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Abstract: Four (04) different types of clays from Burkina Faso were studied for their potential
applications in the production of calcined clays as substitution materials for Portland cement. The
study aimed at analyzing the factors affecting their reactivity. The untreated clays were subjected to
various tests to highlight the intrinsic properties that can influence their reactivity. After the treatment
by calcination, the clays were subjected to various pozzolanicity tests and microstructural analysis in
order to evaluate their influence on the microstructure of the cement paste. The results showed that
the reactivity of calcined clays is strongly related to the intrinsic properties of the raw clays, such as
the content and the structure of kaolinite: disordered kaolinite reacts better than ordered kaolinite.
After the calcination, the reactivity depends on the amorphous phase (amorphous content) of the
clays, which influences the strength activity index. This study established a correlation between
different parameters to easily identify the main properties of calcined clays that can influence their
pozzolanic reactivity. All the results showed that the kaolinite content is a determining factor in the
reactivity of clays before calcination. However, the study showed that the amorphous content of
kaolinite is the determining parameter of the reactivity of calcined clays, as calcination can lead to the
recrystallization of kaolinite.

Keywords: kaolinite; pozzolanicity; mechanical strength; microstructure; reactivity

1. Introduction

The world’s demography has experienced remarkable growth in recent years, ac-
companied by the need for housing and infrastructure. As the world has evolved, the
construction of modern housing has been heavily based on the use of Portland cement.
Thanks to its mechanical, physical and durability properties, Portland cement remains
one of the most widely used materials in construction. This has led to the proliferation of
cement industries throughout the world. Portland cement maintains its strength thanks
to the “clinker”, which constitutes a major constituent of its composition, depending on
the class of cement. However, the clinker manufacturing process is very energy-intensive
and generates a lot of carbon dioxide (CO2). It should be noted that the cement industries
contribute an estimated 5% of global CO2 emissions [1–4]. Thus, in recent years, efforts
have been made to limit the environmental impact of cement production. The aim is to find
natural or artificial materials that meet certain criteria to be used as total or at least partial
substitutes for clinker, or as supplementary cementing materials (SCMs).

Numerous studies have shown that industrial by-products, such as silica fume, fly
ash, rice husk ash or simply natural materials, such as tuff, granite dust and limestone
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fillers, among others, meet the specific criteria of reactivity and/or filler [5–9]. These by-
products can therefore be used as partial substitutes for clinker or supplementary cementing
materials. One of the solutions for reducing CO2 emissions in cement manufacturing is
to use metakaolin, which is generally a calcined clay [8]. Many authors have evaluated
the usage of calcined clays as partial substitutes or supplementary cementing materials.
The results have shown that clays rich in kaolinite are the most reactive when they are
activated [10].

Chakchouk et al. [11] studied different types of clays and showed that the clays con-
taining the highest content of kaolinite give better mechanical strength resulting from their
reactivity. Cardinaud et al. [12] showed that kaolinite content is a determining factor in
a binary system (clinker + calcined clay), while it does not affect long-term performance
in a ternary system (clinker + limestone + calcined clay). It should also be noted that
kaolinite content is not the only factor that influences reactivity. Many authors have high-
lighted the influence of calcination temperature, calcination time and calcination mode
on the reactivity of clays. Indeed, a temperature range from 650 ◦C to 800 ◦C would be
the most favorable for the transformation of kaolinite into an amorphous and reactive
phase of metakaolinite [13–15]. In addition to the calcination, the reactivity of clays also
depends on their ordered or disordered crystalline structure and their fineness [10,16,17].
Zolfagharnasab et al. [18] have shown that the reactivity of clays depends not only on the
kaolinite content and calcination temperature, but also on their crystallinity. Indeed, the
calcined kaolinite clays contain amorphous alumina-siliceous minerals with disordered
structures that can easily react with portlandite (CH). This results in the formation of
secondary calcium silicate hydrates (CSH) and calcium alumina-silicate hydrates (CASH)
in additional to the primary hydration products of cement [19]. Argin et al. [20] have shown
that combining calcined clay with calcium hydroxide as a cement replacement increases
the reactivity of calcined clays. They also noted that when the calcination temperature is
high, the kaolinite content decreases. Zhao et al. [21] showed another approach towards
improving reactivity by combining calcined clay with synthetic C-S-H seeds in substitu-
tion for Portland cement. This approach showed that the reactivity of calcined clays is
accelerated in the presence of synthetic C-S-H seeds. Analysis of the mineralogical and
chemical compositions and of some physical properties in previous studies has shown
that the calcined clays presenting good reactivity are characterized by a higher content of
kaolinite and a smaller fineness (Table 1).

Table 1. Mineralogical and chemical and physical properties of calcined clays in previous studies.

Sample
Mineralogical Composition (Presence or %)

Kaol Amo Illite Mont Musco Dolo Hema Chlo Micro Peri Quartz Ortho Ana Calci

A1 [11] Pre - Pre - Pre - - - Pre - - Pre
A3 [11] Pre - Pre Pre - Pre - - Pre - - -
Gb [11] Pre - - Pre - - - - Abu - - Pre
Tb2 [11] Abu - - - - - - - Pre - Pre -
Tb3 [11] Abu - - - - - - - Pre - Pre -
Zr [11] Pre - Pre Pre - - - - Pre - - -

CC1 [12] 3.6 69.7 - - 1.3 0.1 - 2.3 3.1 0.3 18 - 1.6 -
CC2 [12] 0.6 65.5 - 11.4 - 1.4 1.2 5.3 0.2 13 - 0 1.2

A [14] 47 - - - 2 - - - - - 18 34 - -
B [14] 8 - 4 54 - - - - - - 4 - - 24

K1 [18] 19.4 - - - - - - - - - - - - -
K2 [18] 20.8 - - - - - - - - - - - - -
K3 [18] 28.7 - - - - - - - - - - - - -
K4 [18] 66 - - - - - - - - - - - - -
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Table 1. Cont.

Chemical Composition (%)
TC
(◦C)

Physical Properties

SiO2 Al2O3 Fe2O3 CaO Na2O MgO Other LOI BET
(m2/g)

Blaine
(cm2/g)

D10
(µm)

D50
(µm)

D100
(µm)

A1 [11] 58.06 18.5 8.02 1.65 0.18 1.48 2.53 -

600,
700,
800

- - - - -
A3 [11] 60.8 16.2 5.87 2.15 - 2.38 2.79 - - - - - -
Gb [11] 50.8 7.54 3.34 14.09 - 2 1.85 - - - - - -
Tb2 [11] 62.96 26.44 1.89 - - 0.24 1.28 - - - - - -
Tb3 [11] 58.33 28.74 2.76 - - 0.33 1.57 - - - - - -
Zr [11] 60.93 16.08 6.9 0.27 0.03 1.72 3.37 - - - - - -

CC1 [12] 59.2 33.8 1.2 0.2 0.1 0.1 2.4 1.87 800,
850

18.2 - - 5.9 -
CC2 [12] 55.8 24.5 7.2 4.7 0.3 3.4 4.3 2.44 19.3 - - 11 -

A [14] 60.6 30,00 3.4 0.1 - 0.4 3.7 1.8 700,
800

19–
20 - - - -

B [14] 48.7 17.8 10.4 13.8 0.7 2.8 3.8 2,00 15–
54 - - - -

K1 [18] 78.71 19.4 0.23 0.04 0.04 - 0.8 0.6

800

- - - - -
K2 [18] 77.11 19.1 0.18 1.71 0.04 0.09 0.26 1.42 - - - - -
K3 [18] 71.3 22.6 0.28 2.7 0.05 0.09 0.34 2.57 - - - - -
K4 [18] 16.2 55.4 17.4 2.1 0.03 1.22 0.47 1.72 - - - - -

Kaol: kaolinite Musco: muscovite Chlo: chlorite Pre: present

Amo: amorphous kaolinite Dolo:
dolomite Micro: microcline Abu: abundant

Mont: montmorillonite Hema: hematite Ortho: orthoclase
Others: Mn2O3, TiO2, Cl, P2O5, Cr2O3, SO3, Sr2O, K2O

TC: temperature of calcination
LOI: loss on ignition

D10: diameter of particle corresponding to 10% passing
D50: diameter of particle corresponding to 50% passing
D90: diameter of particle corresponding to 90% passing

It is therefore not easy to determine exactly the main factors that affect the reactivity
of clays, especially since they generally come from different sources. CSH and CASH prod-
ucts are mainly responsible for the development of mechanical resistance and durability
properties in cement. Therefore, many studies have commonly used the development of
the strength and strength activity index of cement and additions as the main parameter
for the assessment of the pozzolanic reactivity of those additions. The proceedings of the
third international conference on calcined clays included a set of works on the reactivity
parameters of different clays [22]. Most of the works have linked the reactivity of clays to
the kaolinite content, and few have tried to couple several techniques for the assessment of
the reactivity of calcined clays.

The aim of this paper was to determine the parameters that influence the pozzolanic
reactivity of clay materials. This was achieved based on the analysis of various parameters,
other than the strength activity index, of at least four types of clays before and after
calcination. The aim was specifically to study some geotechnical properties of raw clays,
their mineralogical compositions and the degree of disorder of their mineralogical structures
before calcination. After calcination, the amorphous phase of the clays was determined by
the amorphous content test to analyze its influence on the development of compressive
strength. Furthermore, the study analyzed the pozzolanicity of calcined clays and assessed
their influence on the microstructure and strength of the cement matrix. Thus, the originality
of this work was on the one hand to analyze various samples in order to better identify
the main factors of reactivity, and on the other hand, to establish a correlation between
the different parameters in order to determine the simplest/most appropriate and most
suitable techniques for determining the reactivity of clays.
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2. Materials and Experimental Method
2.1. Raw Materials

Four different types of clays denoted as A1, A2, A3 and A4 were collected from
different locations in Burkina Faso (Figure 1). Clays A1 and A3 were collected, respectively,
from the regions of Wamtenga and Tougou, and A2 and A4 from the region of Titao. On
site, samples were extracted from a depth of 1 m at different points. In the laboratory, the
samples from the same site were homogenized. A fraction of the samples was washed and
sieved on a 400 µm sieve for the geotechnical analyses. Another fraction of samples was
crushed/grounded and sieved on an 80 µm sieve for calcination and usage in the rest of
the study.
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Figure 1. Geographical locations of clay quarries [23].

The cement CEM I 42.5 R, produced by CIMFASO, was used for control purposes and
substitutions with calcined clays, according to the EN 197-1 standard [24]. It was subjected
to chemical and mineralogical characterization and particle size analysis. The chemical
composition was determined by ICP-OES (Inductively Coupled Plasma-Optical Emission
Spectrometry) using the Perkin Elmer TM optima 7000 DV type equipped with a CCD
sensor. The chemical composition and some physical properties of cement are presented in
Table 2. Table 2 shows that the major constituents of CEM I are calcium and silicon oxides,
which form alite, as identified in the XRD (Figure 2). CEM I also contains alumina and
ferric oxide, forming C4AF. Some traces of sulfur (probably from gypsum), magnesium and
other minor elements were also detected. The XRD analysis presented in Figure 2 shows
that CEM I is mainly composed of alite (C3S), some ferrite (C4AF), calcite (CaCO3) and
a few traces of gypsum (CaSO4·H2O) to regulate setting. The mineral composition is in
good agreement with the chemical composition. Thus, the presence of C3S in high contents
could induce high mechanical strength in the cement, specifically at a younger age. For
all mortar formulations, a superplasticizer of type Sika ViscoCrete Krono-951 was used at
0.5% content of the mass of the binder.
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Table 2. Chemical composition and physical properties of the cement CEM I.

Chemical Composition (%)

SiO2 Al2O3 Fe2O3 CaO K2O Na2O MgO Mn2O3 TiO2 Cl P2O5 Sr2O SO3 LOI
18.6 4.73 3.11 59.6 0.26 0.1 2.57 0.09 0.24 0.03 0.47 0.02 2.62 7.56

Physical Properties

Specific surface area (cm2/g) Specific density (g/cm3)
D10

(µm)
D50

(µm)
D90

(µm)
3299 3.1 3.67 37.39 89.4
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2.2. Experimental Method
2.2.1. Geotechnical Analysis

The geotechnical analysis of the clays consisted of determining the Atterberg limits
according to the standard NP 94-051 [25]. The Atterberg limits allowed the positioning of
the clays on the Holtz and Kovacs diagram [11,26]. The positions on this diagram provide
some preliminary information on the main constituents in clay minerals.

2.2.2. Microstructural Analyses: Set-up of Calcination Conditions and Monitoring
of Hydration

Before characterization, all the samples were ground to 80 µm using a type RS200
vibratory crusher (Haan, Germany). After grinding, the samples were subjected to various
microstructural analyses: X Ray diffraction (XRD), infrared spectroscopy and thermo-
gravimetric analysis (TGA). XRD was performed to identify the mineral composition of
the samples. The acquisition of X-ray diffraction (XRD) patterns was performed using
a D8 Advance diffractometer (Bruker, Mannheim, Germany) equipped with CuKα ra-
diation (λKα = 0.154186 nm), at a step size of 0.02◦ (2θ) between 5◦ and 70◦ (2θ), and
a step time of 1.3 s. The XRD data were analyzed using EVA software 13.0.0.3. The in-
frared (IR) analysis was performed using a ThermoFisher Scientific IS50 spectrometer in
ATR (Attenuated Transmittance Resonance) mode. This test allowed determination of
the amorphous, semi-amorphous or crystallized structure of the samples from different
approaches. The TGA was performed using a Setaram Setsys device, in the temperature
range between 30 and 1100 ◦C, with a heating rate of 10 ◦C/min under air environment
at a flow rate of 20 mL/min. For each sample, the initial mass was 50 mg. This analysis
was used to determine the kaolinite content in each sample and the appropriate range of
calcination temperature.
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• Treatment and analysis of the composition of calcined clays

Following the TGA, the temperature of calcination of the clays was set at 700 ◦C. The
calcination was conducted on clays ground and sieved on 80 µm, in an electric furnace
in two phases: three hours of temperature increase from the ambient temperature (30 ◦C)
to 700 ◦C, and three hours at the soaking temperature (700 ◦C), followed by cooling in
the furnace. After the calcination, the clays were analyzed for chemical and mineral
compositions using X Ray fluorescence, XRD, TGA and IR. The physical properties were
also characterized: the particle size analysis was carried out by laser diffraction using
Malvern Mastersizer 200 device using the dry method. The specific gravity was determined
using a helium pycnometer. The specific surface area was determined by Blaine method.

• Monitoring of the hydration of the paste of the mix of cement and calcined clays

A hydration monitoring was conducted to analyze the influence of additions (calcined
clays) on the microstructure of cement paste. For this purpose, the pastes were prepared at
the same consistency by mixing 75% CEM I and 25% calcined clay by mass percentage. The
water demand for reaching normal consistency evolved in the range of 0.35 to 0.33 for clay
A to A4. A 100% CEM I paste was used as a reference. After mixing, the pastes were kept
in sealed plastic boxes to avoid water evaporation. After 28 days of hydration, all samples
were ground under the same conditions to the same fineness (80 µm) and subjected to XRD
and TGA using the same method and equipment.

2.2.3. Pozzolanicity

The ASTM C618 standard [27] defines a “pozzolan as a material which in itself has no
binding properties, but which, under certain conditions of temperature and humidity, can
react with calcium hydroxide to form compounds with binding properties”. Firstly, the
pozzolanicity of an addition is assessed based on its chemical composition. The standard
stipulates that the sum in mass percentages of the oxides (SiO2 + Al2O3 + Fe2O3) contained
in the addition must be greater or equal to 70%, the mass content of SO3 must be less than
or equal to 4% and the glass content (%SiO2 + %CaO) must be ≥34%. Secondly, for a 25%
substitution rate in the cement, the addition must have a strength activity index at 7 and
28 days of at least 75%. If these two conditions are verified, the material can be considered
as Class N pozzolan. Therefore, this method was used to assess the pozzolanicity of calcined
clays. Additional methods, both qualitative and quantitative, such as the amorphicity test,
Frattini test, modified Chapelle test and electrical conductivity were used to confirm the
pozzolanicity of the calcined clays.

• Amorphicity test

Calcination is the process of amorphization of materials, so after this process it is
important to determine their amorphous phases. The determination of the amorphous
phase consists of monitoring the dissolution kinetics of aluminosilicates in a solution of
hydrofluoric acid at 1% volumetric concentration. This test was developed by Keyser in the
ceramics domain, and previously used by Sore [23] for the assessment of the amorphicity
of calcined clays. It consisted of introducing 1 g (m1) of the sample of calcined clays which
passed through an 80 µm sieve into 200 mL of the acidic solution and keeping it therein
for 40 min. The solution was filtered, the residue was dried in an oven at 105 ◦C for 24 h
and a second mass m2 was weighed. The amorphous content (AC) was determined using
Equation (1).

AC (%) = 100 × m1 − m2

m1
(1)

• Frattini test

In the Frattini test, the aqueous solution containing samples of calcined clays was
made from 20 g of blended binder (15 g of CEM I and 5 g of calcined clay) and mixed with
100 mL of distilled water. The samples were left to cure for 7, 14 and 28 days in sealed
containers and kept in an oven at 40 ◦C. At the test time, the samples were filtered through
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an 8 µm pore-size filter paper and cooled to ambient temperature. The filtrate was analyzed
by titration to determine the concentration of OH− using 0.1 mol/L HCl solution with
methyl orange indicator, and the concentration of CaO was analyzed by pH adjustment to
12.5 followed by titration with 0.03 mol/L EDTA (Ethylenediaminetetraacetic acid) solution.
This test compares the concentrations of CaO and OH− ([CaO], [OH−]) contained in the
aqueous solution at 7, 14 and 28 days of hydration with the solubility curve in an alkaline
solution at the same temperature. According to the EN 196-5 [28], the sample is considered
as active pozzolan when the couple ([CaO], [OH−]) is under the solubility curve. The
calcium ion saturation curve is given by Equation (2).

[CaO] =
350[

OH−]− 15
(2)

• Modified Chapelle test

This test consists of putting the calcined clay in a saturated lime solution and evaluat-
ing its pozzolanic reactivity by the quantity of lime it can fix. According to the conformity
criteria of metakaolin of the NF P 18-513 standard [29], the minimum quantity to be fixed
is 630 mg per gram of addition. The test consists of preparing a solution in which 1 g of
calcined clay and 2 g of CaO are added to 250 mL of water at 90 ◦C in a plastic bottle.
After 16 h storage in an oven (90 ◦C), the solution is cooled to room temperature and
filtered. A measurement of 25 mL of the filtrate is titrated with a 0.1 mol/l HCl solution
using phenolphthalein as indicator, while 25 mL of the white solution (calcined clay-free),
prepared under the same conditions by dissolving 60 g of sucrose in 250 mL of water, is
also titrated under the same conditions. The quantity of lime fixed by the calcined clay
is given by Equation (3); where V1 and V2 represent the volumes of HCl used to titrate,
respectively, the white solution of sucrose and the solution with calcined clay.

Ca(OH)2(mg) = 2 × V1 − V2

V1
× 74

56
× 1000 (3)

• Electrical conductivity

This test was proposed by Luxan et al. [30] and modified by Yu et al. [31]. This
test consists of dissolving 2 g of the addition in 200 mL of a saturated lime solution and
measuring the evolution of the electrical conductivity of the solution over time. The
principle of this test is based on the hypothesis that the electrical conductivity of the
aqueous solution is controlled by the presence of Ca2+ ions released by the lime. In the
presence of the mineral addition, the Ca2+ ions are fixed by the silica and/or alumina
contained in the addition. This decreases the concentration of Ca2+ ions and consequently
results in a decrease in the electrical conductivity of the solution. The reactivity of the
addition is evaluated by the decrease in the electrical conductivity of the solution.

• Strength activity index

The strength activity index is calculated from the compressive strength of a standard
mortar. The standard mortar is produced as described by the EN 196-1 standard [32],
mixing 1350 g of standard sand, 450 g of cement CEM I and 225 g of water. Test mortars
are prepared by substitution (mass substitution) of 25% CEM I for each type of calcined
clay, e.g., 337.5 g of CEM I for 112.5 g of calcined clay, keeping the other constituents the
same. All samples were demolded after 24 h and stored to cure in lime-saturated water at
20 ◦C with relative humidity at 100%, and crushed at 7, 14, 28 and 90 days to determine
their compressive strengths. The strength activity index (SAI), expressed as a percentage,
is defined by Equation (4); where CSi (MPa) and CS0 (MPa) respectively represent the
strength of the test mortar and the control mortar.

SAI (%) = 100 × CSi

CS0
(4)
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3. Results and Discussion
3.1. Geotechnical and Physical Properties of Clays

The geotechnical properties of clay materials before calcination are listed in Table 3.
These results indicate that the first three clay materials (A1, A2, A3) have the highest plas-
ticity indexes (17–22), while the clay material A4 has the lowest plasticity index (8). Thus,
the first three materials may have a higher content of clay minerals, while the last material
has a lower plasticity index and thus possibly lower content of clay minerals [11,33].

Table 3. Geotechnical properties of the non-calcined clay materials.

Sample Liquidity Limit (%) Plasticity Limit (%) Plasticity Index (%)

A1 40 23 17
A2 47 28 19
A3 43 21 22
A4 36 28 8

According to their liquidity limits and plasticity indexes, the clay materials were
positioned in the diagram of Holtz and Kovacs (Figure 3). It indicates that A1 and A3 are
located within the boundaries of the illite domains. Sample A2 is within the boundaries
of the kaolinite domain and could therefore be mostly composed of this clay mineral.
However, A4 is not in any of the domains in the diagram. This may suggest that this clay
contains very low contents of clay minerals. However, these results will be confirmed by
XRD and infrared analyses.
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The physical properties were measured after the calcination of the clays. The results
show that all the calcined clays had a specific density of 2.62–2.68, Blaine specific surface
area of 4480–6610 cm2/g. Sample A1 had the highest specific surface area (6608 cm2/g),
which was indeed justified by its smallest particle diameter corresponding to 10% passing
(D10 of 0.89 µm), median diameter (D50 of 2.78 µm) and diameter corresponding to 90%
passing (D90 of 7.54 µm) compared to other samples. This suggests that A1 would be more
reactive than other samples, given the highest degree of fineness of the sample.
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3.2. Microstructural Characteristics of Non-Calcined Clay
3.2.1. Thermogravimetric Analysis of Non-Calcined Clays

Thermal analysis facilitates understanding of the different phase changes that occur
in the structure of clays under the effect of temperature. The purpose of this test was to
determine the optimal activation temperature for the calcination in order to produce more
reactive additions. The results of the tests are shown in Figure 4.
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Figure 4. Thermograms of non-calcined clay.

The analysis of the results focused on the temperature range corresponding to the
dehydroxylation of the kaolinite (400–700 ◦C). For all samples, the transformation of
kaolinite took place at temperatures ranging from 500 ◦C to 700 ◦C, which was in agreement
with the literature [34,35]. In this temperature range, the transformation by dehydroxylation
of the kaolinite was accompanied by significant mass losses in different amounts for
different samples. The mass loss was estimated at 8.6%, 6.8%, 6.2% and 5.8%, respectively,
for the clay materials A1, A2, A3 and A4. This corresponded to the loss of water from the
hydroxyl groups in the kaolinite minerals in each sample, which led to the restructuring
of kaolinite into metakaolinite [17]. It showed that A1 and A4 respectively undergo the
highest and lowest loss of water related to kaolinite.

From these mass losses relative to the dehydroxylation of the kaolinite, the content of
kaolinite was calculated using Equation (5), where TKaolinite (%) represents the content of
kaolinite, PM (%) represents the loss in mass related to the dehydroxylation of kaolinite
calculated from the TGA, MK (258.16 g/mol) represents the molar mass of the kaolinite
and Mwater (18.02 g/mol) the molar mass of the water.

TKaolinite(%) = PMDeshydroxylation × MKaolinite
Mwater

(5)
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Table 4 shows that all the samples had kaolinite content greater than 40%, while
sample A1 had the highest kaolinite content (61.3%), and A4 had the lowest content
(41.6%). Several authors agree that this is the minimum content of kaolinite (40%) for
good pozzolanic reactivity [22]. Therefore, the sample A1 was likely to be more reactive
compared to the other samples. In view of the results of the thermal analysis, the calcination
of clays was set at a temperature of 700 ◦C.

Table 4. Estimation of the content of kaolinite in clay.

Sample Content of Kaolinite (%)

A1 61.3
A2 48.7
A3 44.4
A4 41.6

3.2.2. Mineral Composition of Non-Calcined Clays

The X-ray diffraction allowed the identification of crystallized minerals present in the
clays. Figure 5 indicates that all the samples contained mostly kaolinite, characterized by
the intensity of the diagnostic peak at 12◦. However, the peak intensity of the kaolinite in
sample A4 was extremely low, which suggests a low content of kaolinite, contrary to A1.
These results confirm those of the thermal analysis. Following these results, it could be
expected that sample A1, followed by A2 and A3, would be highly reactive. Sample A4
had the lowest kaolinite content compared to the others, therefore could show the lowest
reactivity compared to the others.
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3.2.3. Infrared Analysis of Non-Calcined Clays

Infrared analysis is commonly used to identify minerals in clay materials, their struc-
tures and possibly the different variations in their structures [36]. In the structure of clay
minerals, the absorption bands of the O-H and Si-O groups play an important role in their
identification [16]. The spectrum corresponding to kaolinite is characterized by bands
between 1000 and 900 cm−1 and bands between 3700 cm−1 and 3600 cm−1 [15,36].
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Figure 6 clearly indicates, for all samples, the appearance of bands corresponding
to kaolinite, with stronger intensities for sample A1 and weak intensities for other sam-
ples. Based on the study of Truche [33], the spectra are similar to those of a synthetic
illite/kaolinite mixture with a predominance of kaolinite, because these spectra are closer
to those of pure kaolinite (bands at 915 and 1015). This observation, although qualitative,
confirms the results of the geotechnical and XRD analyses.
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Vaculikova et al. [16] have proposed a quantitative approach for the assessment of
the ordered or disordered structure of kaolinite. This approach is based on the calculation
of two crystallinity indices, CI1 and CI2, from the vibration bands corresponding to wave
numbers 3695 cm−1, 3620 cm−1 and 915 cm−1. This approach considers the vibrations
of the O-H bonds of kaolinite and the vibrations of the Si-O-Si bonds, which correspond
to kaolinite and/or quartz. The indices CI1 and CI2 are defined by Equations (6) and (7),
where I3695, I915 and I3620 correspond to the absorbance intensities at 3695 cm−1, 915 cm−1,
and 3620 cm−1, respectively. From the values of CI1 and CI2, the clay is classified as
badly ordered when CI1 < 0.7 and CI2 > 1.2, partially orderly when 0.7 < CI1 < 0.8 and
0.9 < CI2 < 1.2, and ordered when CI1 > 0.8 and CI2 < 0.9.

CI1 =
I3695

I915
(6)

CI2 =
I3620

I3695
(7)

Another numerical approach for the assessment of the structural crystallinity of kaoli-
nite has been proposed by Bich et al. [15]. This consists of calculating two crystallinity
indices, P0 and P2. P0 is defined as the ratio of the transmittance intensity at 3620 cm−1

and 3700 cm−1. P2 is defined as the ratio of the intensity at 3670 cm−1 and 3650 cm−1.
This approach only considers the vibration bands of the O-H bonds of kaolinite. Thus, the
structure of the kaolinite is well ordered when P0 > 1 and P2 < 1. However, in a disordered
structure, the intensity of transmittance at 3670 cm−1 disappears, and thus P2 cannot be
calculated; therefore the structure assessment is based on P0 only [36].
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Table 5 shows that all samples showed disordered structures, regardless of the con-
sidered approach. Thus, all samples were expected to have a reactivity. However, there
was a certain contrast in the assessment of the structure of sample A1, which was classi-
fied as disordered by the approach of Bich et al. [15] and partially ordered by Vaculikova
et al. [16]. The Bich approach can be regarded as more accurate, because it is based on the
O-H bonds of kaolinite. However, this should be confirmed by the various results from
pozzolanicity tests.

Table 5. Degree of disorder and ranking of non-calcined clays calculated from infrared analysis.

CI1 CI2 P0 Vaculikova et al. [16] Bich et al. [15]

A1 0.21 0.99 0.91 Partially ordered Disordered
A2 0.12 1.28 0.95 Poorly ordered Disordered
A3 0.13 1.29 0.95 Poorly ordered Disordered
A4 0.12 1.29 0.95 Poorly ordered Disordered

3.3. Pozzolanicity of Calcined Clays
3.3.1. Chemical Composition and Amorphicity of Calcined Clays

The chemical compositions of calcined clays are presented in Table 6. It shows that all
the clays were rich in silica (SiO2 of 50–70%), alumina (Al2O3 of 20–40%) and ferrite (Fe2O3
of 1–5%), with some loss on ignition (LOI of about 1%). According to ASTM 618-05 [27], the
pozzolanicity of the additions was based on their chemical composition; i.e., their content
in SiO2, Al2O3, Fe2O3 and SO3. The compliance criteria are summarized in Table 6. It
shows that all samples complied with the criteria SO3 < 4%, SiO2 + Al2O3 + Fe2O3 > 70%,
SiO2 − CaO > 34% and LOI < 10%.

Table 6. Chemical compositions of calcined clays.

Chemical Compositions

SiO2 Al2O3 Fe2O3 CaO K2O Na2O MgO Mn2O3 TiO2 Cl P2O5 Cr2O3 SO3 LOI

A1 57.79 38.26 2.3 0.05 0.11 0.23 0.09 0.01 0.09 0.04 0.02 - - 1.01
A2 53.77 33.58 4.84 0.21 4.49 0.18 0.75 0.01 0.82 - 0.04 0.01 0.07 1.23
A3 69.07 24.27 1.35 0.73 1.76 0.04 0.37 0.00 0.81 - 0.09 0.00 0.10 1.41
A4 70.04 22.62 1.66 0.73 1.66 1.06 0.19 0.01 0.99 - 0.03 0.02 0.07 0.92

Conformity Criteria of Calcined Clays

SO3 < 4% [27] SiO2 + Al2O3 + Fe2O3 > 70% [27] SiO2 − CaO > 34% [27] LOI < 10% [27]

A1 - 98.35 57.74 1.01
A2 0.07 92.19 53.56 1.23
A3 0.1 94.68 68.34 1.41
A4 0.07 94.32 69.31 0.92

Table 7 shows that the fraction of amorphous calcined clay was around 38–70%.
Sample A1 had a higher amorphous rate (70%) than other samples (46% for A2, 42.7%
for A3, 38.4% for A4). This suggests that sample A1 would potentially have the highest
reactivity, given that amorphous additions are usually more reactive.

Table 7. Amorphous content of calcined clays.

Samples Amorphous Content (%)

A1 70
A2 46
A3 42.7
A4 38.4
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3.3.2. Frattini Test

The test was performed at 7, 14 and 28 days and the results are shown in Figure 7.
The pozzolanic reactivity of a sample is characterized by the position of the points ([OH−],
[Ca2+]) below the solubility curve. The results show that the pozzolanic reactivity of all
the clays increased over time, i.e., more points are under the curve over time. This can be
explained by the fact that the residual concentrations of OH− and Ca2+ ions decrease with
the cement hydration and pozzolanic reaction of the additions. This reflects the pozzolanic
reactivity of the clays, which consume these ions as they are produced [37,38]. At 7 days,
only clay A1 is below the solubility curve, showing that this sample had a high reactivity
kinetics compared to the other clays.
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Figure 7. Results of Frattini test on calcined clays at 7, 14 and 28 days.

For clay A4, the trend is slightly different; from 7 to 14 days, a decrease in the con-
centration of Ca2+ ions is observed, bringing it closer to the solubility curve. However, at
28 days, the concentration of Ca2+ ions increases again and point A4 moves far above from
the solubility curve. This demonstrates its low reaction kinetics and the fixation capacity of
portlandite produced by cement hydration. Thus, at 28 days, all clays were classified as
pozzolanic except A4. This test shows that clay A1 was the most reactive, followed by clays
A2 and A3.

3.3.3. Modified Chapelle Test

The results of the Chapelle test are presented in Figure 8. The results indicate that
samples A1, A2 and A3 were above the minimum threshold (630 mg/g) set by NF P 18-
513 [29] and therefore could be classified as for pozzolanic clays. Sample A1 stood out
slightly from the others, and therefore could be considered as highly pozzolanic. Sample
A4 was below the threshold and could not be considered as pozzolan. These results confirm
those of the amorphous rate and Frattini test.

3.3.4. Electrical Conductivity

Figure 9 shows the results of the electrical conductivity test. Conductivity measure-
ments were taken at shorter time intervals at the beginning to evaluate the reactivity kinetics
of the additions in the early stages.
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Figure 9. Electrical conductivity of calcined clays solution.

These results show that, for all samples, the electrical conductivity of the solutions
decreased very quickly in the first 24 h and stabilized very slowly. The decrease in electrical
conductivity was related to the decrease in the ions (Ca2+, OH−) in the solutions. This
reflects the strong kinetics of all samples to fix the portlandite dissolved in the solution [31].
The most reactive clay would consume the highest number of these ions and at the highest
rate. For clay A4, from 72 h onwards, the conductivity stabilized and only decreased
slightly, while it continued to decrease for the other samples. This confirms the results
from the Frattini test, which showed the reactivity of A4 occurred only in the first few
days and stabilized thereafter. Up to 240 h, clay A2 still showed the decrease in electrical
conductivity, and therefore seemed to be more reactive than A1. Beyond 240 h, clay
A1 showed a continuous decrease in electrical conductivity, and therefore seemed to be
more reactive than clay A4. This highlights that the higher content of kaolinite, which
had a disordered structure in clay A1, made reaction possible at early and extended times
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compared to the other clays. Thus, in the long term, clay A1 had the best reactivity, followed
by A2, A3 and finally A4.

3.3.5. Strength Activity Index (SAI)

Strength activity indices were calculated on the compressive strength of mortar tested
at 7, 14, 28 and 90 days to assess the contribution of additions to the mechanical strength of
cement mortar. The results are presented in Figure 10.
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For all the samples, the strength activity indices (SAI) were higher than 75% for all test
times. According to ASTM C618-05 standard [27], all these clays were therefore classified
as class N pozzolans. Moreover, the sample A1 clearly stood out from the others; it had an
SAI far above 100% at 7 days and 140% at 90 days compared to other samples, whose SAI
were below 100% even after 90 days. This confirms the various pozzolanicity tests, which
pointed out that sample A1 had better pozzolanic reactivity than other samples.

At 7 days, all the samples showed a SAI below 100% (91% for A1, 82% for A2, 82%
for A3 and 83% for A4) with respect to the control. However, this decrease was less than
25%. This means that none of the samples were inert, otherwise the dilution effect would
have reduced the SAI to less than 75% [39]. From 14 days, only the strength of sample A1
evolved very quickly to reach an SAI higher than 100%. This confirms the Frattini test,
which showed that sample A1 presented a kinetics of reactivity higher than the others.
Samples A2 and A3 also reacted over time, but only to a limited extent. Indeed, in the
presence of a highly reactive addition, pozzolanic activity continues on the long term
and leads to the formation of additional hydrates, contributing to the densification of the
microstructure, which consequently results in an improvement in mechanical performance.

3.4. Hydration Monitoring and Microstructural Changes in Cement Paste

The results of the hydration monitoring are shown in Figures 11 and 12. The analyses
were carried out on the samples cured for 28 days. Figure 11 shows that the main hydration
products identified by the XRD were portlandite (CH), calcium silicate hydrate (CSH) and
calcium aluminosilicate hydrate (CASH). The analysis also reveals the presence of calcite
(CaCO3), ettringite and quartz. The abundance of CASH in the cement pastes containing
calcined clays shows that the aluminasilicates contained in the calcined clays reacted with
the portlandite to form additional CSH and CASH. This hypothesis is confirmed by the
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occurrence of new CASH-related (11◦, 21◦, 34◦ and 39◦) peaks that do not exist on the
diffractograms of the control sample (Figure 11). This confirms the pozzolanic reactivity of
all clays. By focusing on the peaks corresponding to the portlandite (16◦), it appears that
the intensity of these peaks decreases in the presence of calcined clays. This constitutes
an indicator of the consumption of portlandite through its pozzolanic reaction with the
calcined clay. Moreover, it is obvious that the peak intensity of portlandite was lowest in
the pastes containing sample A1 compared to other samples. This also indicates a better
consumption of portlandite by sample A1, given its higher reactivity than other samples.
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Qualitative and quantitative approaches are well known for the identification of
portlandite and CaCO3. However, the identification and quantification of CSH and CASH
remain complex, so this part of the work was based on the monitoring of portlandite
(through TGA) which reflected the pozzolanic reaction of the calcined clays. Figure 12
shows the dehydration of the portlandite (CH) in the control paste and the pastes with
different calcined clays, as characterized by the mass loss between 440 ◦C and 500 ◦C. It
shows that the mass loss corresponding to the control paste (CEM I) was higher than that
of CEM I substituted by calcined clay. However, this decrease varied according to the
type of calcined clay. It clearly appears that the mass loss was lowest with sample A1,
followed by A2 and A3, and was highest with sample A4. From the thermograms, the
residual portlandite contents were estimated and summarized in Table 8. It shows that the
paste containing A1 had lower content of residual portlandite than the rest of the samples
compared to the reference paste. These results confirm the results of all the pozzolanicity
analyses. Thus, according to their ability to react with portlandite in cement, sample A1 is
ranked reactive, followed by A2, A3 and A4.
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Figure 12. Thermograms of cement pastes made of CEM I and A1, A2, A3 and A4 cured at 28 days.

Table 8. Estimated residual portlandite content at 28 days from the TGA curve.

Sample Mass Loss from Portlandite (%) Residual Portlandite Content (%)

Control 2.05 9.56
A1 1.22 5.76
A2 1.51 7.20
A3 1.58 7.50
A4 1.71 8.08

3.5. Synthesis of Results

This section summarizes the results of all the pozzolanicity tests. At the end of these
different tests, a ranking of different clays was established and summarized in Table 9. In
view of this ranking, clay A1 showed the highest reactivity throughout all the tests. This
result could be attributed to its highest content of kaolinite, estimated before the calcination,
and its highest amorphous content compared to other clays.

Table 9. Classification of different clays.

Classification SAI at 7
Days

SAI at 14
Days

SAI at 28
Days

SAI at 90
Days

Frattini
Test

Modified
Chapelle

Residual
EC

Hydration
Monitoring

1 A1 A1 A1 A1 A1 A1 A1 A1

2 A4 A2 A2 A3 A2 A2 A2 A2

3 A3 A4 A4 A2 A3 A3 A3 A3

4 A2 A3 A3 A4 A4 A4 A4 A4

SAI: Strength activity index; EC: Electrical conductivity.

The results show that kaolinite content is a determining factor in the reactivity of
clays, since the A1 sample with the highest kaolinite content showed the highest reactivity.
This is in agreement with the previous studies summarized in Table 1. Based on Bich’s
approach [15], it can be concluded that the sample with the most disordered mineralogical
structure presents the highest reactivity (Table 6). Thus, in addition to the parameters
mentioned in Table 1, it is worth adding that the mineralogically disordered structure is
one of the determining criteria in the reactivity of clays.
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Figure 13 shows the correlations between some of the pozzolanicity parameters with
the strength activity index (SAI). The correlations were proposed on the SAI and one
parameter before calcination (kaolinite content) and two others after calcination (amorphous
content and concentration of residual CaO from the Frattini test at 14 day). The choice of
these parameters was based on the simplicity and rapidity of their implementation with
respect to the SAI and the reliability of their results.
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These correlations show that before calcination, the kaolinite content is a determining
criterion in the choice of potential calcined clay. They show that the SAI increases with
the content of kaolinite in the clay (Figure 13a). It should also be noted that an ordered or
disordered structure in kaolinite also influences reactivity. This is confirmed by the fact
that the SAI increases with the amorphous content in the calcined clay (Figure 13b). After
calcination, these correlations show that the capacity to fix portlandite (residual [CaO]) by
the calcined clay is inversely related to its SAI (Figure 13c), and therefore to its amorphous
content.

4. Conclusions

The present study assessed the suitability of clay, from at least 4 different sources and
using various techniques, as an addition to cement. In view of the results from the different
pozzolanicity tests on the clays before and after calcination, the following conclusions can
be drawn:

• Form the geotechnical point of view, the plasticity of the clay before calcination
suggests that clays A1, A2, and A3 contained clay minerals of kaolinite and/or illite.
This was further confirmed by the mineralogical analyses, which showed that A1 and
A4, respectively, contained the highest and lowest content of kaolinite.

• Before calcination, the analysis of the mineralogical parameters showed that the
kaolinite content and the level of disorder in the structure of the clays were determining
factors in their reactivities. This was suggested by the strength activity index which
recorded the highest value for A1 and the lowest value for A4.

• After calcination, the pozzolanicity tests showed that the amorphous rate was the
most important determining factor; indeed, the samples with the highest content of
amorphous phase were the most reactive.
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• The analysis of the microstructure revealed an occurrence of supplementary calcium
aluminasilicates hydrate (CASH) in the pastes containing the calcined clays, contrary
to the control paste. This qualitatively result highlights the reactivity of the samples
without making a difference in their classification.

• The correlation established between some parameters with the strength activity index
confirms that, before calcination, high content of kaolinite is the main parameter
to look at in order to reach better mechanical performance. After calcination, the
amorphous content is the determining parameter in the choice of calcined clays. This
correlation could also allow assessment of the performances of additions in cement
without having to perform mechanical tests on mortar.

• As a result of all these analyses, sample A1 was classified as the best clay among the
four studied samples.

It can be concluded from the present study that, after analysis of four different clays,
the kaolinite content and the amorphous phase are the determining parameters in the reac-
tivity of clays, which is in agreement with the literature. In addition, since the amorphous
content test is easier to perform than the mechanical test, the present study also endorses
the substitution of amorphous content analysis for the strength activity index test in the
prediction of the reactivity of clays.

According to the literature, the temperature of calcination and the degree of fineness
are also identified as determining factors in the reactivity of calcined clays. The effects of
these parameters could not be studied in this work. Thus, it is recommended to assess their
influence on the reactivity of clays using various techniques. This will allow confirmation
of the correlations established between different parameters at 700 ◦C and specific degrees
of fineness.
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