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Abstract

Four raw deposits clayey materials in Burkina Faso have been characterized using X-ray diffrac-
tion, infrared spectroscopy and ICP-AES to evaluate their suitability to be used as pozzolan in ce-
ment. The samples have been activated by thermal treatment at 730°C during 5 hours. The ob-
tained metakaolin was investigated by means of complementary techniques for their use as poz-
zolan in building materials. Fineness, surface area and amorphousness of metakaolins were the
dominant factors which influenced their pozzolan reactivity. The compressive strengths of blended
specimens were slightly increased with metakaolins named MK1 and MK2 than the reference for
the substitution of 20 - 25 wt%. This was due to the metakaolins’ pozzolan reactivity and their fil-
ler effects which promoted CSH formation and reduced pores in the specimens. MK1 and MK2
were suitable for replacement of Portland cement in the field of building materials.
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1. Introduction

Metakaolin is a material obtained from kaolinite dehydroxylation between 650°C - 850°C [1]. It is a very reac-
tive pozzolan. Unlike the others pozzolans, metakaolin is not a byproduct. Pozzolans were used for decades in
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concrete and others for several reasons. They react with the portlandite released during cement hydration and
thus contribute to improve the mechanical strength by the formation of supplementary calcium silicates hydrates
(C-S-H). Metakaolin in concrete increases its resistance to chemical attacks, mostly sulfates, and reduces alka-
li-silica reactions that are harmful to concrete. In addition to these advantages mentioned above, metakaolin
production consumes less energy and produces very little carbon dioxide (CO,) as opposed to cement [2]. The
clinker burning is performed at 1450°C and the production of 1 ton cement released 0.85 to 1 ton of carbon dio-
xide [3] [4]. Many environmental and economic benefits associated to metakaolin have led to much research on
pozzolans (metakaolin) to improve their performance. Thus, studies were undertaken on the mineralogy of poz-
zolans [5] [6], the effect of kaolinite crystallinity on the performance of metakaolin [7]-[9], the effect of kaoli-
nite dehydroxylation degree on the performance of metakaolin [9] [10], the effect of some accelerators [11],
knowledge of consumer reactions to calcium hydroxide [12]-[14], determination of suitable temperature for kao-
linite calcinations [15]-[18], the effect of metakaolin on concrete porosity [19]-[21], the influence of metakaolin
on the concrete removing [22] [23], the contribution of metakaolin on the strength of concrete [24]-[26], the du-
rability of metakaolin-concretes [27] [28], resistance to chemical attack [17]-[30], the effect of particle size dis-
tribution [31], and the workability of metakaolin-concretes. All these studies contribute to a rational and effi-
cient use of metakaolin: more performed, more ecologically and economically.

However, the results are not always transferable because pozzolan activity depends on several parameters.
The reactivity of a pozzolan depends on its chemical and mineralogical composition, the type and proportion of
its active phases, the particle specific surface area, the ratio of lime to pozzolan water content, curing time and
temperature [31]. In addition, some work is often conflicting due to the complexity of phenomena occurring in
the pozzolanic reactions. In Burkina Faso, the pozzolan reactivity of clays is not studied and therefore it is not
used as mineral binder for construction materials. Clayey materials are mainly used in construction, pottery, tile
production and the manufacture of cement. However, several potential sites of kaolinite clay exist in the country
and may be used to produce pozzolans. These pozzolans can solve many construction problems. This was un-
fortunately due to the lack of database on clay materials of Burkina Faso which could be used as pozzolan.

This study is the first study on pozzolan activity in some raw clays from Burkina Faso. The objective is to
know the availability of these clays to be used as a pozzolan in the partial replacement of cement in construction.
The characterization and pouzzolan activity of these clays are the aim of this work. The different obtained re-
sults of this study will give the guidance to future studies on the use of raw clays material from Burkina Faso in
cement construction.

2. Materials and Methods
2.1. Raw Materials Characterization

The raw materials investigated were four raw clays (M1, M2, M3 and M4) from Burkina Faso. Before the dif-
ferent tests, the samples were grounded until the particle size was less than 100 um.

The X-ray diffraction patterns of raw materials (Figure 1) showed the presence of kaolinite (Al,Si,Os(OH),),
quartz (SiO,) and illite ((K,H30)ALSizAlO14(OH),) in all the samples.

The FTIR analysis performed using a Spectrum-One Fourier Transform IR Perkin Elmer spectrometer
(Figure 2) showed the characteristic bands of kaolinite (voy : 3695, 3668, 3652, 3620 cm *; vai.on: 938, 913
cm % vsioa at 537 cm™) of illite (vo at 3620 cm % vsio.si 1031 cm™; varon: 834, 664, 644 cm ™) and quartz
(vsiosi: 1164, 797, 778 cm ™).

Differential thermal analysis (Figure 3(a)) showed principally two peaks. The first around 450°C - 700°C
correspond to the decomposition of kaolinite into metakaolinite, and the last between 950 and 1000°C is attri-
butable to the formation of mullite. The quartz is identified by the small shoulder at 573°C. Thermogravimetric
analysis (Figure 3(b)) showed that the sample M2 presents the largest weight loss followed by M4, M1 and M3.

According to Smykatz-Kloss (1974) [32] classification relative to endothermic dehydroxylation peak, kaolinite
for M1, M2 and M4 are little disordered kaolinites (555°C < Tendo < 575°C) and the kaolinite for M3 is a very
disordered kaolinite (530°C < Tendo < 555°C). Following the increasing order, and according to dehydroxylation
peak temperature, the samples crystallinity could be ranged as M3 < M1 < M2 < M4. These results are corrobo-
rated by FTIR results. The band at 3674 cm ™' and the doublet at 913 - 938 cm™' depend on the crystallinity of
kaolinite. The bands 3674 and 938 cm ™' become a shoulder or disappear when the kaolinite are less ordered.

The chemical compositions (Table 1) of the raw clayey materials were assessed by Inductively Coupled
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Figure 1. X-ray diffraction patterns of raw clayey materials.
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Figure 2. FTIR spectra of raw clayey materials.

Table 1. Chemical composition of raw materials (in wt.%).

Oxides SiO, Al,O3 Fe,0; MnO MgO CaO Na,O K,0O TiO, L.O.l Total
M1 71.42 195 0.4 0.0 0.23 - 0.36 1.68 0.82 5.30 99.7
M2 53.88 29.51 3.71 0.01 0.45 0.04 0.04 1.52 0.46 10.60 100.21
M3 72.75 19.06 0.35 - 0.25 - 0.73 1.94 0.82 4.58 100.08
M4 70.75 20.12 0.73 - 0.12 - 0.17 0.66 0.93 6.66 100.19
OPC 20.5 4.83 3.25 0.16 1.07 65.68 0.24 1.05 0.24 1.52 98.88

L.O.I: loss on ignition.
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Figure 3. DTA/TG curves of raw clayey materials: (a) DTA; (b) TG.

Plasma-Atomic Emission Spectrometry (ICP-AES). SiO, and Al,O; are the prominent oxides in the samples.
The entire sample contains a relatively important quantity of K,O due to the presence of illite in the sample. M2
contains just an important quantity of Fe,O5; which is responsible of its red color.

The combination of mineralogical analysis and chemical composition using the formula proposed by Yvon et
al. [33] give the amount of the principal phases in the sample (Table 2). The different amounts of kaolinite are
in accordance with those found by thermogravimetric analysis.

The Portland cement used in this work for the different tests is Ordinary Portland Cement (OPC). It is a CEM
| provided by LAFARGE Company in France. Its chemical composition is given in Table 1.

The Millisil is quartz filler with dso equal to 80 um. It is provided by SIFRACO Company.

2.2. Metakaolin Production

According to the peak of kaolinite dehydroxylation (Figure 3(a)), the transformation of kaolinite to metakaolin
for all the sample starts around 450°C and finishs around 700°C. The temperature 730°C was then found to be
sufficient for kaolinite-metakaolin conversion. This temperature is in agreement with the results of previous pa-
pers. Ambroise (1984) [34], suggests that the calcination temperature must be higher than 700°C to have a best
reactivity of the clay. Marwan and al (1992) [17], indicates that the temperature must not exceeded 850°C. With
high activation temperature, alumina and silica can be reorganized again into new thermodynamically stable
compounds (mullite, tridimite, etc.) with no reaction properties with calcium hydrate. The samples were then ac-
tivated in a muffle furnace at 730°C for 5 h. All the sintering samples were designed by “metakaolin: MK” in the

paper.

2.3. Metakaolin Characterization

The fineness parameters were performed using the surface specific BET method. The density was determined by
hydrostatic weighing of a powder sample in a non-reactive liquid.

The loss on ignition (calcination at 1000°C) was measured according to European standard EN 196-2 [35].

The mineralogical composition was assessed by X-ray diffraction (XRD) and Fourier Transformed Infra Red
(FTIR) analysis.

The quantification of the amorphous phases was performed by selective dissolution of aluminosilicate glass in
dilute hydrofluoric acid (1%) [36]. This method is based on the principle that the dissolution rate of amorphous
aluminosilicate compounds is faster than that of crystallized phases. The tests were performed for 40 min with
200 ml of 1% HF (with 3 drops of HNO3) per 1 g of the crushed metakaolin.

2.4. Pozzolan Activity of Metakaolin

Pozzolanic reactivity indicates how quickly after mixing the pozzolanic material reacts with calcium hydroxide
and the rate at which the reaction takes place. The pozzolanic reactivity is complex and it study requires the as-
sociation of many methods. This reactivity was then assessed using chemical, mineralogical and mechanical ac-

tivities tests.
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Table 2. Mineralogical composition of raw materials (in wt.%).

Samples Kaolinite Quartz Illite Goethite Total
M1 34 49 15 - 98
M2 60 20 13 4 97
M3 31 50 17 - 98
M4 44 48 6 - 98

2.4.1. Chemical Activity

The electrical conductivity measurement of lime-pozzolan-water suspension is a rapid method to evaluate the
pozzolan reactivity. The method provides a rapid indication of pozzolanic reactivity by determining the changes
in the electrical conductivity of lime-water solution after the addition of finely-ground pozzolanic material. The
reaction between Ca(OH), and pozzolanic material results in a reduction in electrical conductivity of aqueous
suspension, which is attributed to the fixation of dissolved Ca(OH), by pozzolan particles. Therefore the magni-
tude of reduction in conductivity can be used as a measurement of pozzolanic reactivity. The suspensions, com-
posed of 17.5 g metakaolin, 70 g distilled water and 0.12 g Ca(OH), were continuously stirred by a magnetic
stirrer and the conductivity was measured using multiplexer conductimeter.

2.4.2. Chemical Activity

The mixture pastes of specimens composed of cement and metakaolin was hydrated at normal consistency, ac-
cording to the French standard NFP 15-402 [34], by adjusting the water/material ratio. Mini-cylinders of paste
were cast in Plexiglas moulds (¢ =20 mm, h = 40 mm) and kept at 20°C. The specimens were demoulded after
24 heures. After that, all the specimens were maintained wrapped in plastic sheet until the day before the desired
time period (28 days). After 28 days in plastic sheet, the specimen were dried at 50°C for one night and
grounded to get particles smaller than 100 um. The powders were subjected to X-ray diffraction, DTA/TG,
FTIR and the pozzolanic reactivity was defined as the portlandite consumption. To takes into account the dilu-
tion effect in the evaluation of the consumed portlandite by metakaolins with TG analyses, the reference speci-
men is composed of Millisil and cement in the same ratio as the mix of metakaolins.

2.4.3. Mechanical Activity Index

The pozzolanic activity of the metakaolins was also measured by mechanical test (pozzolanic activity index).
Mortars (4 cm x 4 cm x 16 cm) were prepared according to the French standard NF EN 196-1. The different
mortars were composed of three parts in mass of sand, one part of cement and a half part of water. The cement
replacement by metakaolin was expressed as the fraction of cement mass in the control mix. Replacement rates
were 20, 25 and 30 wt%. The mortars bars were removed from their moulds 24 hours after casting. The mortars
were cured at 20°C in water. The compressive strength was tested for three mortars for different rate replace-
ment at 28 days. The mechanical activity index is determined as the ratio between the compressive strength of
blend and compressive strength of reference.

3. Results and Discussion
3.1. Metakaolin Characterization

The physical parameters (specific gravity and surface specific BET) of the metakaolins are presented in Table 3.
According to BET surface, MK2 is finer than the others. It is followed by MK1, MK3 and MK4. The fineness of
particle contributes to pozzolan reactivity but in general at earlier age [31]. The high fineness makes lime con-
sumption easier due to the great area contact.

The water demand (Table 4) increases with the increase of metakaolin ratio in the mix and with the fineness
of metakaolin. MK2 with greater surface has the highest water demand and MK4 with the feeble surface has the
lowest water demand. These results are in accordance with those found in literature [31]. The finest particle re-
quires a high amount of water to produce a given workability.

X-ray diffraction patterns (Figure 4) shows that the metakaolins contain principally quartz and illite. The
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Figure 4. X-ray diffraction of the metakaolins.

Table 3. Physical properties of metakaolins.

Samples MK1 MK2 MK3 MK4

Specific gravity (g/cm®) 2.58 2.52 2.62 2.56

Surface area (m?/g) 4.15 6.77 3.83 3.22

L.O.I 24 2.28 244 2.56
Metakaolinite content (wt%) 31 57 27 40
Amorphous phase content (wt%) 64 62 66 55

Table 4. Metakaolins water demand (in wt%).

Metakaolins (% w/w) MK1 MK2 MK3 MK4 OPC
20 0.29 0.31 0.29 0.28
30 0.31 0.35 0.31 0.30 0.27
50 0.33 0.39 0.33 0.33

kaolinite peaks disappeared showing its transformation into metakaolin. We noted however, the presence of
small peak for kaolinite, showing that the dehydroxylation of kaolinite is not complet at 730°C.

The dehydroxylation of kaolinite into metakaolinite is confirmed in the infrared spectra (Figure 5) by the loss
of the bands of kaolinite voy_ at 3620 - 3700 cm . The kaolinite transformation into metakaolinite is corrobo-
rated by the disappearance of the kaolinite doublet va.on at 920 - 940 cm . The large band around 1080 cm ™ is
assigned to amorphous silica in the metakaolins.

Quartz is non-reactive with lime. It did not present pozzolan reactivity but can contribute on the strength by
its filler properties. Illite can also be considered as a non-reactive material because with a heat treatment at
730°C the illite is none activated and presents then a very feeble pozzolan reactivity [37]. The metakaolinite
produced by kaolinite transformation is then the only phase presenting pozzolan reactivity.

The metakaolins pozzolan reactivity depends in general to its fineness, amorphousness, metakaolinite amount
and the active SiO, + Al,Os.

The metakaolinite content on metakaolins are performed using the chemical and mineralogical composition of
the raw clays materials. Results presented in Table 3 show that MK2 contains the highest amount of metakaoli-

nite, followed by MK4, MK1 and MK3.
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Figure 5. Infrared spectra of the metakaolins.

The amorphous quantification obtained by selective dissolution in hydrofluoric acid (1%) is presented in Ta-
ble 3. The four metakaolins contain an important quantity of amorphous phases which could be interesting for
their pozzolan reactivity. MK3 presents the highest content of amorphous phase followed by MK1, MK2 and the
last is MK4. The amorphous phase quantity order follows the kaolinite crystallinity. The less ordered kaolinite
contributes to produce, easier than ordered kaolinite, an important quantity of metakaolinite (amorphous). The
amorphous quantity in the different metakaolins is higher than the metakaolinite content showing that some part
of quartz and illite are transformed to formed amorphous phase.

3.2. Pozzolan Activity

3.2.1. Electrical Conductivity

The change in electrical conductivity has been used in this work to study the rate of pozzolan reactivity at early
age (around 1 day). The different conductivity curves of metakaolin in satured lime water are presented in Fig-
ure 6. The metakaolins present different initial conductivity due to their different amount of soluble salts (K,0 +
Na,O + MgO) which contribute to electrical conductivity. The high content of soluble salts is responsible for the
high initial electrical conductivity. All the conductivity curves present two of the four phases shown by Mc Ca-
ter [38]. The first phase between O - 3 hours, corresponds to the rapid decrease of conductivity. The second
phase (3 - 24 hours) is the latent period and corresponds to the gradual decrease of conductivity. MK4 presents a
particular curve with a very slowly conductivity decrease during the phase 2. The decrease in conductivity dur-
ing the two phases indicates the lime consumption by metakaolin. The lime consumption rates determined by
drop method are presented in Table 5.

During the phase 1, the rate of conductivity decreases between 2.1 and 4.4% per hour and agrees with the rate
found by Walker et al. [31]. For the first three hours, the pozzolan reactivity seems to be depending on the fine-
ness of the particle. The MK2 with the finer particle presents a great rate of conductivity decrease. It is followed
by MK1, MK2 and the last is MK4. Figure 7(a) shows an acceptable correlation (R? = 0.67) between surface
area and conductivity rate. The rates are not affecting by the metakaolinite content or SiO, amount as predicted
by some previous studies [31]. MK1 and MK3, with almost the same quantity of metakaolinite and SiO,, show
different conductivity reduction rates of 4.0% per hour for MK1 and 2.5% per hour for MK3. These results con-
firm the fact that the metakaolinite and SiO, content does not affect the pozzolan reactivity at the first hours.

After the first three hours, the first part of the second phase (3 - 12 hours) is characterized by a small reduc-
tion on conductivity. The drop rate is between 0.77% and 2.51% per hour. The reduction rate order has changed
but MK4 shows always the lowest rate. During this first part of the second phase, the drop rate seems to be de-
pending on the fineness and the amorphousness. MK2, with the finer particle, presents a drop rate lower than the
drop rate of MK1 and MK3, which is less fine than MK2 but contains more amorphous phase quantity than
MK2. The amorphous content of MK3 is higher than the one of MK1 but presents a smaller drop rate than MK1
due to its finer particles. These results show that, at this step the, pozzolan reactivity depends on fineness and

amorphousness of metakaolins.
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Table 5. Pozzolan reactivity according to chemical and mineral methods.

Conductivity reduction (% per hour)

Initial conductivity Phase 1 Phase 2

0
Samples % of consumed

mS/cm portlandite at 28 days
0 - 3 hours 3- 12 hours 12 - 24 hours
MK1 4.32 4.0 25 14 50
MK2 35 4.4 15 13 55
MK3 4.67 25 2.1 14 38
MK4 3.37 2.1 0.8 0.4 50

During the second part of the phase 2 (12 - 24 hour), the drop rate, between 0.42% and 1.44% per hour, is
lower than the two last steps. The rate order follows the amorphous content on the metakaolins. Thus MK3, with
the highest content of amorphous phase, shows the better reduction of conductivity. MK4 with the lowest con-
tent of amorphous phase presents the lowest conductivity reduction. Figure 7(b) shows the good correlation (R?
= 0.95) between the amorphous content and the pozzolan reactivity by its electrical conductivity changes.

Results show that, for the earlier age, the pozzolan reactivity of metakaolins depends on the surface area and
amorphousness. During the first hours, surface area is only the dominant factor. After the first three hours the
dominant parameters are surface area and amorphousness until 12 hours. After 12 hours the amorphousness re-
mains the only dominant factor. These results corroborate the results found by Walker et al. [31], but disagree

with those found by Uzal et al. [39].
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3.2.2. Microstructural Analyses
The metakaolins pozzolan reactivity at 28 days has been performed using FTIR, X-ray diffraction and DTA/TG
methods.

Figure 8 presents the FTIR spectra of specimens at 28 days. The portlandite band 3643 cm™* decreases with
addition of metakaolins, shows its consumption by metakaolins. The metakaolins react with portlandite and
form new hydrates CSH. The formation of these new hydrates CSH in presence of metakaolins is shown by the
increase of CSH intensity bands at 3500 cm* and 970 cm . The large bands of amorphous silica (1080 cm ) in
the metakaolins are losses in the blended pastes. The quartz remains in blended pastes as shown by the double
band at 778 - 798 cm . The calcite is formed by the lime decarbonatation and is indicated by the characteristic
band of Ca-O at 1467 cm .

The X-ray diffraction pattern of the specimen is given in Figure 9. The detected phases are quartz, portlandite,
belite and celite. The halos between 27° - 30° 26 correspond to hydrate CSH. The different results are in agree-
ment with infrared analysis.
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Figure 8. FTIR spectra of mixes specimen at 28 days.
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Figure 9. X-ray diffraction of mixes specimen at 28 days.
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The DTA/TG analysis (Figure 10) has been used to evaluate the amount of consumed portlandite. The dif-
ferent DTA peaks confirm the formation of phases showed by X-ray diffraction and infrared spectroscopy. The
endothermic peak at 120°C in the specimens is the loss in hydrate C-S-H water. The small peak at 130°C shows
the presence of ettringite in the specimens containing metakaolins. The presence of portlandite in the specimen
is indicated by the endothermic peak around 450°C - 540°C. The endothermic at 900°C - 1000°C is attributable
to metakaolinite transformation into mullite and confirms the presence of metakaolinite in the mixtures speci-
mens.

The TG curves permitted to evaluate the percentage of the portlandite consumption (Table 5). According to
Figure 11(a), the portlandite consumption increases when the metakaolinite content increases. The comparison
between MK1 and MK4 shows that this metakaolinite content is not the only factor on which the portlandite
consumption depends. The two last metakaolins contain a different amount of metakaolinite but have the similar
portlandite consumption. The deficit of MK1 in metakaolinite is compensated by its fineness or amorphousness
character. These results are corroborated by the behavior of MK1 and MK3 which present almost the same
quantity of metakaolinite but show a great difference on portlandite consumption. Figure 11(b) shows clearly
that the fineness is also one of the parameters which influence the portlandite consumption. The portlandite
consumption increases when the fineness increases as show in the conductivity results. However, according to
Figure 11(c), the amorphousness seems not really affected the portlandite consumption at 28 days.

In some cases at 28 days, metakaolinite content and fineness of metakaolins are the factors which influence
the most portlandite consumption. The more the metakaolins contain a metakaolinite, the more is the portlandite
consumption. In the same order, the more the metakaolins is fine the more is the portlandite consumption.

3.2.2. Compressive Strength
Figure 12 gives the compressive strength of specimens at 28 days. The mechanical strength decreases when the
metakaolins ratio in the specimens increases. Pozzolanic index calculated from compression strength are sum-
marized in Table 6.

The specimen performances were slightly but not significantly increased when MK1 and MK2 were incorpo-
rated at the substitution rate of 20% - 25%. For the two others metakaolins MK3 and MK4, incorporation in the
specimens decreases their mechanical performances for all the substitution rates (20% - 30%). The mechanical

metakaolinite recrystallization
=

o & A N o N

TG(%)
Heat Flow(a.u)
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Figure 10. DTA/TG of mixes specimen at 28 days: (a) TG; (b) DTA.

Table 6. Pozzolan reactivity according to mechanical methods (activity index at 28 days).

Pozzolanic index (%)
Cement replacement (%)

MK1 MK2 MK3 MK4
20 108 108 88 97
25 105 106 85 97
30 103 89 82 91
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performance cannot be explained only with pozzolan reactivity of metakaolins. It depends on the microstructure
of formed hydrate and the filler effect of metakaolins as shows the previous study [40].

MK2 with the highest portlandite consumption and highest fineness shows the better mechanical strength re-
sulting to its better filler and pozzolan effects. MK3 with the lowest portlandite consumption presents the lowest
mechanical strength. Its fineness is not enough important to compensate its low portlandite consumption.

The SEM images of fractured surface of specimens containing 25 wt% of metakaolin at 28 days are given on
Figure 13. MK2 is characterized by a denser matrix. Its densification is given by the combination of its pozzo-
lan reactivity and its filler effect due to its fineness. The pozzolan reactivity increases the formation of hydrates
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Mag = 5.00 KX — WD=127mm Aperture Size = 30.00 pm

A :
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Figure 13. SEM images of fractured surface of blend and reference at 28 days.



M. Seynou et al.

CSH to the detriment of portlandite and thus increases the mechanical properties. Fine particles packing the
space between the large particles and increase the specimens density. The SEM image for MK3 shows a less
dense matrix with some pores. Its low content of metakaolinite and its fineness did not permit, despite its im-
portant amorphous character, to produce an important quantity of CSH and to pack the space. MK4 shows a
denser matrix but with an important quantity of kaolinite platelet with regular form. The presence of these kaoli-
nites decreases the performance of MK4 specimen.

4. Conclusions

From the results found in this research, the following conclusions can be summarized:

1) The four raw materials are composed essentially of kaolinite, illite and quartz.

2) The sintering at 730°C during 5 hours transforms the kaolinite into amorphous material with different fine-
ness and amorphousness character. All the heat treated materials present pozzolan activity which depends on
some parameters:

a) At the early ages (1 day), the pozzolan reactivity (lime consumption) depends on the metakaolins fineness
(surface area) and its amorphousness degree. At the first three hours, the surface area is the major factor
which governs the pozzolan reactivity. The more the surface area is high, the more the surface contact be-
tween the lime and the metakaolin is important and then, the pozzolan reactivity is faster. After the first three
hours, the pozzolan reactivity depends on the surface area and the amorphousness and this up to the first 12
hours. After 12 hours, amorphousness is the only factor which governs the pozzolan reactivity. The pozzolan
reactivity is then better with high content of amorphous phase.

b) At long time (28 days), the portlandite consumption by metakaolins seems depending on the metakaolinite
content and the surface area of metakaolins. The increase of one of the two factors increases the pozzolan
reactivity. The amorphousness did not affect the portlandite consumption at long age.

3) The calculated pozzolan index shows that MK1 and MK2 have higher index than 100% for the substitution
rate 20 and 25 wt%. The two last MK3 and MK4 present, for the different replacement, lower index than
100%. The mechanical properties did not depend only on pozzolan activity. It is the result of physical para-
meters (specific surface area), microstructure (filler effect) and pozzolan reactivity (portlandite consumption).
The high surface area of metakaolin permits it to pack the large particles and increases the density of speci-
mens. The consumption of portlandite produced a new hydrate CSH which enhanced the mechanical
strength.

4) The metakaolins MK1 and MK2 can be used as cement replacement in different constructions and allow to
improve the mechanical strength and decrease the CO, release in atmosphere during cement production.
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