fines grains powder of laterite reacts in presence of water to form
phase like gismondine and stratlingite together with C-A-S-H and C-
A-S-F-H. This induces a good combination of the cementitious phases
with coarse grains improving mechanicals strength as from the high
cohesion and particle packing when the fine/coarse ratio is
appropriate.

At high magnification (Fig. 12), it seems that it is obviously diffi-
cult only with ESEM to identify the phases formed. For this reason, a
semi quantitative EDX analysis at 03 points was done on a sample as
shown in Fig. 13. It was noticed that elements such as iron, Al, Si, 0
and Ca are in the majority next to some impurities like Titanium grains
(represented by the lightening zones on micrographs). It can therefore
be concluded that these elements are involved in the formation of the
cementitious phases such as CASH and CASFH where it can be found
gismondine, stratlingite, etc..., exactly as found with XRD and IR anal-
ysis. In the domains containing C-A-S-H and C-A-S-F-H the iron phase
is less present (Fig. 12b) and becomes more visible in Fig. 12c. These
observations can signify that the coarse particles do not react com-
pletely and the reaction took place just at the surface of the particles.
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Fig. 11. SEM Micrographs of laterite-composite (a) of LAT-CEM 100/0, (b) of LAT-CEM 75/25, (c) of LAT-CEM 50/50 and (d) of LAT-CEM 25/75 at 90 days at low

magnification.

That is why the flexural strength of laterite containing coarse particles
is low compared to those with more fines (Fig. 9a). However, knowing
that coarse particles of laterites are responsible for the high compres-
sive strength, the relatively poor reactivity of LAT-CEM 50/50 and
LAT-CEM 25/75 did not affect negatively the values of compressive
strength. Nevertheless, the increase of coarse particles increases the
compressive strength as a good combination of reactive phases with

fine particles that embed the coarse efficiently when the fine/coarse
ratio is appropriate. The difference on the morphology (Fig. 12d)
explains the diversity of phases formed into the specimens. This asser-
tion get clarification with Fig. 13 when one can see on the same spec-
imen two different phases (C-A-S-H and C-A-S-F-H) with three scales of
sizes. C-A-S-F-H is dominated by iron while calcium is very low,
another phase shows a decrease of iron and increase of calcium and
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Fig. 12. SEM Micrograph of laterite-composite (a) of LAT-CEM 100/0, (b) of LAT-CEM 75/25, (c) of LAT-CEM 50/50 and (d) of LAT-CEM 25/75at 90 days at high

magnification.

the last has morphology with a high corrosion due to the iron. In each
matrix, silica and alumina are well represented justifying the fact that,
in the specimen studied, the binder phases are constituted by iron-rich
calcium aluminosilicates. The binder phase is responsible for the den-
sification and compactness of the laterite-cement composites systems.

Discussions

Laterite is formed from the corrosion of kaolinite by iron minerals
(Fe?* and Fe®*based minerals). The iron cations replace the alu-
minium in octahedral sites, substitution that affects the crystalline
structure. The substitution transforms the kaolinite minerals to semi-
amorphous leading to the vulnerability of the solid precursor to chem-
ical attack particularly in alkaline media. The main residue of the
hydration of cement (Ca(OH),) reacts with SiO,, Al;03 and Fe,O3 (y-
FeOOH) species of disordered structure of laterite. These reactions
form additional binding phases such as C-A-S-H and C-A-F-S-H respon-
sible for the good cohesion between different particles within the
matrices. These binding phases depend on the degree of corrosion of
the kaolinite justifying the significant role of iron and chemical com-
position in mechanical and microstructural improvement. The forma-
tion of Gismondine, stratlingite and others iron-rich cementitious
phases in addition to ettringite demonstrated that laterite is a natural
solid precursor prompt to combine with C-S-H and CH without any
pretreatment. It is green, energy-efficient and sustainable raw materi-

10

als for future environment as nowadays extensive research is con-
ducted seeking green binders and green raw materials for
sustainable building and construction.

With regard to particle size, it was found that the finer the particles
are, more compact and denser the final product is, which has a positive
impact on bending strength. Coarse particles, on the other hand
improve the compressive strength of the material. The coarser the par-
ticles more resistant the compressive strength. Hence, the size of the
particles has a significant impact on the mechanical and microstruc-
tural properties. The structural disorder due to the corrosion of the
kaolinite, the iron substitution and the particles size were found as
key parameters governing the mechanical and microstructural proper-
ties of laterite-cement composites. The goethite and others oxyhy-
drates present are capable to react in alkaline media allowing the
iron cations to participate has ion former. Those that do not participate
are transformed to stable phase of hematite.

It is important to notice that a stabilization with 2 wt% of cement
presents values of flexural and compressive strength very low and far
from those stabilized with 4, 6 and 8 wt% indicating that 2 wt% can-
not be used to achieve good laterite-cement composites. The granu-
lometry and the nature of laterite regarding the mineralogical
composition are not the only factors that influence the properties of
laterite-cement composites. The cement content also has an important
role in terms of the degree of cohesion between the particles. In fact,
cement content in the range 4-6 wt% is significant to achieve enough
cementing agents and more reactions with the disordered and amor-
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Fig. 13. SEM-EDS spectrum of LAT-CEM 100/0 at 90 days.

phous components of the laterite. The increase of the cement content,
from 4 to 6 wt% in a matrix with well-designed granulometry conducts
to an optimum microstructure for the lower porosity and water absorp-
tion (Figs. 5 and 6). Since the major part of reactions took place
already at 90 days and just a small residual fraction is transformed
between 90 and 365 days, 90 days could be considered as maximum
curing period. However, as the minimum strength required is achieved
as from 28 days, the laterite-cement composites seem to fulfil the
requirements of the standards when consider the building materials.

The Fig. 14 shows the relationship between compressive and flex-
ural strengths as function of the cement content and particles size dis-
tribution. A carefully interpretation of this figure let observe
correlation between the flexural and compressive strengths: the corre-
lation coefficient in the cases of LAT-CEM 100/0 and LAT-CEM 25/75
is 0.72. However, when there is a good combination between fine and
coarse particles, the correlation’s coefficient between the flexural and
compressive strength reaches 0,85. It appears that the mineralogy, par-
ticles size distribution and optimization of the reactivity present
laterite-cement composites with very good performances. Due to the
large availability of the laterites in tropical area of world and the rel-
atively low amount of cement needed for the composite design, it is
possible to produce laterite-cement composite locally. The process is
relatively economic in terms of the energy linked to the transport of
raw material in comparison for the transport of aggregate and sand,
as well as the energy of grinding which is considerably low with
respect to energy to ground the aggregate.

Several authors evaluated both energies from the transport of raw
material to their transformation and found that laterite-cement com-
posite required 50 to 100 kWh/m® whereas concrete needed 400 to
800 kWh/m?® (Meukam et al., 2003; Damfeu, 2016). Concerning car-
bon emission, blocks made with laterite create 222 kg CO,/tonne com-
pare to that of concrete blocks (800-1000 kg CO,/tonne) (Fernandez
etal., 2011; Forster et al., 2020; Waziri et al., 2013). Moreover, laterite
cement composite matrix presents low thermal conductivity allowing

the possibility to achieve thermal comfort (19-22 °C) throughout the
year without soliciting electric air conditioner. This means significant
safe of energy in comparison with cement-sand-aggregate block that
have high thermal conductivity and need the use of electric air condi-
tioner to have thermal comfort because of their high capacity to accu-
mulate heat.

In the tropical area, it is easier to have laterite as raw material for
the development of structural matrix for building and construction
than to have plastic and fusible clay generally use for ceramics prod-
ucts. The industrial applications of those type of composite is evidently
bricks for building, pavement, etc.

The innovative approach appears efficient and viable solution for
the development of eco-friendly composites for sustainable building
solutions.

Conclusions

Laterite with high level of corrosion of kaolinite by iron minerals
(>37.5 of Fe,03 + FeO) was used for the design of laterite-cement
composites. Concretions collected were dried (using solar drying)
and ground to have different grade of granulometry. The powder
obtained received 2, 4, 6 and 8 wt% of cement Portland type CEM II
42.5. The analysis and characterisations of the final products allowed
to draw the following conclusions:

e Laterite with high level of corrosion of kaolinite by iron effectively
demonstrated good reactivity with cement with almost complete
conversion of the iron-rich aluminosilicates to cementitious phases:
gismondine, stratlingite in addition to C-A-S-H and C-A-S-F-H.

o The combination of fine (¢ < 1 mm including nano and micro par-
ticles) and coarse particles (1 mm < ¢ < 4 mm) permitted to
develop better packing process with the fine particles that form
cementitious binders capable to densify the matrices to low water
absorption range.
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Fig. 14. Correlation between compressive strength and flexural strength
respectively as (a) function of cement content and (b) particles size
distribution.

e C-A-S-H and C-A-S-F-H contributed to compact the microstructure
with significantly improve of the flexural and compressive
strengths.

e The flexural strength (~12 MPa) and compressive strength
(~40 MPa) achieved let the laterite-cement composites appeared
innovative and significant contribution for this new material classi-
fied as green and sustainable in regard to the large availability of
laterites in tropical area and the very low amount of binder
(4-6 Wt%) needed.

e The laterites used in this study could be used as “green metakao-
lin”, ideal natural solid precursor for energy-efficient and sustain-
able binder and composite.

e Bricks with high flexural strength can be used as facing bricks while
those with high compressive strength can be used as structural
bricks.
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