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Most of concrete formulations actually contain mineral additives that are used as an inert filler or sup-
plementary cementitious material (as type II addition). These materials are generally used in order to
increase concrete performances both in its fresh and hardened states. The mineral additives usually
improve the consistency and workability of fresh concrete and reduce the water demand for a required
concrete slump because of an additional volume of fines. The way of action depends on the physical and
chemical characteristics of fillers. The study of surface free energies and electric conductivities of inter-
stitial solutions of cement mixes modified by blast furnace slags and limestone fillers contributes to a
better knowledge of hardening and interaction process.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Mineral filler can be defined as ‘‘inert material that is included
in a composition for some useful purpose’’ [1]. It can be added to
compounds to fulfil a large variety of final results or to improve
specific properties like: hardness, brittleness, impact strength,
compressive strength, softening point, fire resistance, surface
texture, and electrical conductivity [2,3]. These effects are the
result of the properties of the fillers, including chemical activity,
hardness, particle size, shape and distribution, surface structure,
colour, density [4,5]. They may also be included in compounds to
reduce the cost of the product.

Many types of fillers are largely used in concrete industry [6].
Specifically, the two essential properties of fresh Self-Compacting
Concrete, i.e. high fluidity and low segregation, can be achieved
by using large amount of superplasticizer and fine particles [7,8].
These are notably used as cement replacement materials (cement
additives). Among additives, limestone fillers seem well-adapted,
specifically for Belgian market, because of their local availability
[3]. As the behaviour of fresh and hardened concrete depends on
the intrinsic properties of fines [9,10], the use of these by-products
requires a thorough characterization. They usually differ from each
other through their physical characteristics (Blaine fineness, parti-
cle size distribution, water requirement) but also chemical and
mineralogical characteristics (presence of impurities such as clay,
quartz and dolomite) [3,4].

The objective of this research is to analyse the potential effect of
limestone fillers on the surface free energy and electrical conduc-
tivity of interstitial solutions of Portland and Blast Furnace Slag
cement-based slurries. These properties are indeed very often used
for monitoring the early stage of hardening of various types of
cement binders (e.g. [11,12]). As soon as cement and water are
mixed, physico-chemical interactions appears for ion transfers,
components dissolution and products crystallization: they finally
induce strength development [13].

The surface free energies and their components between two
interacting surfaces are extremely important since not only do
they dictate the strength of interaction, but also control processes
like the stability of aqueous colloidal suspensions, wetting, spread-
ing and adhesion [14,15]. The interactions solid–liquid are mainly
controlled by the interfacial surface tensions between the two
phases. The characterization of the surface properties and
especially the surface free energy components of the solid are,
therefore, recognized as the key to understanding the mechanism
of surface-based phenomena [16]. This information provides
essential insight into the mechanism of such interactions as the
stability of colloidal suspensions, molecular self-assembly, wetting,
spreading, bubble–particle, particle–particle interaction in the
industrial applications [15,16]. Moreover, electrical interactions,
basically responsible for dissolution and combination of chemical
species, maybe followed by means of electrical conductivity
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Table 2
Characteristics of cement (P) and blast furnace slag (BFS) binders.

Portland cement (P) Blast furnace slag (BFS)

Composition (% by mass)
CaO 62.80 38.46
SiO2 19.30 35.08
Al2O3 5.10 13.47
Fe2O3 3.10 0.51
MgO 0.80 8.50
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measurement: ion transfers will indeed induce modification of
electrical resistivity of the solution. That is the reason why this
technique is suitable for the observation of hydration process in
the early stage.

Consequently, the techniques used in this work to analyse these
solutions are based on the surface free energy and the conductivity
of the liquid phases, respectively. The measurements are realized
on centrifuged solutions, without solid particles in suspension [17].
SO3 3.10 0.10
Specific mass (kg/m3) 3090 2890
Specific surface (m2/kg) 385 440
2. Experimental program

2.1. Materials

Slurries were considered as experimental materials because we
intended to analyse the behaviour of the interstitial solution. Elec-
trical conductivity may be different for concretes or mortars as in-
ert materials can be considered as ‘‘insulating’’ materials [18].

The Portland cement of CEM I 42.5 R HES type was used. Blast
furnace slag cement was re-composed with 65% (by mass) of Port-
land cement (P) and 35% of blast furnace slag (BFS).

The limestone fillers can be classified in two groups: natural
and synthetic mineral-derived fillers. The first group includes
ground calcium carbonate and the second group precipitated cal-
cium carbonate. In this work ground calcium carbonates as addi-
tives to cement slurry were tested. Characteristics of limestone
filler include physical properties such as hardness, natural particle
size and shape but also chemical composition, chemical reactivity.
Characteristic of four different commercial fillers and two binders
used for investigations are presented in Tables 1 and 2
respectively.

For all mixtures, the Water-to-Binder ratio (W/B) remained con-
stant and equals to 0.45 (by mass). Replacement percentage of ce-
ment and BFS cement was fixed to 15% in mass. Table 3 presents
the ten cement slurries that have been tested.

Deionized water has been used to prepare the samples at con-
stant temperature (25 ± 1)�C. All the samples used for conductivity
test were prepared in the same way:

� Mix of cement, water (limestone filler and blast furnace slag) for
3 min at high speed.
� Fulfilling of the conductivity cells with slurries.
� Registration of the temperature all along the test.

2.2. Measurement of surface free energy of liquids

Surface free energy is the result of the attraction between mol-
ecules situated in the bulk material and in the surface layer [17,19].
Molecules in the surface layer are not submitted to the same
attraction forces than in bulk material (Fig. 1).

Resultant force for the surface molecules is oriented to liquid
and perpendicular to the surface. The force tends to reduce the
Table 1
Characteristics of limestone fillers.

Filler F1 F2 F3 F4

Physical characteristics
Specific gravity (kg/m3) 2.7 2.7 2.7 2.7
Hardness, Mohs’ scale 3 3 3 3
x50 (lm) 12.00 9.00 12.58 7.27

Chemical characteristics
CaCO3 (%) 98.20 98.20 98.10 98.86
MgO (%) 0.40 0.40 0.35 0.26
SiO2 (%) 0.40 0.40 0.53 0.16
Fe2O3 (%) 0.15 0.15 0.08 0.05
Al2O3 (%) 0.20 0.20 0.17 0.05
Mn3O4 (%) 0.02 0.02 – –
number of molecules in the surface region and to obtain minimal
‘‘free surface of liquid’’: this corresponds to the work necessary
to surmount surface free energy (J/m2 or mN/m).

In this work, a tensiometer has been used for the tests. The ten-
siometer is based on the measurement of the weight necessary to
pull out a platinum plate or ring from the analysed liquid. The
measurement is realized in a temperature regulated system, with
the container for the liquid, a moving system to put into contact
the ring or the plate with the liquid and a balance which continu-
ously registers the interfacial forces between the plate or the ring
and the liquid.

The measurements with de Nouyï ring (Fig. 2) are done with
horizontal hanging platinum ring of specific geometry; the ring is
made of platinum–iridium due to good wetting properties, chemi-
cal resistance, temperature and high mechanical stability. The wet-
ted length Lb is determined by the radius of the ring. The platinum
ring is dipped into the liquid and pulled out afterwards (Fig. 2).
Force acting on the ring is a function of the lamella-height. The
maximum force appears when the contact angle between the sur-
face of liquid and vertical is equal to zero. Surface energy can be
determined according to the following equation:

r ¼ r� � F ¼ Kmax � F
Lb � cos h

ð1Þ

where r is the real surface free energy value (mN/m); r⁄ the mea-
sured surface free energy value (mN/m); Kmax the maximum force
(mN); Lb the wetted circumference of the ring = 120 mm; h the con-
tact angle and F is the correction factor.

A correction has however to be performed because the forces
measured are always overestimated: when the ring is pulled above
the level of the liquid surface, the measured force of the surface en-
ergy indeed includes the force that is created by the weight of the
lifted liquid lamella (Fig. 2). The correction factor can be deter-
mined according to the following equation:

F ¼ 0:725þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:01452 � r�

L2
b

4 � ðD� dÞ
þ 0:04534� 1:679

R
r

vuut ð2Þ

where Lb is the wetted length of the ring (cm); D the density of hea-
vy phase (g/cm3) and d is the density of light phase (air in our case,
g/cm3).

Results obtained with Ring method must take into account:

� High precision due to great wetted length.
� Specific suitability for interfacial energy between two liquid

phases.
� Possibility of deformations larger than plate.
� Disturbance of surface area during measurement.

The plate method, also known as Wilhelmy plate method, is
based on the measurement of the force necessary to pull out the
plate of the liquid. The testing device is a vertically hanged
platinum plate with exactly known geometry. The surface of the



Table 3
Composition of the cement slurries.

Cement Filler Mix Cement (%) BF slags (%) Filler (%) Water (%)

Portland (P) – P0 69 – – 31
F1 P/F1 58.50 – 10.50 31
F2 P/F2 58.50 – 10.50 31
F3 P/F3 58.50 – 10.50 31
F4 P/F4 58.50 – 10.50 31

Slags (BFS) – BFS0 44.85 24.15 – 31
F1 BFS/F1 38.15 20.50 10.35 31
F2 BFS/F2 38.15 20.50 10.35 31
F3 BFS/F3 38.15 20.50 10.35 31
F4 BFS/F4 38.15 20.50 10.35 31

Fig. 1. The origin of interfacial energy.

V = lifted liquid
volume

Fig. 2. Cross section of the ring with liquid lamella.
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plate is roughened to improve its wettability. The lower edge of the
plate is brought into contact with the liquid surface: the liquid
jumps the plate and pulls it into it. The Wilhelmy force results from
the wetting. It is measured by moving up the plate to the level of
the liquid surface (Fig. 3). The contact angle h is the angle between
the tangent at the wetting line and the surface plate (Fig. 3). In this
case, it is assumed that contact angle is equal to zero [9]. Surface
free energy is calculated according to the following equation:

r ¼ PW

lw � cos h
ð3Þ

where r is the surface energy (mN/m); Pw the Wilhelmy force (mN)
and lw is the wetted length = 40 mm.

In the case of the plate method there is no hydrostatic correc-
tion because there is no disturbance of surface during measure-
ment and it presents greater mechanical stability than ring as
well. The plate method is suitable for measurement of surface free
energy over time and for measurement of low concentration sur-
factants containing solutions. It allows higher range of measure-
ment but less precision due to plate geometry.

2.3. Evaluation of electrical conductivity and resistivity

The conductivity of solutions is measured by applying a voltage
between two electrodes in a conductivity cell [4]. At any time, an-
ions are migrating to the positive electrode and cations to the neg-
ative one. The conductivity of solutions (mS/cm) is the
conductance which would be measured in a standard cell contain-
ing two ring electrodes held 3 cm form each other. The conductiv-
ity of a dilute solution is the sum of the individual contributions to
conductivity of all the ions multiplied by their concentration, as
conductivity is indeed directly proportional to concentration: this
is the so called Kohlraush’s law of independent migration [20].
The statement is that each ion contributes to the total conductivity
without being affected by any other ion in solution to the following
equation:

j ¼
P

k�i � ci

1000
ð4Þ

where j is the measured conductivity (mS/cm), ci is the concentra-
tion of the ions (equivalents/l) and k�i is the ionic limiting equivalent
conductivity (Table 4), which is specific for each ion. The Conductiv-
ity Meter CDM 210 we used is able to measure initial and maximal
conductivity values and duration of the dormant period.
3. Results and discussion

3.1. Surface energy

The liquid phase used for liquid surface free energies determi-
nation was obtained according to the following procedure [5]:

� Mixing of water and cement (limestone fillers and blast furnace
slags) for 3 min and dividing in 4 parts to fulfil containers of the
centrifugation device.
� Centrifuging for 20 min at 4000 rounds per min.
� Collecting the centrifuged solutions (±100 ml) into containers

after filtration with Wathman paper nr. 41 (retention of 20–
25 lm particles).

All samples were tested just after filtration. Tests are realized in
thermal regulated conditions at the temperature of (24 ± 1)�C. The
results indicate that the four Portland centrifuged solutions (P/F1,
P/F2, P/F3 and P/F4) give lower surface free energy values than
BFS mixes (Fig. 4). Only the ‘‘pure’’ solution BFS0 gives lower value
of surface free energy than correspondent solution with Portland
cement (P0).

The surface free energy analysis shows different behaviours be-
tween two compositions of Portland and BFS-based cement slur-
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Fig. 4. Comparison of surface free energy of slurries.
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ries in initial time. The results obtained on the Portland-based
mixes are regularly lower than for BFS samples. Moreover, surface
free energy was measured on two selected samples P0 and BFS0 in
order to observe possible evolution of surface free energy with
time. Fig. 5 presents the surface free energy evolution of P0 and
BFS0 mixes; the test has been performed during three weeks after
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Fig. 5. Evolution of surface energy versus time (P0 and BSF0 mixes).
preparation. Tests were realized in thermal regulated conditions at
the temperature of (24 ± 1)�C. The initial value of surface free en-
ergy – r0 = 73.5 mN/m – is the highest; next surface free energies
are decreasing. After 5 days, the surface free energy of P0 tends to a
constant value around r � 70 mN/m, which corresponds to the
surface free energy of water. For BFS0 mix, the initial value of sur-
face energy r0 = 66.98 mN/m was the lowest; it increased after-
wards up to a constant value of 72 mN/m after only 4 days. This
investigation shows that surface free energy of mixes tends to sur-
face free energy of water in a very short time.

Comparison of the two methods (Fig. 6) for surface free energy
measurement shows quite good correlation, especially in the case
of filler modified slurries. It means that each one may be used
indifferently.
3.2. Conductivity

Because it is dependent on the ions dissolved in the solution,
the measurement of electric conductivity evolution with time
can give information about the hydration process. The ‘‘dormant’’
period is representative of the setting time: at the end of this per-
iod, the setting really begins.

The initial conductivity is measured during 8 min after the con-
tact between water and cement at the temperature of 25 ± 1 �C.
Maximal conductivity and beginning of the ‘‘dormant’’ period were
also registered.
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Some specific behaviour may be pointed out with regard to the
conductivity of Portland cement and BSF modified slurries (Fig. 7a
and b):

� Initial dissolution of clinker components and gypsum is high.
The slope at the beginning (0–1000s) is high and the ions pass-
ing into solution instantaneously increase the conductivity.
� In the case of Portland cement based mixes, the lowest value of

conductivity – 18.7 mS/cm is obtained for P/F3, while the high-
est – 22.1 mS/cm – is obtained with P0. This value is not corre-
sponding to the initial value but the maximum value observed
on the curve: it represents the initial time of the so-called ‘‘dor-
mant period’’. One of the reasons of the lower value obtained for
mixes with limestone is maybe related to the lower water-to-
cement ratio: P0 is supersaturated with ions and reaches the
maximum resistivity after one hour.
� In the case of BFS modified slurries, the conductivity is close to

each other and lower in comparison to all the Portland cement-
based mixes. The maximum conductivity – 16.96 mS/cm is
observed for BFS0 and the lowest value of conductivity –
15.8 mS/cm – is obtained for BFS/F3 and BFS/F4.
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Fig. 8. Comparison of the initial time of the dormant period for Portland (P) and
blast furnace slag (BFS)-based cement slurries.
The initial time of the dormant period significantly increases
when limestone filler is added to the mix with Portland cement
(Fig. 8). Moreover, the initial time of BFS0 dormant period is more
than two times higher than P0, which confirms the lower activity
of slags. More interesting is the effect of fillers in BFS cement-based
mixes: they induce a slight decrease of the initial time dormant
period, which could be attributed to the formation of carboalumi-
nates that accelerate the setting [2,21] but also the so-called
‘‘nucleation effect’’ of the small limestone particles. This effect
may contribute to the increase of the speed of hydration process.
The type of limestone filler does not seem to have any discriminant
effect.

These results do not contredict previous observations where it
is concluded that the reaction mechanism of the Portland cement
is clearly influenced by the addition of the limestone filler: the set-
ting time is reduced [22]. These phenomena are not found when a
quartzite type filler is used in the mixes [23]. In this case, that is
the initial time of the dormant period that has been measured.
4. Conclusions

The following conclusions may be reached from the
investigations:

� The results obtained confirmed usefulness of surface free
energy and conductivity for monitoring of early stage of cement
hydration at presence of various mineral additives and/or fillers
� The results of surface energy measured with plate method are

very similar to the results with the ring method, particularly
in the case of filler modified solutions.
� The results showed that the surface energy is always higher for

blast furnace slag cement-based solutions than for Portland
cement; the time induces an increase of the surface energy for
BFS solutions while a decrease for Portland cement-based
mixes.
� The mixes with filler F1 gave the higher values of conductivity

for Portland and BFS cement. Mixes with filler F3 gave the lower
values of conductivity in Portland and BFS cement. The induc-
tion of the dormant period of pure cement mix is more than
two times higher for blast furnace slag cement mix, which con-
firms the lower activity of blast furnace slag cement.
� The initial time of the dormant period significantly increases

when limestone filler is added to Portland mixes. It confirms
the effect of limestone fillers on the hydration process and the
delay that can occur before attending dormant period. Positive
effect of limestone fillers ill in this case happen during this dor-
mant period.
� The fillers added to BFS mixes also induce a slight decrease of

the dormant period, which could be attributed to the so-called
‘‘nucleation effect’’ of the small limestone particles, that could
contribute to the increase of the hydration process.

Limestone fillers seem to be more effective in the case of BFS
mixes in the very early time, i.e. before the dormant period. Liter-
ature usually indicates a positive effect of limestone fillers in
reducing setting time for Portland cement mixes: the present re-
search clearly show that this effect is not observed in the first min-
utes following mixing of products.

These conclusions are of course available for test conditions de-
scribed here above and for the materials that have been tested.
Other types of fillers (mineral and chemical compositions) could
induce other types of behaviours and effects on the hydration
process. Conductivity test however already gives clear indications
on the effect of additives on the hydration process and the initial
time of the dormant period. Moreover, surface free energy of the
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interstitial solutions gives us also the information of a more posi-
tive effect of the limestone fillers on electro-chemical activity of
ions in the case of BFS mixes.
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