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The pozzolanic activity of calcined clays depends on the type and amount of clayed minerals, the nature
and amount of impurities, the thermal treatment used for its activation and the specific surface obtained
after calcination. In this paper, four test methods for assessment the pozzolanic activity on seven calcined
clays (five kaolinites and two bentonites) were analyzed. Natural clays were calcined and investigated by
two direct tests (Frattini and saturated lime) and two indirect tests (strength activity index and electrical
conductivity). Frattini test and the strength activity index (SAI) were found to be the most accurate and

g{gsgﬁila reliable methods to assess pozzolanic activity over time. Frattini test evaluates accurately the calcium
Kaolinite v hydroxide (CH) consumption by pozzolanic reaction, and SAI test discriminates the real contribution of

pozzolanic reaction to densification of microstructure. The electrical conductivity (EC) and the lime con-
sumption (LC) tests evaluate the ability of pozzolanic material to fix CH during the first time of contact
and their results are correlated with the specific surface of calcined clay.
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1. Introduction

Pozzolans are defined as “a siliceous or siliceous and aluminous
material, which in itself possesses little or no cementitious value
but will, in finely divided form and in the presence of moisture,
chemically react with calcium hydroxide at ordinary temperatures
to form compounds possessing cementitious properties” (ASTM C
618 [1]). The pozzolanic reaction is slow, consumes calcium
hydroxide (CH) and reduces the pore and grain size of the cement-
ing system. The pore size refinement effect is related to the forma-
tion of additional C-S-H that fills up large capillary pores, thus
improving the strength and the impermeability of the system; while
the grain size refinement is caused by the reduction in the content
and size of CH crystals improving the matrix and the transition-
zone densification [2].

Today, the relative scarcity of traditional supplementary
cementitious materials (SCMs) or their localization, whose trans-
port causes a great economical and environmental impact, encour-
ages the development of new supplementary materials, as well as
the evaluation of pozzolanic activity [3,4]. Among the new SCM,
the production of calcined clays is pointed out as a possible candi-
date to fill this gap [5]. Calcined clays from different location in the
world have been largely studied [6-14].
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Clay deposits contain a mixture of different clay minerals (kao-
linite, illite, montmorillonite, palygorskite, and others) and a large
proportion of impurities of non clay materials, such as quartz, cal-
cite, feldspars, mica, anatase and sulphides [15]. After heat treat-
ment, He et al. [16] concluded that kaolin and some
montmorillonites had the highest pozzolanic activity, the rest of
clay materials could be considered of low-pozzolanic activity.
These clays are thermal activated when the heat treatment (550-
900 °C) produces the dehydroxylation of argillaceous minerals to
obtain amorphous aluminosilicate phases (AS,, AS4), preventing
the formation of mullite precursor to AS,. Amorphous phases react
with CH in the presence of water producing a cementing com-
pound like C-S-H and some hydrates of alumina bearing phase
[10,17,18]. The proposed reactions are:

AS; + 3CH + 6H — C—S—H + C,ASHg (1)

AS4 + 5CH + 6H — 3C—S—H + C,ASHg (2)

The optimum thermal treatment (temperature, residence time
and cooling down) for activation of different clays is assessed mea-
suring the pozzolanic activity of calcined material. According to
Donatello et al. [19], the tests for the assessment of pozzolanic
activity are divided into two groups: direct methods, which mea-
sure the CH consumptions by the pozzolanic reaction (chemical
titration, XRD and TGA); and indirect methods, which measure a
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change of property related with the pozzolanic reaction (strength
activity index - SAI, electrical conductivity, conduction
calorimetry).

Among the chemical titration methods, the Frattini test is stan-
dardized and it can accurately define the pozzolanic activity of
blended Portland cements measuring the CH consumption released
during PC hydration. This test is very sensible to the chemical char-
acteristic (silicic-aluminic or aluminic-silicic) of pozzolan and the
alumina content of Portland cement used [20-22]. The saturated
lime test also measures the amount of calcium consumption (LC)
of pozzolan, but this test cannot provide reliable results [19]. With
several variations in mixture proportions, the most popular stan-
dardized indirect test [23-25] is the SAL It measures the contribu-
tion of pozzolanic reaction on densification of cementitious matrix,
but also includes the packing effect that improves the compressive
strength. Results of this type of tests depend on the water-to-bin-
der ratio (w/b) for the same consistency and the proportion and the
type (by volume or by mass) of replacement of cement by SCM that
modifies the water content on mortar [26-28]. Pourkhorshidi et al.
[28] recommend that SAI should be obtained on mortar with 20%
natural pozzolan replacement at identical w/b, and Bentz et al.
[29] state that the replacement of cement by SCM should be made
by volume. A quick indirect test is based on measuring the change
in electrical conductivity of pozzolan dispersed in saturated lime
solution. It was developed by Luxan et al. [30], modified by Yu
et al. [31] and Paya et al. [32]. Sinthaworn and Nimityongskul
[33] proposed this measure using ordinary Portland cement
(OPC) solution.

The correlation between the results of the different tests has
been investigated for different types of SCM [19,33], but they are
not exhaustively analyzed for different types of calcined clays. This
type of SCM have a large amount of alumina in the glassy phases
that reacts quickly with CH at ordinary temperatures to form alu-
minates phases, which have not cementitious properties that con-
tributing to enhance the strength or to reduce the permeability.
Also, they have a large specific surface causing fasts consumption
of CH from solutions.

The objective of this study is to analyze the test methods to as-
sess the pozzolanic activity of calcined clays from different origins.
The pozzolanic activity of seven calcined clays was investigated by
two direct (Frattini test and saturated lime test) and two indirect
tests (SAI and electrical conductivity). Results are discussed
according to the mineralogical composition of clay, the pozzolanic
reaction and the amount of available CH in each test method.

2. Experimental
2.1. Materials and characterization

Seven natural clays (five kaolinites and two bentonites) from
different regions of Argentina were used as raw materials. Table 1
presents the chemical composition of the samples performed by
ICP-AES analysis in external laboratory (ALS, Argentine). Loss on
ignition (LOI) was measured by oven drying natural clays at
105 °C to constant mass before calcining at 1000 °C for 1 h, cooling
and re-weighing. All clays before the thermal treatment conform
the chemical requirements stated in ASTM C 618 [1] (S+A+
F > 70% and SOs < 4%) for Class N pozzolan.

Fig. 1 shows X-ray diffraction (XRD) spectra of all clays and the
mineralogical species are identified. It shows that K1-clay is mainly
composed by kaolinite (K) and a very low amount of quartz (Q). For
K2, K3 and K4 clays, kaolinite and quartz were accompanied with a
low amount of illite (I). K5-clay presents kaolinite, quartz, illite and
alkali feldspars as anorthite (An) and orthoclase (O). For all the
samples, XRD reveals a slight presence of anatase (A). For BN and

BLP clays, montmorillonite was identified as the main clay-min-
eral, and the non-clay minerals were quartz and feldspar. The
BLP-clay also reveals the presence of cristobalite, a polymorphism
of 5102

For K1-K5 clays, the content of kaolinite (K) was calculated as
the weight loss from 500 to 700 °C determined by DTA-TG using
a NETZCH STA 409C thermobalance and assuming a 13.76% of
weight loss in pure kaolinite [34]. For bentonites, DTA-TG analysis
shows the weight loss of absorbed water between the silicate
sheets at low temperatures (100-200 °C) and the weight loss due
to dehydroxylation of montmorillonite around 400-900 °C. The
montmorillonite content was calculated comparing the mass
losses obtained in the second temperature range with the weight
loss of standard montmorillonite (~4.1%) [35]. The kaolinite and
montmorillonite content is reported in Table 1.

The crystallinity of the kaolinite phase was evaluated by the
Hinckley index (HI) [36] and the results are reported in Table 1.
This index indicates a less density of crystalline defect when it
has a high value (HI > 0.5), while HI-values less than 0.5 indicate
a disorder crystalline structure. When the studied clays are com-
pared, kaolinite in K1-clay has the highest ordered structure, and
kaolinite in K2-clay has the lower one.

The thermal treatment of clays was carried out in a laboratory
programmable furnace using a fixed bed technique. The samples
were heated from ambient temperature up to 700 °C, where they
remained for 5 min. Subsequently, samples were cooled in the fur-
nace until 450 °C and finally cooled down in desiccator at ambient
temperature, obtaining MK1-MK5 and BLPc-BNc. After thermal
treatment, the transformation of kaolinite to an amorphous mate-
rial was checked by XRD, showing that the peaks corresponding to
kaolinite disappear [37]. For bentonites, the displacement in the
main basal spacing (dgo; plane) from 13-14 A of raw clays to
9.2-9.6 A of calcined clays at 700 °C confirms the complete loss
of interlayer water of the montmorillonite [38]. The total porosity
of calcined clays was determined using a Carlo Erba 2000 mercury
intrusion porosimeter (MIP) in the pore size radius from 3.7 to
7500 nm. The pH was determined by preparing a 10:1 liquid to so-
lid ratio suspension using deionized water at 40 °C. It was shaken
for 5 min and left for 3 h to equilibrate before measuring the pH
[19]. The electrical conductivity of this suspension was also mea-
sured and reported in Table 1.

Finally, the calcined clays were ground in a mortar type mill
(Fritsch Pulverisette 2) until fineness was lower than 45 pm. In this
material, the particle size distribution was determined by Malvern
Mastersizer 2000 laser particle size analyzer and the dgg, dso and
dyo diameters were calculated. Complementary, the specific sur-
face area was determined using the Blaine methods (ASTM C204-
04 [39]) and the specific gravity was determined by pycnometry.
These physical parameters are reported in Table 1.

2.2. Pozzolanic activity tests

The pozzolanic activity of calcined clays was measured by two
direct methods (Frattini test and saturated lime test) and two indi-
rect methods (strength activity index and the electrical conductiv-
ity). A brief description of these methods is presented here.

2.2.1. Strength activity index (SAI)

The compressive strength was assessed on mortars cubes
(25 x 25 x 25 mm>) made with standard sand (1:3) and constant
water to binder ratio (w/b) of 0.50. Control mortar cubes were pre-
pared using a normal Portland cement (PC) with a chemical com-
position reported in Table 1. The blended cement was composed
by 30% w/w of calcined clay and 70% w/w of Portland cement.
Complementary, an inactive pozzolan sample was prepared using
30% w/w of finely ground quartz as replacement of PC. The mortar
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Table 1
Composition and properties of clays and Portland cement (PC).
Sample K1 K2 K3 K4 K5 BLP BN PC
Chemical composition of raw clays, %
Si0, 45.90 51.40 59.40 65.70 74.80 63.90 54.80 19.93
Al,03 37.00 31.03 27.10 21.10 14.80 12.60 15.75 5.54
Fe,03 0.77 0.92 0.76 0.85 1.10 0.99 1.26 3.00
Ca0o 0.08 0.40 0.15 0.26 0.30 1.16 1.76 58.62
MgO 0.12 0.19 0.12 0.22 0.26 3.6 5.0 3.81
SO; - - - - - - - 3.22
Na,O 0.06 0.36 0.14 0.07 0.92 1.52 3.01 0.70
K>,0 0.40 0.38 041 0.68 3.71 0.29 0.96 1.11
TiO, 0.99 1.42 0.26 043 0.18 - - 0.34
Loss on ignition 13.30 12.15 9.65 7.77 3.44 - - 3.19
SiO; + Al 05 + Fe;03 83.7 83.4 87.3 87.7 90.7 77.5 71.8 -
Mineralogical composition of raw clays
Kaolinite, % 98 65 56 44 19 - - -
Montmorillonite, % - - - - - 54 59 -
Order index of kaolinite
HI 1.19 0.36 0.47 0.74 0.98 - - -
Order/disorder +0 +D D [0} 0 - - -
Physical properties of calcined clays
Specific gravity, m?/kg 2.38 2.41 2.17 2.54 2.49 1.84 2.16 3.10
Specific surface Blaine, m?/kg 1461 2287 1865 981 1399 2327 1243 383
Total porosity, mm?>/g 91 403 348 285 254 284 162 -
pH 6.5 52 5.0 52 5.4 8.2 8.4 -
Electrical conductivity, mS 0.15 0.14 0.09 0.07 0.60 0.42 0.64 -
Particle size distribution
dqp, pm 34.59 22.85 12.84 23.98 27.44 27.16 34.78 49.67
dsp, Hm 7.30 6.35 3.99 6.32 5.61 493 9.43 15.37
dgo, tm 1.28 1.22 1.26 1.75 1.35 1.03 1.27 233
M
(001) M
Q Crist.
EQE P M BLP
M
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M % FoAR F M BN
. | Qemal
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Fig. 1. XRD spectra for natural raw clays used. (K = kaolinite; Q = quartz; [ =illite; An = anorthite; O = orthoclase; A = anatase; M = montmorillonite; Crist = cristobalite.)

was mixed in a planetary orbital mixer for 5 min and the speci-
mens molded and compacted according to the standard procedure.
The specimens were cured in a moist cabinet for 24 h, and then de-
molded after 24 h and immersed in saturated lime water at
20+ 1 °C until test age. At 7, 28 and 90 days, the compressive
strength was determined as the average of three specimens using
universal testing machine Instron 4485. Finally, the strength

activity index (SAI=A/Bx100) was calculated as the ratio of the
compressive strength of blended cement mortar (A) to the strength
of the Portland cement mortar (B) at the same age, as percentage.
For this type of test, several standards (ASTM C 618 [1], EN 450-1
[23] and IRAM 1668 [40]) agree that pozzolan is active when SAI is
greater than 75% at 28-days. Complementary, the XRD analysis was
made on mortar samples at 28 days to check the presence of CH.
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After the compressive test, fragments of mortar were immersed in
acetone for 24 h and dried in oven at 40 °C overnight. Then, they
were carefully crushed and screened through a 75 pum sieve
(#200) in order to remove bulk sand particles. Afterwards, this
material was ground and passed through a 45 pm sieve (#325)
and analyzed by XRD.

2.2.2. Frattini test

Frattini test was carried out according to the procedure de-
scribed by IRAM 1651:03 standard (a procedure similar to the
old EN 196:5 standard [41]). In this method, test samples were pre-
pared as 20 g of blended cement (70% PC and 30% by mass of
ground calcined clay) and mixed with 100 ml of boiled distilled
water. After preparation, samples were left for 7 and 28 days in a
sealed plastic container in an oven at 40 °C. At test time, samples
were vacuum filtered through a 8 pum nominal pore size filter pa-
per and allowed to cool to ambient temperature in sealed Buchner
funnels. The filtrate was analyzed for [OH™] by titration against di-
lute HCl with methyl orange indicator and for [Ca®*] by pH adjust-
ment to 13, followed by titration with 0.025 M EDTA solution using
Murexide indicator. This test compares the [Ca?] and [OH™] con-
tained in an aqueous solution that covers the hydrated sample at
40 °C for a given time (7 and 28 days) with the solubility curve
for CH in an alkaline solution at the same temperature. Calcined
clay is considered as active pozzolan when the [Ca?*], [OH] in
the solution is down the solubility isotherm.

2.2.3. Lime consumption test (LC)

In this test, the Ca(OH), consumption in the saturated lime
solution—-clay suspension is analyzed at different ages [42]. Firstly,
Ca(OH), saturated solution was prepared at 40 =1 °C. Then the
solution was filtered and fractionated in hermetic recipients con-
taining 25 ml of saturated solution and 2.5 g of calcined clays were
added. These suspensions were maintained at 40 + 1 °C until 1, 7,
14 and 28 days. Then, the suspension was filtered and titrated
using HCl 0.02 M to determine the [CH] in solution. Results of LC
are expressed as the ratio between [CH] obtained from the solution
in contact with calcined clay and the [CH], at initial time.

2.2.4. Electrical conductivity test (EC)

It was determined using a similar procedure to those proposed
by Luxan et al. [30] and modified by Yu et al. [31]. This test consists
in monitoring, at regular intervals of time, the electrical conductiv-
ity of 20 ml of saturated solution of calcium hydroxide at 40 + 1 °C
after 2 g of calcined clays were added to the beaker. Electrical con-
ductivity was measured using a Jeway 4010 conductivity meter.
The EC values gradually decrease with the time when the added
material is reactive due to the consumption of ions by the pozzola-
nic reaction [43].

Table 2
Compressive strength of mortars (CS in MPa) and strength activity index (SAI) at 7, 28
and 90 days.

Age (days) PC Q MK1 MK2 MK3 MK4 MK5 BLPc BNc

7

CS 30.6 21.0 247 322 271 205 206 222 226
SAI 069 081 105 089 067 067 073 074
28

(& 384 252 378 490 412 368 309 296 337
SAI 065 098 128 107 096 080 077 0.88
90

(& 40.8 26.7 451 574 480 415 342 396 403
SAI 065 111 141 118 1.02 084 097 0.99

3. Results

The results of compressive strength (CS) of Portland cement and
Portland blended cements and the strength activity index (SAI) are
summarized in Table 2.

For 30% of replacement, the dilution effect is equivalent to an
increase of the water to cement ratio from 0.5 to 0.71 [44] and it
causes a reduction of CS. This effect can be measured in the mortar
containing 30% of ground quartz (Q) and it causes a reduction of
31-35% in CS from 7 to 90 days. Then, Q mortar has a SAI lower
than 0.70. When calcined clay is incorporated to blended cement,
the increase of SAI above 0.70 will be attributed to the pozzolanic
reaction of active phases with the CH released during the cement
hydration.

At 7 days, it can be observed that the addition of calcined clays
causes a reduction in the CS (SAI < 1.00), with the exception of MK2
(SAI = 1.05). For MK4, MK5, BNc and BLPc, the SAI was close to the
SAl-value of Q-mortar and lower than 0.75, the SAI requirement
established by ASTM C618 standard [1]. After 28 days, MK1, MK3
and MK2 have a SAI near or greater than 1.00, while the other four
calcined clays presented a SAI < 1.00, but it was greater than 0.75
and all calcined clays can be considered as active pozzolan. At
90 days, MK1, MK2 and MK3 presented a SAI > 1.00; MK4, BNc
and BLPc have a SAI close to 1.00, and MK5 presents a SAI of
0.84, indicating that the contribution of pozzolanic reaction cannot
compensate for the reduction of cementitious materials.

Results of Frattini test are presented in Fig. 2 as dot in the graph
of [Ca?*] versus [OH]. In this graph the calcium isothermal curve
demarcates the pozzolanic area below this curve and the non-poz-
zolanic area above it. This procedure assumes that no other source
of Ca®* is present in the system, as the leaching of calcium would
invalidate this approach [19,45].

At 7 and 28 days, results of pastes containing MK1, MK2, MK3
and MK4 are lying below the solubility line and near the x-axis,
indicating that all Ca?* released by cement hydration to solution
was removed due to the progress of pozzolanic reaction. Results
of MK5 at 7 days is lying near below the solubility line indicating
its poor pozzolanic activity, and its result at 28 days is above the
line due to the increase of [OH™] without [Ca?*] reduction. BNc
and BLPc show good pozzolanic activity at 7 days, and the progress
of pozzolanic reaction is observed for both calcined clays at
28 days (dots are located to the left and down in the pozzolanic
area). BLPc shows a large reactivity at both ages, but it was lesser
than those calcined clays containing MK. The result of Q is above
the line corresponding to no pozzolanic activity. A control sample
of 100% PC was also compared to ensure that this result lies on the

Q7

I | |
| !
- PC,

61 MKS: Qe *

[Ca0] mmol/l

=1

4 i 28
| V/\ BNc;
% P ®

2 e B“in

MK 7 BTy MKka,

30 40 50 60 70 80 90 100 110
[OH-] mmol/l

Fig. 2. Frattini test results for blended cement containing 30% of calcined clays
tested after 7 and 28 days of curing at 40 °C.
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Fig. 3. Lime consumed test results for the calcined clays 1, 3, 7 and 28 days of at
40 °C.
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Fig. 4. Relationship between electrical conductivity and elapsed time of tested
calcined clays.

saturation curve. With exception of MK5-clay, blended cements
can be considered as pozzolanic cement according to the results
of the Frattini test.

For the studied calcined clay, the lime consumption versus age
is showed in Fig. 3. During the first day, the MK2 presents a signif-
icant LC indicating its high reactivity, while MK1 shows less LC in-
stead of its high content of metakaolin. At 7 days, MK3 and MK2
consume more than 90% of CH in solution, while MK4 consumed
85%. Paradoxically, MK1 and MK5 contain the highest and lowest

Table 3
Classification of pozzolanic activity of calcined clays.

proportion of kaolinite and both calcined clays have the same LC
at 7 days (approximately 80%). At 14 days, MK4 attains the same
LC as MK2 and MK3; while the progress of the pozzolanic reaction
of MK1 causes a drop in the remaining CH in solution. At the end of
the test, MK2, MK3 and MK4 cause the depletion of more than 95%
of [CH]p and MK1 has a 94% of LC. On the other hand, MK5 presents
a slight LC from 14 to 28 days, indicating that the reactive phase in
calcined clay has exhausted. For bentonites, the [CH] decreases
drastically during the first day and more than 85% of [CH]o was
fixed or consumed after 7 days. BLPc appears with higher LC than
BNc, and later the LC was similar for both calcined bentonites.

For this test, all calcined clays, with exception of MK5, consume
more than 90% of the available CH from the solution in 14 days.
BLPc and BNc are presented as the most reactive pozzolans in this
test at 28 days.

Fig. 4 shows the electrical conductivity (EC) of lime-water solu-
tion after addition of calcined clays recorded as a function of time.
The EC drops drastically during the first 30 min, due to the fast
reduction of Ca®* and OH" in the lime-water system [30] and it is
attributed to the fixation of dissolved CH by calcined clay particles
[31,46]. Later, the EC decreases slowly until approximately 8 h and
finally its value remains approximately constant, except for MK4
and MKS5 clays.

After 24 h, EC showed that MK2 is the more reactive pozzolan,
followed by MK3, MK4, MK5 and finally MK1. For BLPc, the EC
drops during the initial 30 min and then remains until 24 h. For
BNc, the EC decreases slowly from 30 min until 6 h and then it
remains.

4. Discussion

The pozzolanic activity of the calcined clays was ordered from
the best to the worst in Table 3 according to the results obtained
in each test method used. The criteria were the SAl-value, the
CaO removed in the Frattini test calculated as the difference be-
tween the theoretical maximum [CaO] and the sample calcium
concentration [CaO] expressed as a percentage of the theoretical
maximum CaO removed [19], the LC-value and the EC-value of
lime-clay suspension.

From the results of SAI and Frattini tests, the reactivity order of
calcined clays was the same: MK2, MK3, MK1 and MK4. MK5 and
both bentonites were classified as the worst in different order. For
the LC and EC tests, results overvalue the pozzolanic activity for
both bentonites, and there is an undervaluation of this property
for MK1.

According to Massazza [47], the term ‘pozzolanic activity’ covers
all reactions occurring among the active constituents of pozzolan,
lime (released by the Portland cement hydration) and water. This
term includes two parameters: the maximum amount of lime that
a pozzolan can combine and the rate at which such combination

Test SAl

Frattini

Lime

. EC residual
consumption

Age, days 7d 28d 7d

7d 28d 1h 4h 24h

Best MK2 MK2 MK2

Pozzolanic

activity BNc  BNc

BLPc BNc
Worst BLPc

BLPc BLPc

MK2 BNc MK2 MK2 MK2
BLPc BLPc BLPc BLPc

BLPc MK2

BNc BNc BNc BNc




324

100

90 | 3 ]
80| i
70 s i ,-‘MKZZB',"'
aol BNgz . O
50
40 o B

30
20
10

0

Argilloceous material, %

N8

o

—

[

X

S MKSgg

L

09 10 11 12 13 14 15
SAl

06 07 08

Fig. 5. Relation between the SAI and the percentage of argillaceous minerals in the
clay.

occurs. The overall amount of combined lime depends essentially
on the nature, the quality and quantity of the active phases present
in the calcined clays. It also depends on some factors determined
by the test method used (the lime/pozzolan ratio in the mix and
the length of curing). On the other hand, the lime combination rate
depends on the specific surface area of pozzolan, the water/solid
ratio and the temperature of curing.

The nature and quality of the active phases obtained from dif-
ferent natural clays produce different capabilities to combine with
CH. For kaolinitic clays, the reactivity of obtained metakaolin (AS,)
depends on the geological nature (primary or secondary source),
the order/disorder and the amount of kaolin in raw clay, the calci-
nations conditions (temperature, residence time) and the fineness
of the final product [8]. For complete pozzolanic reaction, 1 g of
metakaolin could combine with a maximum of 1 g CH to form C-
S-H (I), CASHg (stratlingite), and some quantities of C;AH;3 and
C3ASHg (hydrogarnet) [17]. For the bentonites, the reactivity of
the alumina-silicate phase obtained after calcinations depends on

A. Tironi et al./Cement & Concrete Composites 37 (2013) 319-327

the type of montmorillonite (Ca-montmorillonite had higher poz-
zolanic activity than Na-montmorillonite); the temperature of cal-
cination and the reduction of specific surface after calcinations
[9,14]. This active phase (AS,) reacts with CH to give C-S-H as
the main product of pozzolanic reaction [9]. The stechiometric cal-
culation gives that 1 g CH is combined with 0.9 g of calcined mont-
morillonite. Small quantities of moncarboaluminate and Mg-Al-
silicate are found as reaction products, too.

Fig. 5 illustrates the relation between the percentage of argilla-
ceous minerals in the raw clay and the SAI at 28 and 90 days. At
28 days, there is a poor correlation between SAI and the clay min-
eral content because the rate of pozzolanic reaction varies widely
between the calcined clays analyzed. At later ages (90 days), the
SAI is more dependent on the clay mineral content rather than
the clay mineral type, as described by Habert et al. [15], because
the degree of pozzolanic reaction is equilibrated during prolonged
curing time. For kaolinites, the pozzolanic activity measured by SAI
is proportional to the content of clayed mineral phases and inver-
sely proportional to the content of inert or crystalline phases
(quartz, feldspar, etc.), with exception of the MK1 that presents an-
other quality of MK. This clay has a large content of kaolinite, but
its structure is judged as highly ordered causing an active phase
with low porosity and low specific surface after thermal treatment
that reduces the rate of reaction. On the other hand, the high reac-
tivity of MK2 is attributed to the great disorder in the kaolinite
structure that causes a large porosity and a large specific surface
of calcined clay (see Table 1). Then, the crystallinity of kaolinite,
a structural factor, plays an important role in the pozzolanic activ-
ity, causing different rates of reaction of the active phase. The bad
correlation between SAI and clay content for K1 could be attributed
to a large proportion of metakaolin still unreacted. The different
reactivity of MK1 and MK2 was also observed in the Frattini test
at 7 days, the CH consumption in the LC and EC tests.

For calcined bentonites, the reaction of active phase with lime is
slower than the corresponding to the metakaolin, causing low con-
tribution to compressive strength at 7 and 28 days. Later, a signif-
icant contribution is observed at 90 days.
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The pozzolanic reaction of calcined clays can be limited by the
insufficient amount of CH in the system. For SAI and Frattini tests,
the CH is supplied by the hydration of PC. Depending on the C3S/
C,S ratio, the maximum amount of CH released by complete hydra-
tion of PC is in the range of 16-28% w/w. Cement used produces
0.20 g of CH by g of cement (20% w/w). Thereafter, blended cement

containing 70% of PC has 0.14% w/w (0.20x0.70) of CH when it at-
tains to complete hydration giving 0.58 g of CH by g of calcined
clay. This ratio indicates that all CH will be consumed when the
raw clays contain approximately 50% activated calcined argilla-
ceous minerals in the sample. Fig. 6 reports the XRD of mortars
at 28 days. It can be observed that kaolin containing more than
45% of kaolinite produce calcined clay (MK1 to MK4) that are capa-
ble of combining most of the available CH within 28 days, whereas
MKS5 are uncapable of chemically binding the CH provided by ce-
ment hydration. For bentonites, the CH peaks are identified in both
mortars at 28 days and the peak intensity is too high for BN clay,
indicating that some part was still uncombined after 28 days.

For the LC and EC tests, the CH to calcined clay ratio is 0.014 w/
w. This ratio is too low and very reactive calcined clay (MK2) con-
sumes rapidly more than 80% of CH present in saturated lime solu-
tion at 1 day, causing the drop of EC. On the other hand, MK1
consumes 60% of CH of solution producing high residual EC. There
is a linear relationship between LC and EC at 1 day (Fig. 7) for the
same type of argillaceous mineral. The large CH consumption in
bentonites without EC drop could be attributed to an interchange
ion reaction of Ca*? by Na*, which is equilibrated at 7 days causing
a linear good correlation between the LC result at 7 days and the EC
result at 24 h.

Results of Frattini, LC and EC tests show that CH was largely
consumed. Then, these tests could fail to classify the order of cal-
cined clay reactivity in relationship with the SAI test that measures
the densification of microstructure, which produces the cementing
compounds generated by the pozzolanic reaction. The composition
of calcined clays, especially the content of reactive alumina, is
responsible for the quick consumption of CH [19]. Kaolinitic cal-
cined clays have appreciable quantities of reactive alumina favor-
ing the formation of calcium aluminate phases (C;ASHg, C4AH13
and C3AHg-C,ASHg) detected by XRD analysis (see Fig. 6). The reac-
tive alumina also tends to substitute for silica in the structure of C-
S-H, thus increasing the Al/Ca ratio of the C-S-H. In this case, the
hydrated phase is often referred to as C-A-S-H [48].

The rate of pozzolanic reaction depends on the water/solid ratio
(w/s) and the temperature [6], which are different in the SAI and
Frattini tests. For Frattini test, the w/s increases ten times and
the temperature rises from 20 to 40 °C, and both factors increase
the consumption of CH. The pozzolanic reaction is slower in paste
(reduced w/s) than in dispersion solution and it is still incomplete
after many years. It is due to the severe drop in the mobility of
chemical species that governs the later pozzolanic reaction in the
paste and could stop it progresses [47].

In the Frattini test, the acceleration of pozzolanic reaction pro-
duces the complete consumption of CH after 7 days for MK1 to
MK4. Then, the location of the point in the graph does not change
at 28 days. For bentonites, there is a progress in CH consumption
from 7 to 28 days. For this situation, the complete consumption
of CH in MK1-MK4 and two bentonites resulted in no significant
correlation between results from this test and SAI (Fig. 8), contrary
to the report by Donatello et al. [19]. The compressive strength de-
pends on the nature and compactness of the hydration product
formed, especially C-S-H, during the pozzolanic reaction. For MK
calcined clays, the alumina phases formed (C3A-CH-H;,) consume
a large proportion of CH (crystal size refinement) with poor contri-
bution to compressive strength [6,49], while the compressive
strength development (SAI 0.67-0.80 for MK3 and MK4) depends
mainly on the pore size refinement caused by the pore filling due
to C-S-H or C-A-S-H formation [2]. The alumina phase assem-
bling depends on the variation of CH/AI ratio during time [49]
and the curing temperature [42]. For BLPc and BNc, the aluminum
phases are less likely to form (see Fig. 7) and the main product of
pozzolanic reaction is the C-S-H.
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LC and residual EC measure the short-term activity of calcined
clays and this property essentially depends on the specific surface
area of pozzolan. For these tests, cement hydration is not involved
and the pozzolanic reaction occurs in solution. Fig. 9 shows the
relationship between the specific surface of calcined clay and the
LC at 1 day or the EC at 1, 4 and 24 h. It can be observed that the
CH was quite consumed when the specific surface of calcined clay
increases. The reaction rate of MK2 is higher than MK1; this differ-
ent behavior can be attributed certainly to the higher specific sur-
face, which favors a higher initial rate of lime combination or
fixation. For calcined bentonites, the high specific surface and the
cation exchange capacity could be sufficient to remove most of
the calcium from the solution in a few hours. However, the com-
pounds formed do not contribute to compressive strength and
the initial SAI is low. Fig. 10 shows the correlation between the
SAI at 28 days and the residual EC (24 h). A linear relationship be-
tween both measures for the same type of clays can be seen. This
suggests that there is a different contribution to cementing com-
pounds of MK and bentonites.

Finally, the results of pozzolanic activity test depend on the nat-
ure, crystallinity and content of reactive alumino-silica glass in the
calcined clay, the type and mineralogical composition of cement
used and the level of cement replacement. To define the pozzolanic
activity of calcined clays, authors recommend the use a combina-
tion of the Frattini test to evaluate accurately the CH consumption
in blended cement and the SAI tests to discriminate the real contri-
bution of pozzolanic reaction to the microstructure densification
that cause the improve of strength.

5. Conclusions

From the results obtained in the evaluation of the pozzolanic
activity of calcined clays for replacement in cement, the following
conclusions can be drawn:

o The Frattini test (direct) and the strength activity index (indi-
rect) were found to be the most accurate and reliable methods
to assess pozzolanic reaction of calcined clays to be used in
blended cements The Frattini test monitors the CH content, giv-
ing a good indication of the pozzolanic character of the blended
cement formulated with calcined clays containing different
argillaceous minerals.

e The pozzolanic reaction of calcined bentonites as substitute of
cement favors the formation of silicate phases, while this reac-
tion for calcined kaolines produces the formation of early AFm
phases (C3A-CH-H;,) and later the presence of strdtlingite
(C,ASHg). This aluminic character of the pozzolanic reaction
consumes a large proportion of CH during Frattini, LC and EC

tests and can lead to overvalue the pozzolanic activity of cal-
cined clay in relationship with the SAI results that show the
engineering performance of the blended cement.

o The very large specific surface of calcined clays (980-2300 m?/
kg) causes a great influence on the short-term pozzolanic activ-
ity, while the long-term activity is related to the chemical and
mineralogical composition of the amorphous phases present
in the calcined clays. Then, the electrical conductivity and the
lime consumption tests evaluate the ability of pozzolanic mate-
rial to fix CH during the first time of contact. Both properties
show a good relationship with the specific surface of calcined
clay, which is capable of exhausting the CH quickly. At later
ages other factors, such as densification and pore size reduction
produced by pozzolanic reaction also became important in the
evolution of SAL The mechanical strength is controlled by the
microstructure of the hydration products, rather than the
amount of reacted CH. Microstructural differences in the hydra-
tion products associated with the pozzolanic reaction depend
on the predominant argillaceous mineral present in the clay.

e The compressive strength can be maintained and even
increased from 28 days by substituting 30% of the cement in
mortars by calcined clays containing a large proportion of
impurities (more than 40% of quartz). There is a good correla-
tion between the pozzolanic activity measured as the compres-
sive strength of mortars and the content of argillaceous mineral
in the clays.
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