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h i g h l i g h t s

� Influence of SF and MK used in SCCs on electrical resistivity was studied over time.
� The hydration products of SF-MK cement pastes from SCCs were evaluated by XRD, TGA.
� The Ca(OH)2 content and electrical resistivity have a good relation.
� The electrical resistivity can be applied as a simple method to calculate CH content.
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a b s t r a c t

This paper investigates the hydration products of self-compacting concrete (SCC) made with binary and
ternary blends of silica fume(SF) and metakaolin(MK). X-ray diffraction (XRD) and thermogravimetric
analysis (TGA) test were used to measure the hydration products of pastes corresponding to self-
compacting concretes. For this purpose, the reference SCC mixture at constant water to cementitious
material (W/CM) ratio of 0.45 and total cementitious material content of 450 kg/m3 was prepared.
Other mixtures contained binary (92%PC + 8%SF, 80%PC + 20%MK) and ternary (72%PC + 8%SF + 20%MK)
cementitious blends of metakaolin and silica fume. Four pastes corresponding to SCC mixtures with
the same W/CM and cementitious materials were considered. Also, the electrical resistivity of SCC mix-
tures was measured to assess the relationship between electrical resistivity over time and calcium
hydroxide (CH) content. The correlation coefficient of the relationship between Ca(OH)2 content and elec-
trical resistivity was found to be 0.95 with positive slope for reference SCC and 0.97 with negative slope
for samples containing pozzolans. It can be suggested to apply the electrical resistivity as a simple
method to calculate CH content in cement paste.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, the use of binary and ternary blends of poz-
zolans of silica fume (SF) and metakaolin (MK) as supplementary
cementitious materials (SCM) in self-compacting concrete
structures exposed to aggressive environments has been
increasing. ASTM C618 describes a pozzolan as a siliceous or
silico-aluminous material which in itself possesses little or no
cementitious value but chemically react with hydrated lime (CH)
at ordinary temperature to form compounds possessing cementi-
tious properties during pozzolanic activity. Pozzolanic activity is
corresponding to the reaction of SiO2 and Al2O3 in pozzolanic
materials with calcium hydroxide formed during portland cement

hydration process. In this process, silica precipitates in the form of
calcium silicate hydrate, so-called secondary C–S–H phase. the cal-
cium hydroxide in cement paste decreases due to pozzolanic reac-
tion [1–4]. Juenger and Siddique [5] conducted a review research
on supplementary cementitious materials (SCMs). New materials,
replacement amount, modifying materials and developing better
test methods to improve properties of concretes were areas which
most recent research has focused on. Most concrete properties
strongly depend on cement and SCM hydration process with time.
The hydration process of concrete incorporating fly ash (FA), silica
fume and MK has also been researched extensively [6–8]. Using
X-ray powder diffraction (XRD) and thermoanalytical methods,
Mlinarik and Kopecsko [9] evaluated the changes in quality and
quantity of phases in concrete containing ordinary Portland
cement and 17% metakaolin at the ages of 1, 7, 28, 120, 180 and
360 days. Results confirmed that the addition of metakaolin
through pozzolanic reaction decreases the portlandite (calcium
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hydroxide) quantity from 7.1 to 5.6 at 3 days, 11.3 to 8.5 at 7 days,
12.9 to 7.5 at 28 days, and at the ages of 120 and 180 days quantities
of portlandite in metakaolin-containing samples are almost the half
of the quantities in the references. The comparison between the
diffractograms of cement pastes showed that the addition of 15%
metakaolin reduces the peak maximum intensity count of calcium
hydroxide from 248 to 112 in 28 days, which is due to the transfor-
mation of hydroxide (CH) into secondary C–S–H gel [10].

X-ray diffractometry and thermogravimetry analyses were
widely applied to investigate the hydration process of cement-
based systems [11–15]. Thermogravimetric analysis also was
applied to determine the CH amount in cement paste and
cement-pozzolan systems by measuring the mass loss of CH
decomposition [11,8,16]. This method was used by researchers to
determine pozzolanic activity of pozzolanic materials, specially
fly ash [17–19]. Since the baseline of CH amount does not remain
horizontal during the heating process, A procedure, which was sug-
gested by Taylor and Turner [20], was used to evaluate the weight
loss pertaining CH decomposition for pozzolans, such as silica fume
and metakaolin. Straight tangential lines to the weight loss curve
are drawn at the beginning, stationary point and end of CH dehy-
dration. The two intersection points of the tangents define the ini-
tial and final temperatures of the process to calculate the weight
loss involved. In the case of a paste with pozzolanic material, this
peak represents the unreacted CH content. The amount of reacted
calcium hydroxide by the pozzolan in the paste, i.e. the calcium
hydroxide fixation (%CH) can be determined from the given data.

According to the Soriano et al. [15], thermogravimetric study on
pastes with 15% cement replacement by metakaolin showed nega-
tive fixed lime percentages during the early curing age. Due to the
high fineness, the addition of MK accelerates the cement hydration
process. At 20 �C of curing, MK pastes yielded positive values of
fixed lime for curing times of 3,7,28 days. Based on the results
obtained by Cruz et al. [21] on high metakaolin and fly ash percent-
ages in the paste, it can be concluded that at day 3, 100% of the CH
released by the cement showed reaction, whereas at curing days of
15 and 21 only 80% of the CH was consumed. For longer curing
ages such as 90 and 180 days, all the CH released by the hydration
reaction of cement was fixed by FA, therefore pozzolanic reactivity
of FA took place later than MK.

Many Studies were conducted on properties of self-compacting
concrete incorporating silica fume and MK with TGA and XRD
[2–4].

Using an X-ray qualitative diffractometry, the effect of 10% silica
fume and metakaolin on the microstructural properties of self-
compacting concrete (SCC) was evaluated. The results showed
low calcium hydroxide and ettringite in silica fume and metakaolin
cement pastes at 28 days curing [22]. The microstructural proper-
ties were examined using SEM and EDS on mixtures with high vol-
umes of metakaolin, ground granulated blast-furnace slag and fly
ash with two w/b ratios. The SEM results showed that MK produce
higher amounts of C–S–H gel in higher w/b ratio. MK has a greater
effect on the microstructural strength of the transition zone than
GGBS. The results of EDS analysis demonstrated that lower Ca/Si
ratios indicate the improvement of compressive strength [23].

The simple method is essential to evaluate cement hydration
over time. In this case, electrical resistivity measurement was
recently used to investigate the time-dependent properties of
cement based materials. The Knudsen model [24] can be applied
to relate electrical resistivity with the degree of cement hydration,
thereby illustrating that hydration parameters vary over time, as
seen in the following parabolic expression [21]:

Rt

ðRmax � RtÞ2
¼ a:tþ b ð1Þ

where Rmax is the asymptotic value of R, a and b are constants, and t
is the time of hydration.

Based on Eq.1, it can be stated that electrical resistivity is a
function of degree of cement hydration. Electrical resistivity can
be applied to cases where determining the degree of hydration is
difficult. Cruz et al. [21] concluded that during the first 28 days,
the fitting of Eq. (1) for electrical resistivity of mortar with inert fil-
ler and high percentages of metakaolin and fly ash gave maximum
value for the determination coefficient > 0.95. The adjustment was
acceptable as it showed electrical resistivity as a parameter of
hydration.

Establishing a relationship between durability indicators and
electrical resistivity is important because it would allow the larger
areas of a structure to be tested, indirectly. Numerous studies on
the application of electrical methods on cement-based materials
indicate that important parameters of concrete can be monitored
effectively. The application of electrical methods on cementitious
materials were reported before such as: monitoring changes in
pore solution and connectivity with time [25,26], assessing poz-
zolanic reactivity of pozzolans [21,27,28] indicating durability,
[24–35] and determining the setting time [36].

The electrical resistivity was proposed to predict the amount of
calcium hydroxide and hydration degree for concretes containing
fly ash [37].

There is little study on the relationship between electrical resis-
tivity and CH to determine cement hydration products of CH in
self-compacting concretes with SF and MK. Therefore the main
objective of the present study was to investigate the relationship
between the CH amount from TGA results and the electrical resis-
tivity of SCCs with binary and ternary blends of MK and SF. An
investigation was undertaken to determine the effects of poz-
zolanic admixtures, including metakaolin and silica fume on
hydration products and electrical resistivity of self-compacting
concrete (SCC) at the ages of 1, 3, 7, 28 and 365 days.

2. Experimental program

2.1. Materials

In this study, ordinary portland cement type II according to
ASTM C150 [38] and limestone powder were used to develop
self-compacting concrete mixtures and pastes. The utilized mineral
admixtures used were silica fume and metakaolin. Table 1 illus-
trates chemical characteristics of the cementitious materials used
in the mixtures. Self-compacting concrete mixtures were generally
made from natural river sand with a specific density of 2.44, water
absorption of 3.1% as fine aggregate, 19 mm maximum size stone
of 2.54 specific density, and coarse aggregates of 1.8% water
absorption. Fig. 1 illustrates the particle size distributions of the
aggregate used for SCC mixtures.

A poly carboxylate super plasticizer with a 1.01 g/cm3 density,
referred to as the p100 was utilized to achieve the SCC workability
requirements according to EFNARC [39].

2.2. Mixture proportions

Four self-compacting concrete mixtures were designed for pur-
poses of this research. The water to cementitious material ratio of
the mixtures was kept constant at a value of 0.45, and a total
cementitious materials content of 450 kg/m3 was considered. The
reference mixture contains 450 kg/m3 of cement. Other mixtures
contained binary (92%PC + 8%SF, 80%PC + 20%MK) and ternary
(72%PC + 8%SF + 20%MK) cementitious blends, in which the
proportion of portland cement was replaced with SF and MK. As
reported for appropriate durability properties of concretes in
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