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a b s t r a c t

The use of calcined clay, in the form of metakaolin (MK), as a pozzolanic material for mortar and concrete
has received considerable attention in recent years. The present paper describes the results of a research
project initiated to study the calcination of local kaolin at various temperatures (650–950 �C) and dura-
tions (2, 3 and 4 h) to produce MK with a high pozzolanic activity. The pozzolanic activity was assessed by
28-days compressive strength and hydration heat methods. The maximum identified activity was
obtained at 850 �C for 3 h duration. An increase of both hydration heat and compressive strength was
obtained when ordinary Portland cement was replaced by 10% MK. The use of ternary blended cement
improves the early age and the long-term compressive strength. The durability was also enhanced as bet-
ter acidic resistance was observed.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The desire to improve the performance of cement-based mate-
rials has led to an increased use of pozzolanic materials. A pozzo-
lanic material is defined as a siliceous or siliceous and aluminous
material, without direct cementitious value, but will, in the pres-
ence of moisture, reacts chemically with calcium hydroxide (at or-
dinary temperatures) to form compounds possessing cementitious
properties [1].

The calcined clay pozzolana was widely used in the last couple
of decades in several countries like Brazil, Denmark, France, Eng-
land, USA, India and Egypt [2]. Large kaolin deposits also exist in
Algeria, and are currently used as filler in paint, rubber, plastic,
chemical, medical and ceramic industries. However, local kaolin
has not been tested for the production of reactive pozzolana, i.e.
metakaolin (MK).

MK is a white ultrafine powdered form of anhydrous alumino-sil-
icate derived from the calcination of raw kaolin. Calcination is a term
referring to the controlled burning process at a specific temperature
range, to obtain a quasi-amorphous material. Heating first removes
the absorbed water on the kaolinite particle surface at T < 100 �C,
dehydroxylation of kaolinite occurs at about 400–650 �C and as
the temperature is increased to 550–900 �C, the metakaolin decom-
poses into primary oxide and at about T = 900–950 �C formation of
new mineral mullite occurs. This thermal process activation or

dehydroxylation, leads to the breakdown or partial breakdown of
the crystal lattice structure, forming a phase transition which is
highly disordered, amorphous and with pozzolanicity. The exposure
duration to temperature above the dehydroxylation temperature
promotes recrystallisation to form mullite and hence loss in pozzo-
lanicity [3].

The use of MK as supplementary cementing material is reported
to increase concrete strength especially during early ages of hydra-
tion [4,5]. The increase in compressive strength of MK–concrete is
due to the filling effect, where MK particles fill the space between
cement particles, acceleration of cement hydration and the MK
pozzolanic reaction. This effect is similar to that of the silica fume.
Although the pore volume slightly increases in pastes containing
MK, the paste pore structure, is found to be refined [6–8].

Pozzolanic materials with high degree of pozzolanic activity,
such as silica fume (SF) and MK, react with calcium hydroxide re-
leased during hydration of ordinary Portland cement (OPC), in-
creases the hydration heat due to exothermic effect of the
pozzolanic reaction in comparison to reference 100% OPC [9–12].
The acceleration in OPC hydration is also obvious in the observed
increased temperature evolution rates in OPC–SF [13]. The hydra-
tion heat enhancement can induce a negative effect on the mortars
and concretes durability, mainly due to volume changes (shrink-
age) and microcrack formation. Ambroise et al. [10] attribute the
increased temperature rise of MK mortars relative to that of plain
OPC mortar to the accelerating reaction effect of metakaolin on
OPC hydration. The same authors noted that the maximum
observed temperature rise occurs for 10% replacement of OPC by
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MK. In comparison with PC mortar, MK–PC mortars showed an en-
hanced temperature rise [14].

Hydration reaction depends upon the level of reactivity of MK,
which in turn depends upon the processing conditions and purity
of feed clay. Reactivity level of MK can be determined by the Chap-
elle test [15,16], and is expressed as consumption rate of calcium
hydroxide (CH) per gram of pozzolans.

Kostuch et al. [15] reported that calcium hydroxide (CH) was
significantly reduced with time for all replacement levels (10%
and 20%) and that 20% replacement of cement by MK was required
to fully remove all the CH in concrete at 28 days. However, Oriol
and Pera [17] reported that between 30% and 40% MK is required
to remove all the CH in MK–PC paste at a water–binder ratio of
0.5 when cured in lime-saturated water for 28 days.

During the hydration period, CH was quickly consumed, the
microstructure was rich in CSH and stratlingite (C2ASH8), as
showed by Ambroise et al. [10] and the pore size distribution
was displaced toward smaller values. At up to 30% replacement,
MK acted as an accelerating agent, the pore size distribution was
displaced toward small values, and the CH content was consider-
ably reduced.

The start of the pozzolanic reaction of MK was more rapid at a
5% replacement level than 10% and 20%. The rapid start of the poz-
zolanic reaction in cement pastes with a lower replacement level
can be attributed to the higher concentration of CH [18].

Siddique and Klaus [19] presented an overview of the work car-
ried out on the use of MK as partial replacement of cement in mor-
tar and concrete. The authors reported that MK enhances the early
age mechanical properties as well as long-term strength properties
of cement paste/mortar/concrete. Also, the partial replacement of
cement with MK reduces the water penetration into concrete by
capillary action. They also reported that durability of MK concrete
increased with increasing the MK replacement level. Concrete con-
taining 10% and 15% MK replacements showed excellent durability
to sulfate attack and alkali-silica reaction in concrete. Nevertheless,
mortars were relatively little affected by 1% hydrochloric acid, 1%
sulfuric acid, and 1% nitric acid environments, but those mortars
showed poor resistance to higher acid concentrations: 5% sulfuric
acid, 5% acetic acid, and 5% phosphoric acid environments.

Recently, Siddique and Kaur [20] reported that higher MK
replacements of 15% are not helpful in improving inner core dura-
bility, even though it helps in improving surface durability
characteristics.

The main objective of this investigation is to evaluate the poten-
tial use of a metakaolin obtained from local kaolin and an adequate
thermal treatment. The development of the relative thermal activ-
ity of the MK–concrete and the resulting mechanical properties are
analyzed.

2. Experimental procedures

Kaolin from local quarry (El-Milia, Algeria) was calcined at temperatures rang-
ing from 650 �C to 950 �C to obtain metakaolin (MK) in an electric furnace for 2, 3
and 4 h. After calcination, the kaolin was ground to have mean particle size (d50)
7.5 lm. Table 1 indicates the particle size distribution of metakaolin treated at
850 �C for 3 h, expressed as weight fraction in different ranges up to 80 lm. The
particle size distribution was obtained by laser granulometry.

In order to check the disappearance of the characteristic peaks of kaolinite, min-
eralogical analysis of the raw and thermally treated kaolin was carried out by X-ray
diffraction (XRD).

The metakaolin, from the calcined kaolin, was incorporated into an ordinary ce-
ment type CEMI 52.5, by mass replacement (10%, 20% and 30%). Composition and
properties of OPC and kaolin are given in Table 2. The cement had a surface specific
area of 359 m2/kg whereas the specific area of metakaolin was 16,000 m2/kg. The
mortar mixes had proportions of 1:3 (binder:sand). The water/binder (w/b) ratio
was kept constant at 0.5. A polycarboxylate superplasticiser (SP) type with 76%
water and density of 1.07 g/cm3 was added in liquid phase in order to obtain a con-
stant workability. The quantities of superplasticiser to obtain a constant flow time
of mortar of about 9–11 s was respectively 0.3%, 0.5% and 0.9% by weight of cement
respectively for 10%, 20% and 30% of MK replacement level (Table 3).

The activity of the mixes was checked by compressive strength of mortar. Pris-
matic mortar specimens of size 40 mm � 40 mm � 160 mm were used for compres-
sive strength measurement. Specimens were cast in steel moulds and kept in a
moist room at 20 �C for 24 h. Demoulding took place after that and specimens were
placed in water at 20 �C for a total curing period of 365 days. Compressive strength
was determined at the ages of 1, 3, 7, 14, 28, 90 and 365 days as per EN 196-1 stan-
dard. Compressive strength results are the average of three specimens.

Hydration heat tests were performed according to EN 196-9 standard. The
method is based on the Langavant Calorimeter. This semi-adiabatic method consists
of quantifying the heat generated during cement hydration using a thermally iso-
lated bottle. Since the exterior conditions are very influential, the test is carried
out in humidity and temperature controlled room at 20 ± 2 �C. The identified tem-
perature is defined as the difference between the tested mortar temperature and
the inert mortar (minimum 3 months old). This relative temperature value is used
to calculate the hydration heat developed by the active test sample. The measure-
ments were made up to 6 days, since the heat increase is observed to be very low at
later times, and also because the measurement relative error increases beyond that
time. Using such quasi-adiabatic calorimeter, the mortars temperature evolution
with time was monitored immediately after mixing.

For each composition, the heat flow was determined based on the mortar tem-
perature. The mortar heat hydration results from the combination of the accumu-
lated heat in the calorimeter and the heat lost in the environment. At time t, the
hydration heat q by gram of binder (cement or cement with addition) is obtained
by the formula:

q ¼ C
mc
� Dhþ 1

mc

Z t

0
a � Dh � dt ð1Þ

where C is the total heat thermal capacity of the apparatus (J/�C), mc is the cement or
binder mass (g), Dh is the mortar temperature difference relative to the ambient
temperature (�C) and a is the total calorimeter thermal loss coefficient (J/h �C).

The optimal calcination conditions were determined by the pozzolanic activity
(strength activity index). This procedure is considered as the most appropriate to

Table 1
Particle size distribution of MK (wt.%).

Range dimension <4 lm <10 lm <20 lm <48 lm <80 lm

% Passing 23.07 48.96 70.91 93.92 99.35

Table 2
Composition and properties of OPC and kaolin used.

Element (%) SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 I. R L.O.I

OPC 20.23 4.29 2.35 63.67 3.88 2.80 0.14 0.69 0.25 0.39 1.63
Kaolin 50.08 34.03 1.62 0.08 0.41 – 0.09 2.79 0.24 – 10.67

Mineralogical composition of OPC
C3S = 66.90
C2S = 10.70
C3A = 8.40
C4AF = 7.60

Table 3
Mortar mix proportions.

OPC 10% MK 20% MK 30% MK

Cement (g) 450 405 360 215
MK (g) 0 45 90 135
Sand (g) 1350
w/b 0.5
Superplasticiser (%) 0 0.3 0.5 0.9
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quantify the potential contribution of mineral admixtures on the mechanical
behavior. Strength activity index (SAI) is defined as the ratio between the compres-
sive strength of two specimens, the mortar with 20% admixture (mass substitution)
and the reference mortar (0% admixture). Such compressive strength is obtained at
age of 28 days.

Resistance to acid attacks was conducted on mortar specimens by immersing in
two solutions: 1%HCl and 2.5%H2SO4 and weight loss measured during a period of
32 weeks. The relative acid attack was determined in accordance with ASTM C-267.
The mortars specimens were cured in water at 23 ± 2 �C for 30 days before being
subjected to acid attack. Three specimen of each mortar mix were immersed in
2.5% sulfuric acid (H2SO4) or 1% hydrochloric acid (HCl). The attacked portions of
the mortar specimens were cleaned with de-ionised water and the acid attack then
was evaluated through measurement of the weight loss of the specimens and deter-
mined as follows:

Weight loss ð%Þ ¼W1 �W2

W1
� 100 ð2Þ

where W1 is the weight of the specimen before immersion and W2 is the weight of
the cleaned specimen after immersion. The solution was renewed every 15 days and
the weight loss of the specimens measured.

Some compressive strength tests were also conducted on specimens with ter-
nary cement mixes. Cement was substituted with both limestone (LF) and metaka-
olin (MK). LF varied from 0% to 20% and MK from 0% to 30%. All replacements were
made by mass. Two types of limestone fines were used: LF1 (552 m2/kg) and LF2
(409 m2/kg), both LF contains 98% of CaCO3. The quantities of superplasticiser to ob-
tain a constant flow time of mortar of about 9–11 s were given in Tables 4 and 5.

3. Results and discussion

3.1. Strength activity index (SAI)

An optimum operating conditions based on the SAI is looked for.
Such optimum conditions allow the identification of the calcina-
tion condition (duration and temperature level) for adequate level
of substitution. Nevertheless such identified optimum is only for
the present used OPC.

The obtained SAI is shown in Fig. 1. This figure indicates clearly
that after heat treatment at 650–950 �C for 2, 3 and 4 h, the pozzo-
lanic activity was substantially increased. This increase is associ-
ated with the transformation of kaolinite into amorphous phase
(metakaolin). The initial kaolin showed a decrease of the activity
index at 28 days because such untreated kaolin is not able to react
with portlandite Ca(OH)2 (CH) and may serve only as a passive
microfiller, contributing less to strength improvement.

The present results showed that the optimum SAI is obtained
for kaolin calcined at 850 �C for 3 h. The longer exposure duration
(4 h) to 950 �C temperature exhibited an activity decrease, which
could be related to the loss in pozzolanicity due to the recrystalli-
sation of mullite. The obtained SAI values are higher than that re-
quired (75%) by the ASTM C 618 standard.

Table 4
Compressive strength of tested composite cement mortars.

OPC (%) MK (%) LF (%) SP (%) Compressive strength (MPa) for (OPC–MK–LF1) system

1 day 3 days 7 days 28 days 90 days 365 days

100 0 0 – 7.38 28.43 40.60 53.50 60.04 62.20
90 0 10 – 8.10 28.17 44.61 50.30 55.83 54.13
90 5 5 – 7.78 27.91 42.61 58.30 63.32 66.40
90 10 0 0.30 8.10 28.75 44.62 61.00 65.58 64.91
80 0 20 – 6.30 24.21 40.84 48.10 50.74 52.04
80 5 15 – 8.20 25.61 44.51 53.10 57.72 58.09
80 10 10 0.20 7.27 25.14 41.87 58.80 61.85 63.87
80 15 5 0.40 8.21 25.93 45.32 63.60 67.30 70.04
80 20 0 0.50 7.00 25.35 41.49 58.20 61.00 63.54
70 10 20 – 6.26 21.67 38.88 52.20 56.87 58.05
70 20 10 0.45 5.43 19.82 38.96 58.40 63.14 65.90
70 30 0 0.90 5.15 19.00 33.57 50.60 57.95 61.77

Table 5
Compressive strength of tested composite cement mortars.

OPC (%) MK (%) LF (%) SP (%) Compressive strength (MPa) for (OPC–MK–LF2) system

1 day 3 days 7 days 28 days 90 days 365 days

100 0 0 – 7.38 28.43 40.60 53.50 60.04 62.20
90 0 10 – 4.89 25.10 41.70 52.09 56.95 54.07
90 5 5 – 4.87 27.70 43.34 56.48 63.27 64.83
90 10 0 0.30 8.10 28.75 44.62 61.00 65.58 64.91
80 0 20 – 3.89 23.80 39.90 49.48 51.76 46.94
80 5 15 – 3.94 23.40 48.02 53.90 58.27 60.81
80 10 10 0.20 3.55 24.50 39.90 58.48 61.49 63.68
80 15 5 0.40 0.45 260 50.42 61.40 66.12 63.62
80 20 0 0.50 7.00 25.35 41.49 58.20 61.00 63.54
70 10 20 – 3.23 20.40 34.60 53.97 57.98 58.17
70 20 10 0.45 3.33 20.70 38.30 60.13 66.96 66.25
70 30 0 0.90 5.15 19.00 33.57 50.60 57.95 61.77
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3.2. XRD analysis

In order to examine the inner structure of the kaolin and the ob-
tained metakaolin after calcination, samples were analysed by X-
ray diffraction. The diffractograms of the natural sample and cal-
cined one at 850 �C for 3 h are presented in Fig. 2. Crystalline
phases of metakaolin consisted of quartz (Q) and mica (M). The
heat treatment leads to (i) the disappearance of the peaks relative
to kaolinite; and (ii) appearance of a dome (between 2h = 20� and
30�) indicating the formation of an X-ray amorphous phase. This
observation was confirmed by MEB pictures. The presence of kao-
linite and mica in untreated kaolin is clearly seen in Fig. 2a,
whereas Fig. 2b shows the absence of the kaolinite and the pres-
ence of mica after heat treatment. These results clearly demon-
strated that during calcination, the kaolinite is transformed into
an amorphous phase, potentially reactive with the Ca(OH)2 cement
component. A focus on microstructure aspect shows a dominant 1–
15 lm kaolin particle size with aggregates around quartz particles
(Fig. 3a). The previously exposed thermal curing (850 �C for the
presented image) caused a recrystallisation of the MK, where the
kaolin particles are separated from the quartz and their size is in-
creased somehow (Fig. 3b).

3.3. Compressive strength

The preliminary compressive strengths of cement mixture with
MK treated at 850 �C for 3 h are shown in Fig. 4. The spread of the
data at earlier ages (7 days) can be readily seen and the strength
improvement with time is obvious. Such results illustrate the com-
pressive strength improvement with up to inclusion of 20% MK. On
the other hand, incorporation of 30% MK, decreased the compres-
sive strength in comparison with reference mix. The 10% MK mix
gave the best result in terms of increase in compressive strength
at different ages.

There are three elementary factors influencing the contribution
that MK makes on strength development when it is partially re-

placed with cement. These are the filler effect, the acceleration of
OPC hydration, and the MK pozzolanic reaction. The filler effect,
which results in more efficient paste packing, is immediate, the
acceleration of OPC hydration has maximum impact within the
first 24 h, and the pozzolanic reaction makes the greatest contribu-
tion to strength somewhere between 7 and 14 days of age [6].

Frías and Cabrera [7] found that calcium hydroxide contents of
MK/OPC samples increased with age until 30 ± 7 days. Subse-
quently, the values start decreasing, more or less depending on
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MK content. In cases of mixtures with 10% and 15% of MK, an
inflexion point at 56 and 90 days, respectively was observed.

When mixed with cement, metakaolin had a pozzolanic effect.
The pozzolanic reaction occurs in solution (dissolution/precipita-
tion) between the silicate and aluminate generated from metakao-
lin dissolution, and the calcium hydroxide CH from the cement
hydration, producing more CSH. Hence, the pozzolanic reaction
generates a denser cement matrix.

Frías and Cabrera [21] examined metakaolin/lime and MK–
blended cement pastes samples stored and cured at 20 �C and up
to 360 days of hydration. In XRD pattern, MK–blended cement
showed high pozzolanic activity, which provided the quick forma-
tion of CSH, C2ASH8 (stratlingite), and C4AH13 whereas for the MK/
lime systems, only C2ASH8 was identified as a crystalline hydrated
phase, but not C4AH13. This fact indicated very low crystallinity of
the C4AH13 with respect to C2ASH8.

3.4. Heat of hydration

Fig. 5 shows the heat of hydration for samples heated for 3 h at
different temperatures. It is obvious from the results that MK
mortar S850/3–10% made with kaolin calcined at 850 �C during
3 h provides a maximum heat hydration during the first 24 h
(Fig. 5). The chemical reactivity during hydration induces heat gen-
eration due to the exothermal aspect. So, the increase in reactivity
leads to hydration heat development increase.

Figs. 6 and 7 show the heat evolution for the first 24 h and the
cumulative heat hydration for 6 days. According to Fig. 6, the OPC

mortar gives the maximum heat until 20 h, after that, a 10% substi-
tution of Portland cement by MK gives a greater total heat released
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Table 6
Coefficients obtained for the quadratic model for compressive strength of mortar
containing MK and/or LF1 and coefficient of determination (R2).

Age (days) Coefficients R2

b0 b1 b2 b11 b22 b12

1 7.39 14.56 11.26 �0.75 �0.68 �0.84 0.82
3 28.60 17.70 �5.05 �1.68 �0.67 �1.95 0.98
7 40.53 63.47 55.81 �2.86 �2.60 �2.95 0.88

28 53.16 120.02 8.91 �4.29 �2.14 �0.48 0.93
90 62.16 41.92 �39.11 �1.55 �1.63 4.04 0.91

365 61.61 68.33 �22.13 �2.33 �1.76 2.12 0.85
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as compared with the concrete without MK (Fig. 7). On the con-
trary a 30% substitution of cement gives a lower accumulated heat.

Previously researchers [11,12,15] demonstrated that MK par-
tially replacing OPC enhanced the hydration process, due to the ra-
pid pozzolanic action. That is, the reaction of MK with CH and H2O
(H) contributes to the cumulative heat development by the hydrat-
ing systems, to the extent that with increasing MK content (up to a
specific limit) the total heat evolved is greater than that from 100%
OPC. However the MK–CH–H reaction is controlled by the avail-
ability of CH which itself is provided by the hydrating OPC. Thus,
as the proportion of MK increases and that of OPC decreases, the
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Table 7
Coefficients obtained for the quadratic model for compressive strength of mortar
containing MK and/or LF2 and coefficient of determination (R2).

Age (days) Coefficients R2

b0 b1 b2 b11 b22 b12

1 7.57 2.58 �47.44 �0.33 1.49 �0.32 0.93
3 28.34 23.05 �27.79 �1.79 0.07 �1.40 0.98
7 40.81 54.50 30.32 �2.55 �2.00 �3.07 0.89

28 53.49 99.86 3.76 �3.60 �1.56 0.36 0.94
90 60.65 51.82 �8.15 �2.02 �2.16 2.70 0.91

365 62.16 41.92 �39.11 �1.55 �1.63 4.04 0.91
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supply of CH from the hydrating OPC will decrease but the demand
for CH, from the increasing proportion of MK, will increase. Hence
there will be a limiting MK–OPC ratio above which the reaction of
MK with CH will be deficient due to insufficient supply of CH. This
will decrease the rate of heat output and thus the maximum hydra-
tion heat reached by the PC–MK mortar. This is clearly illustrated
in Fig. 6 where at 10% MK the hydration heat achieved the maxi-
mum value and then at higher MK levels (20% and 30%) subse-
quently decreases.

This is supported by the correlation between our measured
hydration heat and compressive strength data. The increased

cumulative heat hydration observed corresponds to increased
strength and an enhanced rate of strength gain in the 10% MK
specimens.

3.5. Resistance to acid attack

Figs. 8 and 9 show the test results of weight change versus time
for mortar specimens exposed to 1%HCl and 2.5%H2SO4 solutions
for 32 weeks, respectively. After 32 weeks exposure to 1%HCl solu-
tions, the total loss in weight of OPC mortar was 25%. When the
replacement level of cement is 10%, 20% and 30% of MK, the loss
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in weight is lower than the corresponding OPC mortar by 32%, 32%
and 42% respectively.

After 32 weeks exposure to 2.5%H2SO4 solutions, the total loss
in weight of OPC mortar was about 40%. When the replacement le-
vel of cement is 10%, 20% and 30% of MK the loss in weight is about
30% than the corresponding OPC mortar.

These results show the beneficial effect of adding MK to im-
prove both hydrochloric acid (HCl) resistance and sulfuric acid
(H2SO4) resistance of the OPC. The positive effect of MK could be
attributed to the creation of calcium aluminate hydrates (C2ASH8,
C4AH13, C3AH6) in the MK–modified mortar which are believed to
be more chemically stable in highly acidic environments than cal-
cium silicate hydrates [22]. High alumina cements and calcium
aluminate cements are known to improve the resistance of con-
crete to sulfuric acid attack, possibly due to the high content of alu-
minates in these cements [22].

3.6. Ternary cement mixes

Prediction models for compressive strength of mortar at various
ages were developed based on the experimental results of com-
pressive strength for each mixture. Using the experimentally ob-
tained results (Tables 4 and 5), these models are based on the
quadratic response surface model and permitted the calculation
of the isoresponse curves from the parameters under study over
the experimental domain and the optimization of their effects.
The observation of the responsive variable Y(t) is measured at com-
binations of values of variables x1 and x2 using the following
model:

YðtÞ ¼ b0 þ b1 � x1 þ b2 � x2 þ b11 � x2
1 þ b22 � x2

2 þ b12 � x1 � x2 ð3Þ

where Y(t) is compressive strength (MPa) at age t days; x1 is MK as
partial cement replacement (% by wt.); x2 is (LF1 or LF2) as partial
cement replacement (% by wt.); b0, b1, b2, b11, b22 and b12 are the
coefficients of the model (in the model, the b0 coefficient is the cal-
culated value for PC mortar). The coefficients of the models for 1, 3,
7, 14, 28, 90 and 365 days are shown in Tables 6 and 7 for LF1 and
LF2 respectively. The equations were plotted as isoresponse con-
tours for prediction purposes as shown in Figs. 10 and 11.

Fig. 10 illustrates the isoresponse curves of the compressive
strength showing the interaction effect of (MK–LF1), for the do-
main studied in the ternary system. At 1 day (Fig. 10a), the station-
ary point corresponding to the maximum compressive strength is
obtained by the replacement of 10% of LF1 or 10% MK. The maxi-
mum is 9% higher than the strength of PC mortar. The isoresponse
curves have a similar contour for 3, 7 and 14 days (Fig. 10b–d)
while the zone of maximum strength is located around 10% of
MK replacement and low level of LF1 replacement (0–10%). How-
ever, the contour of isoresponse curves changes significantly at
28 days (Fig. 10e), where, the maximum compressive strength is
obtained with the larger proportion of MK (15%) and around 5%
of LF1. At this point, the strength was 19% higher than the corre-
sponding OPC mortar.

In summary, the point of maximum strengths is around 10% of
LF1 or 10% of MK replacement level at the early ages. At 28 days,
this point moves toward the high level of MK replacement and
low LF1 content. This behavior can be attributed to the contribu-
tion of LF1 to hydration acceleration at early ages, but this effect
cannot compensate for the dilution of clinker grains when the
replacement level for both supplementary materials is very large.

4. Conclusions

Local kaolin has been thermally activated and used as a pozzo-
lan in blended cement. This study leads to the following
conclusions:

� Thermal treatment at 850 �C for 3 h is efficient for the conver-
sion of kaolin to metakaolin. At these conditions the produced
metakaolin exhibits the highest pozzolanic reactivity.
� Algerian MK is an active mineral admixture that could be used

in cement concrete products. It has a good effect on the
mechanical properties of cement mortars.
� Resistance to acid attack is higher for metakaolin cement mixes

as compared to control ones.
� The use of ternary cements containing an adequate combination

of MK and LF can lead to an efficient use of natural resources,
saving energy consumption and reduce gaseous emissions
without compromising the mechanical properties of cement.
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