IJRRAS 12 (1) ● July 2012

www.arpapress.com/Volumes/Vol12Issue1/IJRRAS_12_1_10.pdf

EFFECTS OF THE SECONDARY MINERALS ON THE POZZOLANIC
ACTIVITY OF CALCINED CLAY: CASE OF QUARTZ
1

Wafa Mechti 1,*, Thameur Mnif 1, Basma Samet 2 & Med Jamel Rouis 1
Unité de Recherche de Géothechniques Environnementale et Matériaux Civil, Ecole Nationale d'Ingénieur de Sfax,
BP W 3038, Sfax, Tunisia
2
Laboratoire de Chimie Industrielle, Ecole Nationale d'Ingénieur de Sfax, BP W 3038, Sfax, Tunisia

ABSTRACT
This study aims to document the potential effect of quartz as a secondary mineral on the pozzolanic activity of local
kaolinitic clay (from the region of Tabarka, Tunisia). Purification of clay was carried out using the centrifugation
process in order to decrease the rate of secondary minerals. Our research was based on two samples: a crude sample
and a centrifuged one, and both of them were characterized by several methods. The pozzolanic activity of the two
samples was evaluated by compressive strength measurements in mortars containing calcined clays, lime and sand..
In addition, the identification of the hydrated phases in pastes was done by X-ray diffraction (XRD) and scanning
electron microscopy (SEM). The comparison between crude and centrifuged samples through this analysis
associated with laser granulometry showed that the presence of quartz with particle size lower than 20 μm
contributed to the pozzolanic reaction: the pozzolanic activity of the crude sample with high content of quartz was
higher than that of the centrifuged sample.
The results of the last part of the paper proved the pozzolanic reactivity of crystallized quartz with fineness 20µm,
the introduction of 10% of grinding quartz as Portland cement replacement improved the cement paste compactness
by increasing compressive strength and hydration.
Keywords: Clays, Strength and testing of materials, Centrifuge modeling.
1. INTRODUCTION
Today, the high energy consumption by Portland cement industry causes environmental damage due to the release
of high quantities of greenhouse gases [1]. Hence, several research activities are directed towards partial or full
substitution of Portland cement with the pozzolanic binder in some applications [2,3]. In recent years, the use of
calcined clays as a pozzolanic material for mortar and concrete has received considerable attention [4,5].
One of such materials is metakaolin, which is obtained by thermal treatment of kaolin clays in the range of 600800°C [6,7] and mixed with lime or cement, metakaolin acts as a highly reactive pozzolana [8,9]. Furthermore, the
development of pozzolanic properties in fired clays depends mainly on the nature and abundance of clay minerals in
raw materials, the calcination conditions and the final product fineness [10,11,12]. However, it is very common to
find secondary minerals such as calcite, iron, quartz, feldspar… resulting from the alteration of primary minerals
associated with clays. Only, a few studies have investigated the potential effect of these secondary minerals on the
pozzolanic activity of these materials. For instance, He et al. [13] studied the effect of quartz on the pozzolanic
reaction of six principal clay minerals. In addition, Türkmenoglu et al. [14] investigated the quartz potential effect
on the tuff pozzolanic activity. In a recent study, Habert et al. [15] illustrated the effect of calcite on the strength
development of pozzolanic mortars.
In this context, the goal of this study is to determine the potential effect of quartz as a secondary mineral on the
pozzolanic activity of local Tunisian clay for future use as a supplementary cementitious material.
2.

EXPERIMENTAL

2.1. Materials
- The mortar mixtures prepared in this study were composed of three materials:
- Clay: the studied clay is a local one, collected from the region of Tabarka and calcined at 700°C. It is
used in hand-made pottery.
- Standard sand: the graded standard sand complied with the European standard EN-196-1 [16].
- Lime: the lime used was commercial analytical grade calcium hydroxide (minimum 95% of purity).
2.2. Sample preparation
This purpose work aims to study the effect of one secondary mineral (quartz) on the pozzolanic activity of local
clay. In order to reduce the amounts of non-clayey minerals, a wet sieving was carried out (sieve 63 μm). The crude
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and purified samples were characterized by physicochemical methods. For all analyses, it could be noticed that by
sieving, the results showed no difference between crude and purified samples: it seems that with this process, we
cannot separate clayey particles from non-clayey fractions (secondary minerals). So, we must choose a more
effective process such us centrifugation to predict the potential effect of the secondary minerals on the pozzolanic
activity of kaolinitic clay.
The two clays used in this study were a crude sample noted Tb referring to Tabarka and a centrifuged sample noted
Tbc obtained by centrifugation in water of whole clay by putting 15 to 30 g of the crushed clay sample in 50ml of
distilled water in a 250ml flask and mix thoroughly until all particles were dissolved. Then, we centrifuged the
solution at 2500 rpm for 10 min [17].
In order to study the pozzolanic activity of these clays, the samples Tb and Tbc were heated in a laboratory
programmable furnace during 5h at 700° C [18].
2.3. Experimental techniques
The chemical composition of samples Tb and Tbc was determined by X-ray fluorescence (ARL 8400). The clays
were also submitted to blue methylen test (for specific surface area determination) in compliance with the French
standard NF P 18- 592 norms.
X-ray diffraction (XRD) was carried out to determine the mineralogical composition of the crude and the
centrifuged samples. The X- ray diffractometer used in this investigation was a Philips X ’Pert Pro System. The
generator settings were 45 kV and 40 mA and the wavelength (λ) was 1.5418 Å (CuK). The scanning rate was 2θ
per min from 0 to 60°. In order to identify more precisely the nature of the clay minerals, the clay fraction was
separated from the whole sample by centrifugation of the < 2 µm fraction on a glass slide [19,20], and mounted as
an oriented aggregate mount. This could be a very useful technique for the identification of clayey minerals. The
clay samples in oriented mounts were run under three separate conditions: air-dry state, after ethylene glycol
treatment (for the checking of the extent of d-spacing expansion of certain clay minerals) and after heating at 550º C
for 1 hour according to the Protocol [21].Whereas, by calcination of kaolinitic clay at 700°C, the crystal structure is
destroyed and an amorphous structure was formed, developing pozzolanic properties [22]. The pozzolanic activity
of the calcined clays was assessed using a mechanical method (compressive strength testing). In this regard, the
calcined clays (CC) were mixed with calcium hydroxide (CH), sand and water with a CC/CH ratio equal to 3 by
weight (3 parts of sand, 1 part [(CH, CC)]. Experiments were carried out on standard mortar mix: 1:3 binderstandard sand were cast in compliance with the EN 196-1 norm [16], the water/solid ratio being equal to 0.75. All
sample preparations were processed in a similar manner according to European standard EN-196-1 [16].
Water was first introduced in the mechanical blender. The dry mix solids (calcined clay + calcium hydroxide) were
then added to the water solution and mixed for 30 s at low speed; sand was added and mixed for 30 s. Then, the
mixing proceeds in a sequence of three steps: 30 s mix at high speed, 90 s in rest and 60 s mix at high speed. The
samples were cast in mini-cylinder molds (diameter 20mm, height 40 mm), demolded after 7 days and then cured in
water at 20° C for 28 days. The mini-cylinders were tested in compression in compliance with the EN 196-1 norm.
The fragments of the compressive strength were submitted to XRD after a 28-day curing in order to identify the
hydration products of the pozzolanic reaction.
In addition, The morphology of the hydration products was studied using a scanning electron microscope (Philips
XL 30, USCR MEB/03) equipped with an energy-dispersive X-ray analysis (EDXA) system indicating the
chemical composition of the observed points. Finally, to study the average size of quartz particles contained in the
decanted phase separated by centrifugation, a Mastersizer 2000, Malvern instrument was used to determine the
Particle Size Distribution (PSD) of the decanted material rich in non-clayey phase after the centrifugation process.
3. RESULTS AND DISCUSSION
3.1. Chemical study
The chemical composition of the crude clay and the centrifuged material determined by X-ray fluorescence are
reported in table1. It is not surprising to notice that some non-clay fractions remain in the clay sample(Tbc), as most
of the quartz could be removed by centrifugation. The blue methylen test confirms this result. Indeed, we recorded a
specific surface (SS) of 94 (m2/g) for Tb and of 126 (m2/g) for Tbc: the presence of associated minerals in the raw
material could be the cause of the reduction of this surface: SS Tb < SS Tb c. In addition, we noticed that Al2O3
content increased in response to centrifugation. This result confirms the concentration of clayey minerals through
the latter.
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Table 1. Chemical composition of clays

Tb
Tbc

CaO

SiO2

Al2O3

Fe2O3

SO3

K2O

MgO

Na2O

0.85
0.04

58.38
55.72

27.08
30.22

2.60
2.77

0.03
0.03

0.88
0.98

1.14
1.22

0.11
0.10

L.O.I at
500°C
6.26
7.64

ASTM Standard C 618-98 (American Society of Testing and Materials [23] set a minimum value of 70% for the
sum of silica, alumina and iron oxide of the total compounds making up the pozzolanic material with sulfur dioxide
less than 4% and loss on ignition of less than 10%. In connection with these criteria, Indian Standard stated that for
good pozzolans, the CaO content should not be greater than 10 % and the total SiO 2 and Al2O3 should be greater
than 50 % [24].
The chemical criteria for pozzolanic activity of Tb and Tb c were reported in table 2. It can be seen that the clay of
Tabarka with and without centrifugation can produce a good pozzolana. However, it is important to note that the
chemical composition cannot be used as a single factor for determining the clay pozzolanic activity of the clays but
only as a guide for the potential reactivity [25].
Table 2. Chemical criteria for pozzolanic activity of Tb and Tb c

Tb
Tbc

SiO2 + Al2O3 +
Fe2O3 >70%
88.06
88.71

ASTM requirement
SO3 < 4%

PF < 10%

CaO < 10%

0.03
0.03

6.26
7.64

0.85
0.04

Indian requirement
SiO2 + Al2O3 > 50%
85.46
85.94

For this reason, we tried to quantify kaolinite in samples before and after centrifugation by using XRF analysis. The
results showed that Tbc was richer in kaolinite (75%) than Tb (67%). It is well known that the pozzolanic activity is
directly related to the percentage of kaolinite present in samples [26]. Therefore, we predicted that Tbc would have
the best pozzolanic activity.
3.2. X- ray diffraction study
The X-ray fluorescence was conducted to determine the oxide content. On the other hand, the XRD of clay fraction
(< 2μm) was carried out to determine the nature of the clayey minerals in sample Tb (fig 1).

Figure 1. X- ray diffractograms of separated clay fraction (< 2μm ) after various diagnostic
treatments(U: untreated , G: glycolated, H: heated ; K: kaolinite, I: illite, Q: quartz)
The results of X- ray diffractograms of separated clay fraction (< 2μm) indicate that:
- Kaolinite is the major clay present in this sample; it is represented by basal reflections at 7.14 Å, 3.58 Å
and 2.38 Å. The collapse of Kaolinite structure to an amorphous material takes place on heating to 550° C:
all peaks of kaolinite are destroyed.
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Illite is identified by a series of basal reflections at 10.1 Å, 4.98–5.01 Å and 3.33 Å. On glycolation, illite is
essentially non-expanding. Heating illite at 550 °C, the (001) peak may show a slight collapse.
In addition, X-Ray diffraction patterns on the centrifuged samples (< 2 μm particles) reveal the presence of
an associated mineral (quartz) in a small quantity indicating that the clays are not pure. It should be
mentioned that the so called < 2 μm particle samples were in the form of a paste as it was the result of a
centrifugation process to collect the smaller particles. Therefore, the stacking of the clayey particles
induces preferential orientations for diffraction and the signal in the basal phases increases. This can be a
very useful technique for the identification of clayey minerals as randomly distributed particles may not
allow peaks coming from different clayey phases to be distinguished [27].
In order to identify associated minerals, we recorded the XRD patterns of the studied samples before and
after purification by centrifugation.
The XRD analysis shows (fig 2) that the raw material is rich in kaolinite and little illite, which is associated
with non-clay mineral quartz and very little anatase (TiO2).

Figure 2. X- ray diffractogram of the raw and the centrifuged clay: K:
kaolinite, I: illite, Q: quartz, T: titanium oxide, A: anatase.
-

The comparison of the diffractograms of Tabarka clay before and after centrifugation shows clearly that the
intensity of the peaks corresponding to clayey phases increased after centrifugation. On the other hand, the
purification by centrifugation strongly decreased the rate of quartz. So, we can conclude that centrifugation
reduced the quartz quantity and increased subsequently the amount of clayey minerals: kaolinite and illite.

3.3. Evaluation of the pozzolanic activity by a mechanical method: compressive strength
According to Sayanam et al. [28], the strength development in lime-pozzolana-sand mortars is the best and safest
method for measurement of pozzolanic activity.
The obtained compressive strengths of calcined clays Tb and Tb c after 7 and 28 days of hydration are presented in
table 3. The obtained results indicate that the compressive strength of mortars containing Tb c is lower than that
containing Tb despite its higher kaolinite content. Because quartz was the main component removed by
centrifugation, we can conclude that the presence of quartz has a beneficial effect on the pozzolanic activity. This
result agrees with previous investigations which indicate that the origin of pozzolanic activity lies in the high content
of reactive silica in pozzolans [29].
Table 3. Compressive strengths of mortars made with calcined clays
Compressive strength (MPa)
Clay
7 days
28 days
Tb
7.8
11.9
Tbc
4.1
8.3
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3.4. Laser granulometry
It is well known that quartz, which is a well crystallized material, is not a potential pozzolan, but it seems that when
quartz is finally ground, it could contribute to the pozzolanic reaction. For this reason, we proceeded to the
granulometric analysis of the decanted material separated by centrifugation.
The grain-size distribution shows the presence of two particle-size ranges: (fig 3):

Figure 3. Particle size distribution of decanted fraction of clay of Tb
A class between 0.1 and 0.3 μm which corresponds to the elimination of a clayey fraction: Kaolinite (size of the
particles: 0.2 μm) [30].
A class between 1 and 20 μm which corresponds to quartz. So, the abundance of quartz in the decanted material
confirms the XRD results and the fact that centrifugation removes essentially quartz due to its relatively large size.
We can conclude that the principal difference between Tb and Tb c is the relatively high content of quartz with
particles lower than 20 μm in the crude sample. Thus, the higher pozzolanic activity of the clay rich in quartz could
be explained by two facts:
- The quartz grains act as grinding bodies and contribute to the mechanical activation of kaolinite [31], which
is largely consistent with previous results of Frost et al. [32].
- The finally ground quartz can be dissolved in alkaline solution (in presence of Ca (OH2)) to generate
soluble silica which contributes to the pozzolanic reaction.
Consequently, we can conclude that quartz with particles size lower than 20 μm has a beneficial effect on the
pozzolanicity of Tabarka clay.
In order to explain the differences in the mechanical behaviour between Tb and Tbc, the sediments of the
compressive strength were preserved in acetone for 24 hours then in oven at 60°C for 1h to remove the residual
water and to stop subsequently the hydration. The obtained fragments were submitted to XRD analysis and SEM
observations.
3.5. Identification of hydration products by XRD

Figure 4. X- ray diffractograms of the raw and the centrifuged samples-lime-sand mixtures after 28 days of
hydration (S: stratlingite, L: lime, Q: quartz, C: calcite, C-S-H: Calcium silicate hydrate, C4AH13: tetra calcium
aluminate hydrate )
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The analysis of the mortars XRD patterns for both samples after 28 days of hydration (fig 4) shows:
- Relatively intense peaks relative to quartz existing in sand and in the clay: the amount of residual sand is
higher in mortars made with Tbc.
- Peaks relative to residual lime and calcite (formed by carbonation of remaining lime). It is interesting to
note that the intensities of both residual lime and calcite are higher in mortars made with Tb c, which proves
that the pozzolanic activity of Tbc is lower than that of Tb.
- Peaks corresponding to C4AH13 which is a hydration product of the pozzolanic reaction; its intensity is
higher in mortars made with Tbc in spite of its saturation with residual lime. This fact is in agreement with
the observations made indicating that the formation of C4AH13 phase at 20°C, in a metakaolin/lime system,
is not clearly associated with the evolution of the lime content [33].
- In addition to C4AH13, we note the presence of stratlingite C2ASH8 in mortars containing Tb. The presence
of this phase is caused by a higher source of Si in the solution. This fact proves that the fine quartz particles
were dissolved by the alkaline solution and contributed to the C2ASH8 formation.
- Some peaks relative to C-S-H which is generally an amorphous material: this phase seems more evident in
mortars with Tb.
- These results agree with previous investigations: when metakaolinite reacts with calcium hydroxide,
cementitious products are formed. It has been reported that the main phases produced during the pozzolanic
reaction at ambient temperature are C-S-H, C2ASH8 and C4AH13 [34,35,36], depending on Si/Al ratio: the
most dominating reaction products are C-S-H and C4AHx in various concentrations, indicating that both Si
and Al from the clay participate in the pozzolanic reaction [13].
3.6. Scanning electron microscopy

Figure 5. Observation by SEM :Tb-a: bundle of stratlingite needles, Tb-b: snowy structure (C-S-H gel), Tbc-c: lath shaped lime
phase
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The microscopic observation of fractures of the mixtures (calcined clay + lime +sand) of Tb and Tb c hydrated for 28
days showed that:
The structure of Tb is more compact than that of Tb c , indicating a good evolution of the reaction of hydration: the
presence of a bundle of stratlingite needles (Fig 5a), a snowy structure: C-S-H gel (fig 5b). Fig 5-c, however, shows
an example of a residual lime phase: ideal crystals with lath shaped morphology. These findings totally agree with
previous results of identification of hydration products by XRD.
4. IDENTIFICATION OF REACTION MECHANISMS OF QUARTZ POZZOLANIC REACTIVITY
In order to confirm previous results and justify the pozzolanic effect of crystallized quartz with particle size lower
than 20µm, we selected three mass percentages (10%, 15% and 20%) of grinding quartz with different finenesses
equivalent to their mean diameter in µm: Q20, Q40, and Q80 for addition to ordinary Portland cement (OPC). The
required objective is to evaluate through experiments the effect of these mineral admixtures on hydration and
compressive strength of cement pastes.
4.1. Materials and mix proportions
 Portland cement: the cement that was used is an ordinary Portland cement (OPC, CEM I 42.5 Mpa; Clinker
is produced by CAT (Ciments Artificiels Tunisiens) plant,Tunisia by a dry process.
 Quartz: the quartz is crystallized silica content of more than 97%. This is a grinding quartz. The crushing is
carried out using a conventional ball crusher.
The mixture composed by OPC and (10%, 15% and 20%) respectively of quartz was cast in cubic specimens (20 
20  20 mm). The cement pastes were prepared in accordance with French standard NF EN 196- 1. After 24 h moist
curing, the specimens were demolded and cured in water at 20°C till testing at 7 and 28 days for compressive
strength.
For all mixtures, the ratio water/binder was maintained constant, equal to 0.35.
4.2. Results and discussion
4.2.1 Compressive strength
According to these results (fig.6-7), one notices that compressive strength depends on all measurable parameters:
time of tests, percentage and fineness of grinding quartz.

Figure 6. Variation in compressive strength at 7 days of
cement pastes as a function of fineness and percentage
of quartz

Figure 7. Variation in compressive strength at 28 days
of cement pastes as a function of fineness and
percentage of quartz

A global observation of the results shows that after 28 days, the compressive strength at 10, 15 and 20 % of quartz is
greater than the strength of the Portland cement (69 MPa). The maximum compressive strength can be achieved
when the percentage is about 10 %. That translates the chemical effect of crushed quartz and confirms its pozzolanic
activity. These results are confirmed by several studies. The introduction of fine siliceous particles equipped with a
certain pozzolanic role contributes to the increase in the resistance and the durability of the concretes to which they
are built-in [37,38].
The increase in strength is the consequence of various effects which act simultaneously and in a complementary way
on the compressive strengths of cement pastes [39]: the two main ones being the filler effect and the pozzolanic
effect [39,40].
Filler effect: an improvement of the compressive strengths by a thickening of the cementing matrix.
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The pozzolanic effect relates to the capacity of quartz to react with lime provided in the case of Portland cement and
water to form new mineral phases and increase resistances by refining capillary pores.
Concerning the influence of the fineness of grinding quartz, we see clearly that the compressive strengths of cement
pastes at any age, increase with the fineness of quartz.
The highest strength is observed for the fraction lower than 20µm. The finer the particles are, the more effective
their role is. These results are in agreement with the suggestions of the works [41,42,43,44], that there is an optimum
quartz PSD which gives the highest strength and confirms well the previous conclusions of the first part that quartz
with particles lower than 20µm contributes to the pozzolanic reaction.
4.2.2 Mineralogical analysis
Figure 8 presents the XRD diffractograms for the crushed quartz (fineness equal to 20 and 40µm). We can notice
that the two diagrams are similar. They present a crystalline structure of quartz. The only difference resides in the
emergence of a small peak at 3.24 Å attributed to an amorphous quartz. This indicates the effect of the grinder.
According to Tkacova et al. [45], the grinder is considered as a reactor that changes the surface structure of particles.
Similarly, De Larrard [46] showed that the quartzes crushed deemed crystal, are amorphised on surface (nothing is
ultra-fine inert). Afterwards, quartz can be associated with lime according to its classic pozzolanic reactivity.
As regards the evolution of mixture hydration (90 %OPC + 10 % Q) as a function of time, to clarify the effect of this
mineral admixture (quartz) in Portland cement, we followed mixture hydration pastes (100 % OPC) and (90 %OPC
+ 10 % Q with fineness 20µm) by XRD (figure.9)

Figure 8. X- ray diffractograms of quartz with fineness 20 and 40 µm

Figure 9. X- ray diffractograms of mixtures hydration (100% OPC) and (90% OPC + 10% Q with fineness 20 µm)
at 28 days
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It can be observed that in the presence of grinding quartz, the line intensities of lime (4.90 Å, 3.03 Å, 2.62 Å)
decreased as compared to the Portland cement, which explains the lime fixing by the silica grains to form C-S-H.
Knowing that, the pozzolanic activity is evaluated by the lime consumption. So, the XRD analysis is the most
reliable chemical analysis which proves the quartz pozzolanic reactivity.
In the same way, the line intensities of cement minerals ( Ettringite,C3S and C2S) decreased and C-S-H
appearances in the mixture hydration with quartz at 28 days, which proves the pozzolanic reactivity of quartz
particles lower than 20 µm. This confirmed the previous results which totally agree with those confirming the
pozzolanic reactivity of grinding quartz mixed with lime [47].
5. CONCLUSION
This paper aims to compare the pozzolanic activity of the whole and the centrifuged clays Tb and Tbc and show the
pozzolanic effect of secondary minerals: quartz.
From the results presented in this paper, we can conclude that:
 The X-ray diffraction is an important tool to identify the nature of the clayey minerals and secondary
minerals.
 The pozzolanic activity assessed by mechanical tests showed that the activity was directly related to the
percentage of quartz present in samples: the higher the quartz content, the better the compressive strength.
 The granulometric analysis of the decanted material separated by centrifugation showed that quartz with
particles size lower than 20 μm had a beneficial effect on the Tabarka clay pozzolanicity.
The analysis of the mortars XRD patterns of the hydrated pastes showed that the reaction products were C4AH13
with intensity peaks higher in mortars made with Tbc and C2ASH8, formed in presence of high silica concentration
only detected with clay rich in quartz: Tb.
The results of the final part suggests that:
 The use of quartz as a substitute for Portland cement improves the compressive strengths. This change is a
function of fineness and percentage of these mineral admixtures. The latter has an optimum effect on
compressive strengths when the percentage is about 10 % and a 20µm fineness of crushed quartz.
 At 28 days of hydration, in the presence of quartz, intensity rays of lime and cement minerals decreased as
compared to 100 % OPC. This explains the hydration of calcium silicate and confirms the quartz
pozzolanic reactivity with particles lower than 20 µm.
 Finally, we can conclude that despite its crystalline structure, quartz presents a pozzolanic reactivity.
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LIST OF NOTATIONS
Tb: crude sample from Tabarka
Tbc: centrifuged sample from Tabarka
L.O.I: loss on ignition
CC: calcined clays
CH: calcium hydroxide
PSD: Particle Size Distribution
EN 196- 1: European standard norm
XRD: X-ray diffraction
SEM: Scanning Electron Microscopy
NF P 18- 592: French standard norm
EDXA: energy-dispersive X-ray analysis
SS: specific surface
ASTM: American Society of Testing and Materials
C-S-H: calcium silicate hydrate
C2ASH8: stratlingite
C4AH13: tetra calcium aluminate hydrates
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