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ARTICLE INFO ABSTRACT

Keywords: The effect of the supplementary materials (SCMs) on the moisture content and ion diffusivity at different hy-

Electrical conductivity dration time is important for the service life modelling of modern concrete. This study designed a simple but

SCMs valid method to monitor the microstructure change in pastes during hydration. A procedure easy to implement

Formation factor . . .. .

Setting was proposed to detect the water content in pastes. The electrical conductivity of pore solution was evaluated by
1

the evaporable water content in pastes and chemical composition in the binders. Results show that the electrical
properties of pastes (conductivity, formation factor and its growth rate) can effectively indicate the hydration
reactivity of binder, pore connectivity and volume of pore solution in the hardened pastes. The effect of water-
binder ratio and SCMs on the structure of pastes are effectively indexed by the formation factor which is the
conductivity of pore solution divided by that of paste. The inflection point of average growth rate of formation
factor is a good index for the final setting of pastes. The relation between volume of evaporable water and
formation factor is well demonstrated by the extended percolation theory. The real-time monitored electrical
conductivity and formation factor of pastes can be used to calculate the chloride migration coefficient in

Percolation theory
Chloride migration

hardened cement pastes.

1. Introduction

The moisture content and ion diffusivity in the cement-based mate-
rials change with the curing time due to the continuous hydration of
binders. The hydration of binders is a complex process involving the
dissolution of reactants and precipitation of products. The initial
nucleation and growth of hydration products at the solid-liquid interface
leads to the formation of clusters that eventually connect into an elastic
network structure, resulting in the setting of paste due to the percolation
of connection [1]. As hydration reaction continuously proceeds, the
growth of products modifies the structure of the hardened cement-based
materials. Because the desirable engineering characteristics of hardened
concrete (strength, dimensional stability, and durability) depend on the
microstructural features (i.e., the type, amount, and distribution of
solids and voids) [2], a lot of models were proposed to simulate the
microstructure development during hydration [3]. Despite of having
some progresses, we are far away from reaching a complete simulation
that allows engineers to perform a precise prediction on the performance

of concrete. To better understand the hydration process and provide
data for simulation, a reliable in-situ test of hydration and microstruc-
ture development of concrete is of great significance. The use of sup-
plementary cementitious materials (SCMs) are currently recognized as
the main way to produce sustainable concrete [4,5]. Therefore, the
anticipated mechanical performance and durability of modern concrete
require a good knowledge about the hydration and microstructure
evolution of both ordinary Portland cement (OPC) and the blended
pastes.

There are many well-used methods to measure hydration rate and
degree of cementitious materials, such as calorimetry, chemical
shrinkage, chemically bonded water, X-ray diffraction and scanning
electron microscope [6,7]. For the microstructure analysis, Monteiro
et al. [8] had a detailed review to summarize the most advanced
methods used in the research of cement-based materials. However, only
a few of those methods can be applied as an in-situ measurement
without any special treatment of samples. Moreover, the allowed
dimension of samples is limited for the measurement by those methods.
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Low field proton NMR is a promising way to monitor the hydration [9]
and structure evolution [10] of paste. However, the relaxation signals
will be affected by paramagnetic matter (such as Fe) [11], so it is not a
compatible method for the investigation of grey cement and the blended
pastes.

Apart from all the above methods, the test of electrical conductivity
was used in many previous studies [12-16] as a qualitive way to indicate
the hydration and structure of the cement-based materials. The con-
ductivity/resistivity of concrete was used as a viable index to study
hydration and a good approach for designing the automated monitoring
system in construction [17]. Karmazsin and Murat [18] designed an
apparatus for a simultaneous test of the isothermal calorimetry and
electrical resistance. Their results showed that the evolution of resis-
tance was highly comparable with the calorimetry evolution during the
hydration of calcium sulfate hemihydrate in a small cell. A similar setup
was used to study the influence of chemical admixtures on the hydration
of OPC [19], and the authors found that the increase in the electrical
conductivity are in the same order as that in the heat liberation rate.
Singh et al. [20] used conductivity test, combined with heat release and
other analysis methods, to reveal the effect of citric acid on the hydra-
tion of OPC. They concluded that the ionic mobility and concentration of
charge carriers were decreased by citric acid so that the hydration of
cement was altered. The measurement of electrical conductivity was
also frequently applied in the investigation of the blended system. Abo
El-Enein et al. [21] proposed several empirical equations to describe the
correlations between water-binder ratio (w/b) or silica fume content and
electrical conductivity. A similar empirical equation was correlated
between conductivity of paste and kaolinite content [22]. The hydration
of granulated slag blended with cement kiln dust or silica fume [23], and
the rheological properties of pastes blended with silica fume were con-
nected to the conductivity evolution with time [24]. Chrisp et al. [25]
applied an auto-ranging impedance analyzer to test the conductivity of
cover zone concrete blended with slag and fly ash. They used a
normalized conductivity to indicate the effect of wetting and drying.
McCarter [26] et al. used the same setup for monitoring the electrical
response of alkali activated paste before 48 h and the conductivity of
hardened concrete exposed at the marine environment. The normalized
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conductivity based on the value at the initial time was defined to indi-
cate the hydration of concrete with different binder types and w/b [27].
The evolution of conductivity was classified into four stages with respect
to the dissolution and precipitation during the early hydration. How-
ever, some analysis of conductivity change based on pore solution
concentration in Ref. [27] is contradictory to the tested ion concentra-
tion in pore solution in some published papers [28,29].

It is a challenging but meaningful work to find a quantitative rela-
tionship between the conductivity and hydration or other properties of
cement-base materials. Conduction of electric current in cement paste
includes two path ways: one is ionic conductivity through pore solution,
which depends upon the temperature [15,30-32], type of ions and its
concentration [33,34], and the connectivity between the high conduc-
tive solution; the other is electronic conduction through the gel-water
and unreacted cement particles, particularly compounds of iron,
aluminum and calcium [35]. By taking these factors into account, some
empirical relations were proposed to correlate the conductivity with
hydration time, porosity, hydration degree [36], mechanical perfor-
mance (compressive strength [37,38]) and diffusivity [39,40]. Wilson
et al. [41] found a general correlation between the effective chloride
migration coefficient from their method and the bulk conductivity of
pastes, but the white cement pastes deviated from the general line when
the coefficient was correlated with inverse of formation factor or pore
connectivity. Chidiac and Shafikhani [42] developed model based on
the measured conductivity of concrete and the calculated conductivity
of pore solution. Their model is effective in estimating the chloride
migration coefficient in both OPC and the blended concrete.

The change of electrical conductivity of paste during hydration will
be determined by the evolution of intrinsic factor as shown in Fig. 1.
Hydration of minerals induces a change of phase assemblage and in-
ternal moisture, which in the meantime forms the structure of paste. As
now popularly acknowledged [43], the availability of moisture and pore
distribution in paste will, in turn, makes impact on the later age hy-
dration. The volume and ionic concentration of pore solution was
related to the phase assemblage and moisture content through thermo-
dynamic laws. Besides the composition of paste, the connectivity of pore
solution (similarly, pore connectivity) is the other factor that controls

Hydration

Electrical
| conductivity

Structure (Porosity, poré';Sizg .
/ pore connectivity)

Thermodynamics _—

Fig. 1. The logical relationships between the electrical conductivity, hydration, and performance of paste.
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the electrical conductivity in pastes. The mechanical performance and
durability of cement-based materials are determined by its phase
assemblage, microstructure, and the saturation state. These properties
for one specific proportion can be qualitatively or empirically indicated
by the conductivity, but it lacks a general description in both OPC and
the blended pastes. A generally quantitative relationship is of great
significance for not only the scientific research but also industrial
application.

This paper presents an investigation on discovering how the elec-
trical properties correlate with the hydration process, structure evolu-
tion and chloride migration in both OPC and the blended pastes. We
designed a simple setup for an instantaneous conductivity monitoring,
and then mainly focused on the deep understanding of the relationship
between the conduction and structure of paste. A novel procedure was
developed to detect the evaporable water content of paste so that the
electrical conductivity of pore solution was calculated based on chem-
ical composition of binder and volume of evaporable water. The for-
mation factor was calculated to distinguish the effect of pore solution
and structure on the conduction. Its growth rate was defined to indicate
the setting and hydration reactivity of pastes. The electrical properties
measured by the invented method were also correlated to the chloride
migration coefficient. A good correlation has been found between for-
mation factor and moisture content based on an extended percolation
theory [44].

2. Experiments
2.1. Materials

The used cement is an ordinary Portland cement CEM I 52.5 R with a
Blaine surface of 525 m?/kg. Three kinds of SCMs were considered,
including slag Bremen (SL) with a Blaine surface of 420 m?/kg from
Thomas cement AB, Fly ash (FA) from Cementa, and limestone from
Nordkalk with a Dsg = 18 pm (LL). The chemical composition of each
binder is shown in Table 1. The limestone has a calcite content ~89%
and a relatively high SiO,. Table 2 presents the mix design of 11 samples.
In the binary systems, the replacement content of cement with SL and FA
is the same as 35% by weight. In the ternary system, OPC was replaced
with 35% SL and 16% LL. Pastes were mixed with three different w/b
with 0.35, 0.45 and 0.55 respectively, except for the FA blended pastes
with two ratios (0.35 and 0.45).

2.2. Procedures and methods

2.2.1. The electrical conductivity test

The electrical conductivity of paste was measured by a four-electrode
method to minimize the effect from polarization. The electrodes were
positioned in the Wenner configuration referring to Ref. [46] as shown
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Table 2
The mix proportion of samples (LOI,: the normalized loss of ignition of binder
system).

Samples Binder w/b LOI
P0O35 OPC (SH P Slite CEM I 52.5 R) 0.35 2.5%
P045 OPC (SH P Slite CEM I 52.5 R) 0.45

PO55 OPC (SH P Slite CEM I 52.5 R) 0.55

P135 65%O0PC+35%FA 0.35 2.85%
P145 65%0PC+35%FA 0.45

P235 65%O0PC+35%SL 0.35 1.2%
P245 65%O0PC+35%SL 0.45

P255 65%0PC+35%SL 0.55

P335 49%O0PC+35%SL+16%LL 0.35 0.85%
P345 49%O0PC+35%SL+16%LL 0.45

P355 49%0PC+35%SL+16%LL 0.55

in Fig. 2. The stainless screws were used as the electrodes and these are
positioned in the middle line with a parallel distance of 25 mm to the
bottom line, and the space between electrodes is 40 mm. A brief circuit
diagram of the setup is presented in right of Fig. 2. The whole system was
recorded and controlled by a datalogger. We used two relays (a and b) to
control the power supply and one relay (c) to control the data collection.
Besides during the time for instant test, the paired electrodes were
connected to avoid polarization difference. The electrical conductivity
of the samples was calculated as a semi-infinite slab with the voltage and
current value. The whole setup was calibrated with the standard
conductive solution (KCl) in the range of 0.015-74.97 mS/cm. In the
first 24 h, the datalogger released an instant signal every 2 min to
connect power system to provide a constant current (0.5-1 mA).
Simultaneously, relay c created the connection for collecting the voltage
between the two electrodes in the middle. It takes about 0.2 s to finish
one instant test. The time interval was switched to 10 min from 1 day to
12 days. The data after long-term hydration was further collected at 28,
90 and 180 days.

The dry binder was homogenously mixed in a ceramic rotator with
balls (D = 20-25 mm) at 12-20 rpm for 10 h. Firstly, water with 35%
weight of binder was added into binder and then it was mixed with a
slow rate by the planetary mixing machine for 60 s. Secondly, the rest of
water was added up to the target w/b before a high rate stirring for 120s.
Afterwards, the pastes were poured into the small plastic boxes with four
electrodes and a volume capacity of 1000 mL. The sample was sealed
with the cap and put in the curing room with a constant temperature of
20 + 1 °C. The data collection started at about 10 min after water
addition.

2.2.2. Water distribution test

An easily implementing procedure was designed for the determina-
tion of water content in pastes (see Fig. 3). The pastes were mixed with
the same procedure in section 2.2.1. Samples were casted in a Petri dish

Table 1

Chemical composition of different binders (LOI: loss of ignition; &;: mole of chemical composition per gram binder).
Chemical Composition CEMI52.5R Slag Fly ash Limestone

wt% 8i(mol/g) wt% 8i(mol/g) wt% 8i(mol/g) wt%

CaO 62.2 1.11E-02 39.11 6.98E-03 5.1 9.11E-04 49.5
SiO, 19.6 3.06E-03 36.63 5.72E-03 54.6 8.53E-03 9.0
Al,O3 4.5 4.41E-04 13.56 1.33E-03 22.4 2.20E-03 0.6
Fe,03 3 1.88E-04 0.49 3.06E-05 8.7 5.44E-04 0.3
SOz 3.5 4.38E-04 0.27 3.38E-05 0.8 1.00E-04 0.03
MgO 3.5 8.75E-04 8.52 2.13E-03 1.8 4.50E-04 -
K20 1.01 1.07E-04 0.57 6.06E-05 2.1 2.23E-04 0.3
Na,O 0.27 4.35E-05 0.42 6.77E-05 1 1.61E-04 0.1
Cl 0.07 1.97E-05 0.009 2.54E-06 - - -
Sulfide - - 0.73 x - - -
Lol 2.5 -1.07 3.5 40.1

x Note: The sulfide in slag will be oxidized during the LOI test, so this induces an increase of weight. Although the hydration also makes oxidization of sulfide [45], we

assume that its oxidization is rare due to the low hydration degree at early age.
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1000 mL

Plastic container

with a volume of 1000mL
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Fig. 2. A simple setup for monitoring the conductivity during hydration.
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Fig. 3. The procedure for testing the water distribution in paste.

and cured in a box with 97 4+ 1% RH at 20 °C. The hardened pastes were
broken into pieces after a series of curing times. Particles with size in a
selective range (D = 1-2.5 mm) were collected for the treatment in the
next step. To ensure the validity of data, the weight of particles should
be > 10 g, and the accuracy of analytical balance is at least 0.001 g. The

mass of dry empty crucible was weighed and recorded as my. The cru-
cible containing particles was weighed and recorded as m; and then
particles were transferred into a small strainer (D = 0.05 mm). The mass
of particles immersed in water was weighed by the analytical balance
that was zero set with holding of the strainer. Thereafter, the particles
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were washed with isopropanol (IPA) before transferring back to the
crucible. Samples were immersed with IPA with a liquid/solid ratio of
1.5 and sealed with a cling film. The procedure was finished within 30
min from water addition to the sealing. IPA exchange method is rec-
ommended as the preferred way for stopping the hydration and drying
the paste [6]. Zhang and Scherer [50] asserted that the exchange
duration need to be sufficient to reach ~99% IPA at the sample center.
This exchange degree can be reached after 5-h immersing for sample
with size of 1 mm. For a complete exchange of evaporable water, the
immersing duration is at least 24 h for samples in this study (see Fig. 3).
We changed the solvent once at the middle immersing age.

Samples were filtered, moved back to the crucible, and followed with
a vacuum drying at 60 °C (V60) for 24 h. The mass of vacuum dried
crucible with sample was weighed (m,). Afterwards, the crucible was
immediately put into a furnace with a temperature pre-heated to 105 °C.
It was heated up to 350 °C with a rate of 5 °C/min and this temperature
was maintained as constant for 2 h. After it was cooled down to 105 °C, it
was moved out with the heat-resistant gloves and weighed on the
analytical scale with an insulation layer between crucible and scale. The
same step was repeated for the other temperatures, starting again at
105 °C to the target temperature (500 and 1000 °C, respectively) with a
holding time of 2 h. The weight of crucible with sample at V60, 350, 500
and 1000 °C was recorded as m,, m, and my, respectively.

2.2.3. Setting time test

The setting of pastes was tested by a Vicat needle according to ASTM
C191-08 under an environment temperature of 20 °C and relative hu-
midity of 50%, except that pastes were mixed with the w/b of 0.35, 0.45
and 0.55 instead of w/b a for normal consistency. The fresh pastes were
kept in a moist box with RH of 97% between the Vicat needle mea-
surement intervals.

2.2.4. Chloride migration test

Pastes were casted into a rubber cylinder mould (®; = 50 mm, h =
110 mm). After a sealed curing for 1 day, specimens were demoulded
and moist cured until the age of 28, 90 and 180 days, respectively. Two
samples with a thickness of 50 mm were cut from each specimen for the
RCM test at the specified age. The test was performed according to NT
BUILD 492 but without the vacuum saturation procedure because the
specimens were moist cured before the test.

2.3. Determination of the evaporable and bound water content

With the weight from section 2.2.2, we can calculate the weight loss
percent at the corresponding temperature ranges, so the evaporable
water (Epw) percent with respect to binder (¢,,,) is stated as:

my —m,

Pepw = @

myp

where my;, is the mass of the mixed binder. Given that the carbonation of
samples during early age can be neglected, the my;, for paste without LL
can be calculated by Eq. (2).

my, = (my —my) /(1= LOI,) @)

The weight loss at the temperature range of V60~350 °C,
350~500 °C and 500~1000 °C can be calculated by Egs. (3)-(5),
respectively.

m, — me

- 3

P =, ©)
me —m,

)~ = 4

?350~500 P @
m, — my

Pso0~1000 =—— — LOI, )

ub
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The CO, release from LL within the temperature range of
500~1000 °C needs to be subtracted for LL blended paste. Hence, the
actual weight of binder is My, by Eq. (6).

M = (my —mg) /(1 —44% x Py, — LOIL) )

where Py, is the replacement percentage of LL and this is 16% in this
study. In addition, the weight loss from moisture between 500 and
1000 °C for LL blended is:

— my

my
Ps500~1000 = 7
My

— 44% X Py, — LOI, @

Theoretically, according to the law of conservation of mass, we can
get the mass balance Eq. (8). This can be used to check the accuracy of
the test procedure.

Pepw T @350 T P350~500 T Ps00~1000 = W/b (8)
3. Results
3.1. Real-time conductivity of pastes with different w/b

The real-time monitored electrical conductivity of pastes is shown in
Fig. 4. The evolution of electrical conductivity up to 400 days was
classified into four regions by McCarter et al. [27] and the author had a
detailed discussion on the relationship between the hydration process
and conductivity evolution. Herein, some different explanations for the
change of conductivity will be specified. Exemplifying with OPC paste
with w/b = 0.35, The evolution of conductivity can be classified into
four stages before 14 h (Fig. 4a).

The great increase of conductivity in stage I was not mentioned in
Ref. [27]. This results from the fast increase in concentration of OH, K*
or Na™ in pore solution mainly due to the quick dissolution of alkali
metal ions after water addition. Samples with w/b of 0.45 have the
highest conductivity in OPC pastes. The increase in w/b dilutes the K*
and Na'concentration in pore solution, so P045 has a higher conduc-
tivity than PO55. For the paste with w/b of 0.35, the connectivity of pore
solution is the lowest. Although P035 has a higher alkali concentration,
compared to P045, the electrical conductivity is lower. The blending of
SCMs reduces the alkali concentration in the pore solution to decrease
the initial conductivity. Lothenbach and Scrivener [47] ascribed the
reduction in alkali concentration to three effects: dilution of OPC; con-
sumption of portlandite leading to lower Ca concentration; increase of
alkali uptake in C-A-S-H. The reduction effect only comes from the
dilution effect since few products precipitate at early ages.

Stage II corresponds to the induction period. The concentration of Si
ions increases during this period, but it has little influence on the con-
ductivity. The concentration of Ca in this period is constant and even has
a little reduction [28,48]. The slow growth of conductivity is due to the
slow increase in pH and concentration of alkali ions to reach a critical
supersaturation state of reactants. The w/b has few effects on the
duration of this period, which is consistent with its effect on the heat
release rate at this period [49]. At the end of this stage, the early hy-
dration products (ettringite, C-S-H and portlandite) connects into a net
structure for initial setting and results in the occurrence of stage III. The
blending of FA, SL and LL prolongs the time from stage II to III. Because
the reactivity of these SCMs is lower than cement, it takes more time to
build the sufficient connections between particles.

Although the main conductive ions (OH™, Na* and K™) have an in-
crease during stage III [28,48], the conductivity of paste reduces due to
the structure growth. The increase in w/b induces a longer stage IIT and
this effect is more significant on blended system than OPC. The rapid
growth of hydration products brings about the stage IV. The further fast
growth of hydration products leads to the fill and blocking of pores in
structure. Meanwhile, the consumption of free water reduces the volume
of pore solution. These dual effects lead to a dramatic decrease in
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Fig. 4. Electrical conductivity of pastes during hydration: (a) detailed data before 14 h; (b) the measured data up to 180 days.

conductivity. The increase in w/b seems to have few effects on the
decreasing rate of conductivity, but SCMs have impact on that rate.
Fig. 4b shows that the conductivity of OPC paste falls into a rather stable
stage with a very low decreasing rate. The conductivity of FA blended
paste has the similar trend with a little higher decreasing rate at the
stable stage compared with OPC from 10 h to 12 days. However, it has
the most evident decrease from 12 to 180 days due to the pozzolanic
hydration of FA. The conductivity of SL blended has a continuous
decease up to 180 days because of its high latent hydraulic reactivity.
This trend was also found in many previous works [27,50,51], which
confirmed again that the conduction test is an effective way to indicate
the reactivity of SCMs.
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3.2. Water distribution and hydration degree of pastes

Fig. 5a presents the weight loss of all pastes in different temperature
ranges. According to Refs. [52,53], the solvent exchange by IPA starts
with the replacement of the pore water, and then the water in small
pores (interhydrate and interlayer) moves out under the concentration
gradient. Therefore, the weight loss from vacuum dried at 60 °C includes
not only the free water in pore solution but also the interlayer water,
which is here classified as evaporable water (Epw). A clear tendency can
be observed for all pastes, that is, a higher w/b results in a higher content
of Epw at any hydration ages. The bound water or nonevaporable water
(Nw) denotes the weight loss after the vacuum dried to oven dried at
1000 °C. It should be noted that, apart from dehydrolysis, the decar-
bonation [6,7,54] and LOI will induce a weight loss between 500 and
1000 °C. The LOI was subtracted in Egs. (1)-(7). For the pastes with w/b
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Fig. 5. Water distribution in pastes at different hydration times.
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at 0.35 and 0.45, the ratio of final total water to raw binder in Fig. 5a is
close to the w/b, so it implies that the carbonation is very weak.

OPC paste with w/b = 0.35 shows a slow growth in weight loss be-
tween V60 and 500 °C from 3 to 12 days. An increase of w/b to 0.45 and
0.55 augments the Nw of pastes after 1 day at all ranges, which confirms
that the water availability is critical for the later age hydration. Nw of FA
blended paste keeps rather stable after 7 days. FA blended pastes has a
lower weight loss than OPC between V60 and 500 °C because a lower
amount of OPC in binder generates less early-precipitated products
(gypsum, ettringite, C-S-H, brucite and portlandite etc. [6,55]) whose
dehydrolysis occurs up to 500 °C [6]. The blending of SCMs will accel-
erate the hydration of clinker [56], so Nw of FA pastes between 500 and
1000 °C is not even lower than OPC paste. According to the general
results [7], The bound water (V60-950 °C) normalized to OPC increases
with the increase in content of FA [57], so FA not only increases the
hydration of OPC but also contributes to bound water in pastes by itself.
A similar effect is observed in our results especially for water loss be-
tween 500 and 1000 °C. The w/b has a weaker effect on the bound water
of FA blended than that of OPC paste.
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The bound water of SL pastes between V60 and 500 is lower than that
of OPC. Similarly, an enhancement effect on bound can be observed if
we normalized the bound water to OPC content and this is consistent
with Escalante-Garcia’s investigation [58]. The weight loss of the SL
blended paste is close to that of FA pastes with the same w/b between
V60 and 1000 °C, but SL pastes have a higher content of Nw than FA
pastes between V60 and 500 from 7 to 12 days. The ternary system with
LL has the similar trend in the development of bound water as SL binary
pastes. The main influence is that the replacement of LL induces a higher
content of Epw than the other binder system.

It is controversial to use the weight loss up to 1000 °C as an index for
the hydration degree of cement because it includes the loss of CO5 and
LOL Nathan and Narayanan [59] proposed a model to distinguish the
enhancing effect from SCMs, but they did not take the decarbonation
into account. In the R3 method developed by Francois Avet et al. [60], a
good correlation was found between bound water at 110-400 °C and
cumulative heat release from calcined clay blended pastes. The authors
chose 400 °C as the upper temperature based on the initial decomposi-
tion of portlandite. However, the lowest decomposition temperature of
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portlandite is about 350 °C [61]. Therefore, we used the weight loss
between V60 and 350 °C to indicate hydration degree of binders (a):
Aw~350

. ©

= A 350
AW

where Aw; 30 is the weight loss between V60 to 350 °C from paste at the
corresponding time (t) and Aw;35? is the weight loss in the same range
from pastes cured in moisture condition for 390 days.

Fig. 5b shows Nw in the well-hydrated paste (particles with D < 1
mm curing under moisture condition for 390 days at 20 °C). The bound
water in OPC, FA blended, SL blended, and ternary pastes is 0.245,
0.188, 0.204 and 0.164 g/g binder, respectively. P045, P145 and P245
have the similar content of Nw at V60-350 °C, and P345 has the lowest
Nw at this range after 390 days. The differences in reactivity of OPC, FA
and SL can be effectively distinguished by the hydration degree evolu-
tion (see Fig. 6a). SL and FA show different reactivities evidently after 3
days and the gap increases with hydration time, while the difference
between OPC and SL decreases from 3 to 12 days. An increase of w/b
from 0.35 to 0.45 enforces a significant enhancement in hydration of
OPC after 1 day. w/b has weak effect on the hydration degree of the
blended pastes before 12 days. The water loss between 350 and 500 °C
was normalized to OPC content and presented in Fig. 6b. This part of
water is typically ascribed to the decomposition of portlandite. An in-
crease in w/b facilitates the precipitation of portlandite especially after 3
days. Although FA has a much lower reactivity than SL, it has a greater
inhibition on the precipitation of portlandite than SL. Blending of LL
increases the portlandite content compared with SL binary pastes. Adu-
Amankwabh et al. [62] reported the same effect from LL on content of
portlandite, and they claimed that it was because a less calcium is
needed to form the calcium-rich AFm phases as more Al is bound in the
C-S-H of LL ternary paste.

3.3. Electrical conductivity of pore solution

Pore solution is the main conductive component in the paste and the
ionic conductivity of solution depends on species of ions and the con-
centration of them. The concentration of the highly soluble alkalis can
be calculated with the evaporable water content from the last section.
The volume of Epw (Vepw) can be calculated as:

Mgy
Vepw =—L2 = my, X @, (10)

epw

where mgy, (g) is the mass of Epw, p,,,, is the density of water (1 g/cm®)
and my, is the mass of binder in paste.

The concentration of K™ and Na™ in pore solution can be calculated
by Eq. (11), based on two assumptions: firstly, the alkalis are dissolved
completely within the first few minutes after water mixing; secondly, the
solvent exchanged water including interlayer water is classified as
conductive “pore solution”. The latter assumption is reasonable because
Lothenbach and Nonat [61] proposed that part of alkalis absorbed in the
interlayer space.

_my X‘S’”:i an

Cl V(‘pw Pepw

where C; denotes the concentration of alkalis, i represents K or Na*,
and &y is the mole concentration of chemical composition in binder as
presented in Table 1. For the SL blended paste, we use the effective mole
concentration (Spendeq) and it needs to be modified by Eq. (12) [63],
because the alkalis in SL is not as soluble as those in OPC.

2
Sibtended = (1 ~18x (ﬁ) ) (6 X 8 4 8 x ’"—) a2
my my my

where m; and m, represents the weight of SCMs and cement in paste,
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respectively. §; is the mole concentration of alkalis in SCMs. K20 and
NapO in FA are hardly soluble during the early hydration, so the
contribution of alkalis from FA is negligible (m; =0). In addition to K™
and Na™, the high conductive ions in pore solution comprise OH™, Ca®",
SOZ~ and C1™. The concentration of sulfate can be roughly approximated
by Eq. (13) according to Ref. [64] where the value of a is 0.06 L/mol.
Because of the low content of Cl in binder (see Table 1), its concentration
in pore solution is negligible. The Ca?* concentration was assumed to be
constant as 25 mmol/L which is close to the typical saturated value
during early hydration [28]. OH™ concentration was then calculated
from charge balance by Eq. (14):

5o A alcks + cyar )’ (13)

Con=Ck+ +Cnat + 2¢cr — 2¢50,2- 14)

The electrolyte conductivity of pore solution (o) can be expressed as
a sum of molar conductivity of each ion species (i) [65]:

Op =Y _zidiCi 15

where z; and ¢; are the valence and molarity of “i” species, respectively. ;
is the equivalent conductivity that is related to the ionic strength (Iyp)
and conductivity coefficients (G;) for the high concentration of ions in
pore solution as [33]:

0
A= /17‘1/2 (16)
1+G; x1y

A is the equivalent conductivity of ionic species at infinite dilution.
This value for the relevant ions at 20 °C was obtained from the literature
[66] by interpolation. G; of specific ions refers to the value in Ref. [33].
The Ijy has the following definition:

1 2
IM:EZZi Ci a7z

Electrical conductivity of pore solution was calculated by Eq.(10)-
(17) based on the chemical composition in Table 1 and Epw content at
corresponding hydration time (in Fig. 5). By substituting the concen-
tration of ions in the squeezed pore solution from Refs. [29,67] into Eq.
(15)-(17), we calculated conductivity of pore solution of corresponding
mix from literatures. The evolution of conductivity was fitted by Hill
function, and the optimized parameters and function expressions are
presented in Table 3.

Fig. 7a shows the calculated conductivity and fitted line of 11 sam-
ples. Electrical conductivity of pore solution decreases as the increase in
w/b because a higher w/b introduces more evaporable water into paste
to lower concentration of alkali ions. Blending of SCMs lowers the
conductivity of pore solution, and this is consistent with the data
calculated based on the squeezed pore solution in published papers (see
Fig. 7b). Shi [68] also found that the blending of SCMs would reduce the
conductivity of pore solution. Although the FA used in Ref. [67] has a
high alkali content (3.9% K20 and 0.9% NayO), the concentrations of
K*,Na®™ and OH" in the FA blended pastes are similar with that in pastes
with an identical replacement of quartz. This confirms our assumption
that alkalis in FA are hardly dissolvable. The measured conductivity
before 2 h (see Fig. 4) is lower than the calculated conductivity of pore
solution at early ages because the presence of cement particles breaks
the connectivity of pore solution. The chemical composition of OPC in
this study is highly similar to that of OPC used in Ref. [67], so the
calculated conductivity evolution of P055, based on chemical compo-
sition and Epw, is close to that of OPC with w/b = 0.5 from the squeezed
pore solution (see light blue hexagon in Fig. 7a and dashed line sphere in
Fig. 7b from 4 to 288 h. The main contribution to the conductivity of
pore solution comes from the OH™ which accounts for around 70% (see
Fig. 7b). Electrical conductivity of pore solution keeps almost constant
until it has a sharp increase after about 6 h. The fitted lines in Fig. 7a
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Table 3
The fitting results of pore solution conductivity depending on time by Hill
function.

Sample  Expression (ops(t)) End value(mS/ R?
cm)

P035 Ops = 95.6+(165.9-95.6) x -5/ 165.9 0.998
(z"55+144.4)

P045 Ops = 76.9+(131.3-76.9) x 1>2%/ 131.3 0.998
(t*%+512.0)

PO55 Ops = 65.2+(102.9-65.2) x 12/ 102.9 0.987
(+*%+503.0)

P135 Ops = 63.1+(104.4-63.1) x %/ 104.4 0.996
(r'°+108.8)

P145 ps = 51.6+(96.0-51.6) x 1°75/ 96.0 0.995
(1°7°427.0)

P235 Ops = 75.2+(149.6-75.2) x 1%/ 149.6 0.990
(x*%+31.4)

P245 Ops = 61.7+(114.5-61.7) x T3/ 114.5 0.992
(r"13+116.9)

P255 Ops = 52.4+(111.6-52.4) x 1°7%/ 111.6 0.96
(x°75+60.3)

P335 Ops = 61.4+(133.3-61.4) x 1%/ 133.3 0.998
(‘50'6°+16‘7)

P345 Gps = 50.6+(86.9-50.6) x 158/ 86.9 0.995
(«*%+35.8)

P355 Ops = 43.8+(78.0-43.8) x 18/ 78.0 0.994

(19804+84.9)

show the same trend as the evolution of value calculated from the
squeezed pore solution in Fig. 7b. These suggest that Eq. (10)-(17) can
effectively quantify the specific conductivity of pore solution with no
need for extracting the solution from paste and the further test evolving
with any expensive equipment (ICP-OES, IC, AAS [28]).

3.4. Real-time evolution of microstructure

3.4.1. Real-time formation factor

The formation factor (F) was initially defined by Archie [69] as a
fundamental property to relate the resistivity of sandstone with its
permeability or porosity. Because the hardened cement-based materials
has the similar porous nature as sandstone, F is widely used in pastes or
concrete by the definition with Eq. (18) [70,71]:

_ R,(1) _ s (1)
Ry(t)  0,(1)

(18)

where Ry(t) and o,(t) is the resistivity and conductivity of the saturated
cement-based materials, respectively. R,s(t) and oy(t) is the resistivity
and conductivity of bulk pore solution respectively. t is the curing age.

Fig. 8 presents the evolution of F in pastes up to 180 days. F initially
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keeps near constant for a certain time (~2-9 h), and the duration of this
period varies due to the blending of SCMs and different w/b (see Fig. 8a).
The initial F are larger than 1 and it generally deceases with the increase
of w/b. It is followed with a sharply increasing stage after the constant
period. The similar declining point was found in the ultrasound test due
to the percolation of solid at the setting time [1,72]. The effect of w/b on
the F is magnified by the hydration in the fast growth period. The ratio of
F in pastes with w/b = 0.35 to pastes with w/b = 0.45 is 1.90, 2.57, 3.90
and 2.05 for OPC, FA, SL and ternary system, respectively. F of P035 and
P045 keep increasing with a slow rate from 12 to 180 days, but that of
P055 shows an interesting decrease from 28 to 180 days. The FA blended
pastes have the highest increase in F compared with other pastes from 12
to 180 days so that they have the highest value at 180 days among pastes
with the same w/b. F of the SL blended pastes shows an evident increase
after 12 days, but its growth rate is much lower than the FA pastes. The
differences in F of SL binary pastes and ternary pastes with the same w/b
is negligible after 28 days.

Fig. 8b illustrates the comparison of F of pastes with w/b = 0.35. OPC
paste has the highest F at early age, but F of SL blended paste exceeds
that of OPC after 36 h. LL reduces the growth rate of F in the first 36 h,
but F of ternary pastes climbs up to exceed that of OPC at 110 h. The
P135 has the lowest F because of the low reactivity of FA at early age.
With an increase of w/b to 0.45, the difference between OPC and SL
blended paste is magnified in the first 24 h. F of P245 and P345 exceeds
that of PO45 at 110 and 140 h respectively, which is much longer than
this time for paste with w/b of 0.35 (36 and 110 h, respectively). An
increment of w/b to 0.55, furthermore, intensifies the inhibition effect of
SL and LL on the growth rate of F in the first 24 h. P255 and P355 exceed
the PO55 at the same time of 175 h.

F also relates to the ion diffusivity and pore connectivity as this
equation [70,73]:

1

=5

19
@ is the porosity and f is the index of pore connectivity. Herein, the

water porosity was used to calculate the pore solution connectivity, and

it is defined as:

Vepw

Vp my

my — me

D, = (20)

— my —m,

Vp is the volume of the hardened paste. With the data of water dis-
tribution (Fig. 5) and F, the pore solution connectivity () was calculated
(see Fig. 8c—d). An increment in w/b increases this value in pastes. As
hydration proceeds, the f deceases dramatically from water addition to
24 h. Although the volume of Epw in SL blended systems (see Fig. 5
P235/245, P335/P345) is higher than that in OPC pastes with identical
w/b,  of the SL blended pastes is lower than OPC. This results in a higher
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Fig. 7. Calculated conductivity of pore solution. (a)- the values in this paper. (b)- the conductivity value calculated based on the tested concentration of squeezed
pore solution from literatures (solid line from Ref. [29] with w/b = 0.75, dash line from Ref. [67] with w/b = 0.5, C: OPC; FA: FA; S: SL; L: LL).
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Fig. 8. Evolution of formation factor and pore

F of SL blended paste. It implies that the differences in F between various
binder systems mainly derive from discrepancies in f.

3.4.2. Average growth rate of F
For a further detail analysis of the growth rate of formation factor,
the average growth rate of F (a-F) is defined as:

(21

where F(t) is the F at hydration time t. The a-F of pastes is presented in
Fig. 9. The shape of a-F curve is similar with the typical shape of heat
release rate curve. By referring to the category based on the heat release
[43], the evolution of a-F of OPC paste can be classified into three pe-
riods as well. It includes “to the end of low-rate period” (period I),
“accelerate period” (period II) and “deceleration period” (period III). For
the blended paste, one more peak occurs after the main peak and it
belongs to the fourth period (period IV).

Period I: a-F has a sharp decrease in the beginning. It reaches the
lowest value that keeps almost constant for a period. The hydration of
OPC in this period involves the dissolution of minerals, the precipitation
of ettringite and nucleation of C-S-H [74]. However, these reactions
have few effects on the volume and connectivity pore solution, so F is
almost constant at this period (see Fig. 8a). Dividing F with time gets a
sharp decline in a-F. The continuous precipitation of ettringite and
C-S-H gradually strengthens the connectivity between particles. This
reduces the connectivity of pore solution, so the F may have a slow
linear-like growth leading to a constant a-F. An increase in w/b increases
the duration of period I and decreases a-F at the end of this period.
Blending of SCMs reduces a-F and prolongs this period. We define the
inflection point of a-F as the end of period I (see dash line in Fig. 9¢ and

10

solution connectivity with hydration time.

d), the duration of period I was presented in Table 4.

Period II: a-F has a sharp increase in this period. The hydration goes
into period with a rapid growth of hydration products (ettringite, C-S-H
and portlandite [74,75]) after the low a-F period. It increases the con-
nectivity between the solid particles to block the connection of pore
solution. Meanwhile, the water transfer from free water to chemically
bound to reduce the content of Epw, thus also decreasing the connec-
tivity of pore solution. a-F is an effective index for demonstrating the
hydration reactivity of binders with the same w/b. Fig. 9 a and b show
that OPC has the highest a-F in period II due to its higher reactivity
compared with SCMs (FA, SL and LL). Although the hydration degree of
FA and SL blended paste has few differences in the first 24 h (Fig. 6a), a-F
of SL blended is much higher than FA. It implies that the interaction and
links between the unhydrated particles is not only controlled by the
precipitation of products on surface but also double layers structure
between solid and pore solution. The dissolution of FA is typically lower
than SL [76], so there is fewer specifically absorbed anions (K*, Na *or
Ca2+) and secondary water [77] on FA surface than SL. Moreover, the
absolute zeta potential of FA is much higher than SL and cement in Ca
(OH)5, solution [77], so it means that the stable distance between the FA
and other particles are larger than that of SL and other particles. This
weakens the connection between solids to bring a higher connectivity of
pore solution.

Period III: a-F shows a decreasing trend after the period II, and this is
due to areduction in the growth rate of hydration products as well as the
water consuming rate. The main peak of a-F of OPC pastes is at 12.6, 14
and 14 h for w/b of 0.35, 0.45 and 0.55, respectively (see Fig. 9a and b),
which is close to the main peak of heat release rate (12-14 h for OPC
[43]) form OPC pastes. The blending of SCMs delays the main peak to
16-20 h and this interval is also close to the time for the main peak of
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Fig. 9. Evolution of a-F of pastes with hydration time.

Table 4

Setting time and inflection points of a-F from fresh pastes.
Sample Time/h

Initial setting Final setting Inflection point of a-F

P035 2.82 4.37 4.07
P045 3.62 5.02 4.38
PO55 4.14 6.80 5.04
P135 4.06 6.65 6.35
P145 4.85 7.17 7.30
P235 2.99 5.72 4.60
P245 4.20 7.92 7.50
P255 4.49 9.50 8.80
P335 3.08 6.12 6.25
P345 4.13 7.97 7.33
P355 5.82 10.23 9.30

heat release in OPC with SL and FA [78]. An increase in w/b has minor
influences on the main peak position especially from 0.45 to 0.55. SCMs
decrease the declining rate of a-F and they even induce one more peak.
Interestingly, the inhibiting effect on the precipitation of portlandite
from FA is higher than that from SL (Fig. 6b), but the a-F of FA paste is
much lower than that for SL pastes. This may be owing to the phe-
nomenon that FA absorbs Ca2" on its surface during the dissolution
process [50,79,80], and these Ca ions would not necessarily precipitates

11

as portlandite or C-S-H.

Period IV: This period corresponds to one new peak during the
deceleration of a-F. Because the latent hydraulic reactivity has been
activated after 3 days, the reaction of SL induces a further breaking of
the pore connectivity, namely refining the pore size. This latent hy-
draulic reactivity can be observed from the increment in the differences
between the normalized portlandite content in OPC and SL blended
paste (see Fig. 6b). The time for the second peak of a-F in P235, P245 and
P255 is about 8-12 days, and this period corresponds to a quick increase
in the reaction degree of SL according to Ref. [80]. The reaction of FA is
normally activated much later than 10 days [7,80], so the second peak of
FA blended pastes occur at about 90 days in this study. An increase in
w/b seems to delay the occurrence of this peak.

3.4.3. Setting time

Fig. 10 shows the penetration depth in fresh pastes tested by the
Vicat needle. The initial and final setting time were determined referring
to ASTM C191-08 standard and the results are presented in Table 4. An
increase in w/b prolongs both the initial and final setting time. This
delaying effect is more evident on final setting than initial setting.
Penetration depth of ternary pastes fluctuate under all w/b conditions
(Fig. 10a). The blending of SCMs inhibits the deceasing rate of the
penetration depth (see Fig. 10b-d), and FA has the strongest inhibiting
effect. Lootens et al. [81] found the analytical correlation between the
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Fig. 10. Penetration depth of Vicat needle in pastes at different hydration times.

penetration depth and yield stress of materials. A penetration depth of
25 mm from a needle used in ASTM C191-08 can be associated to a yield
stress of order 40 kPa. The spherical shape of FA mitigates the inter-
particle surface friction [82]. Moreover, the higher absolute zeta po-
tential of FA leads to a larger distance between particles compared to SL.
Therefore, FA paste needs a longer time to gain the enough density of
hydration products to reach the yield stress for setting than SL blended
paste. The dilution effect from SL also induces pastes to take a longer
time to gain the critical yield stress for the initial setting than the plain
pastes. Table 4 illustrates that both initial and final setting have a pos-
itive correlation with inflection point of a-F. It will be further detailed in
the discussion part.

3.4.4. Time-dependency of chloride migration coefficient and F

The proper evaluation of chloride migration coefficient is important
for service life modelling. Chloride migration coefficient is a time-
dependent parameter that decreases with the curing time following an
empirical power function [83-86], owing to the continuous hydration of
binder. Table 5 shows the chloride migration coefficient of pastes tested
by rapid chloride migration (Dgcpy) at different curing time. Dgcy of
pastes show an unsurprising decrease with the curing time except for
PO55. Drcym increases with the increase in w/b, but the w/b has a weak
influence on Drcy of SL binary paste at 180 days. The blending of SCMs
decreases the chloride migration in pastes, and this effect is more
evident in pastes with longer hydration time and higher w/b. Drcy of
P055 shows an interesting increase with hydration time after 28 days.

Table 5
The Dgcwm of pastes cured to 28, 90 and 180 days.

The similar deviation was detected in some previous investigations [84,
85] as well. OPC based concrete might have a higher chloride migration
coefficient at later age when the w/b is rather high (>0.5).

Eq. (19) indicates that the inverse of F (1/F) correlates to the pore
connectivity and porosity, so the evolution of 1/F was used to compare
with Dgrey. Fig. 11a shows that a minor increase in the 1/F can also be
observed in PO55 after from 28 to 90 days. This implies the increase in
Dgcy is due to the changes of structure in hardened pastes. The de-
pendency of Drcy on time is similar with the dependency of 1/F on time
in OPC and FA blended pastes (see Fig. 11 a and b). The effect from w/b
on the Dgcy is close to its effect on 1/F in these two binder systems. Both
the Drcy and 1/F in the slag blended pastes show a declining trend with
the increase in curing time, but the decreasing rate of Dgcys is much
higher than that of 1/F especially for pastes with w/b of 0.35 and 0.45.
Because the 1/F is measured from pastes under the sealed curing, the
hydration rate of pastes with w/b of 0.35 and 0.45 is limited due to the
lack of liquid water at later age, thus leading to the slow decrease of 1/F
after 90 days. However, Dy was tested from samples under the water
curing so the later-age hydration is higher than the sealed samples. This
causes a higher decrease in D¢y of the water curing samples than that in
1/F of the sealed curing samples (see Fig. 11 c and d).

Time/days Chloride migration coefficient ( x 10~% m?/s)

P035 P045 PO55 P135 P145 P235 P245 P255 P335 P345 P355
28 8.02 15.56 21.08 8.90 11.35 5.12 5.82 7.29 5.79 5.39 6.40
90 5.84 11.67 26.28 2.27 3.67 3.17 3.85 4.52 2.70 3.64 3.81
180 3.52 10.46 26.15 0.84 1.51 2.50 2.60 291 1.76 1.94 3.71
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Fig. 11. The evolution of chloride migration coefficient (solid scatters) and inverse of F (the hollow scatters) with hydration time: a- OPC pastes; b- The FA blended

pastes; c- The slag blended pastes; d- The ternary pastes.
4. Discussion
4.1. Correlation between setting time and formation factor

The setting of cement-based materials has been indicated by many
test methods [87], and the change of electrical properties is one of the
major index [88]. It can be observed that the decreasing rate of pene-
tration correlates to the growth rate of F with the comparison between
Figs. 9 and 10. The inflection time of a-F is positively related to the
setting time as shown in Table 4. Setting of cement paste is generally
understood as a percolation process in which intersection of hydration
products on particles surface leads to the formation of clusters, and
which eventually join into a continuous elastic network [1]. In OPC with
normal aluminates content, the setting of cement is mainly controlled by
a formation of sufficient C-S-H on particles surface [89,90]. The
increasing precipitation of C-S-H from period I to II (in Fig. 9) results in
the percolation of the links built by the overlapping of C-S-H on the
surfaces of particles.

Many previous researches [91-93] noticed a reduction of conduc-
tivity of paste during setting, however, lack of building any mathematic
relation between electrical properties and setting time. The a-F in this
paper represents the structure building rate, so the change of it is
effective to indicate the setting of pastes. Fig. 12 shows that the inflec-
tion point of a-F has a good linear correlation with the final setting time
regardless of types of binder or w/b. The linear correlation is not so
general between the inflection point and initial setting time for all
pastes, but the correlation is good in pastes within the same binder
system (Fig. 12 arrow line). This may be due to the differences in par-
ticles size distribution (or surface nature of the particles in solution)
between cement and SCMs. Moreover, it should also be noted that in the
standard test (ASTM C191-08, Vicat) the points for initial setting are
arbitrary chosen. Generally, the change of a-F during hydration is a good
index for setting of pastes.

4.2. Percolation theory understanding the relation between Epw and
formation factor

Water plays a critical role during the hydration process. It works not
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Fig. 12. Correlations between setting time and inflection point of a-F. OPC, FA
blended, SL blended and ternary paste are presented with circle, square,

rhombus and triangle respectively. The grey, blue and rose color correspond to
w/b of 0.35, 0.45 and 0.55 respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)

only as a “porter” to carry the ions out of raw minerals into solution but
also as a key component to build the chemical structure of hydration
products. Pore solution is also the main basis of current transmitting
through the cement-based materials. The electrical conductivity of paste
is affected by many intrinsic factors during hydration as shown in Fig. 1.
To simplify the system at the specific hydration degree, the composition
in pastes can be classified into two main phases: the insulative (dry
solid) and conductive component (liquid solutions). Archie [69] found a
power function relation between the volume percentage of conductive
saline (&) and the formation factor F of gas sand, and it was further
stated as the general form [94]:

/F:a:':(pn

where a is non-uniform constant, n is the shape factor. After an extension

% _,

Cps

(22)
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of the percolation theory of networks to the continuum cases [95,96],

the conductivity shows a general relation as a formula similar to
Archies’ law:

%

o, =a*0,* (9 — )" (23)

After the substitution of conductivity with F, we get:

F=1/a*p=g) " 24)
herein, we assume that the conductive component includes the ions in
the pore water and the layer water, hence ¢ is the volume of Epw (¢,). ¢,
is the critical value for the percolation of conductive component. m is the
shape factor as in Archies’ law and a is a constant. Fig. 13 demonstrates
the raw data and the regressed curve, and Table 6 shows the optimum
parameters. F correlates perfectly with Epw through the general
percolation theory with respect to different binder type (see Fig. 13a and
R? in Table 6).

Binder types have impact on the shape factor and threshold for
percolation, so a general fitting with all binder types is not so good with
R? = 0.74. The single-shaped particle system has a lower shape factor
than the system with a complex shape mixing, such as the sand and chalk
with a value of 1.6 but the calcium montmorillonite with 3.28 [94]. FA
has a uniform spherical shape, so it will reduce the shape complexity of
binder particles resulting in the lowest shape factor (m = 1.52). LL has
the granular shape like sand so that it reduces the shape factor.
Comparing to OPC, the higher m value in the SL blended paste indicates
that SL binder system has a more complex shape combination than the
others.

The values of percolation threshold for solution in OPC, FA, SL and
ternary blended pastes are 0.157, 0.242, 0.223 and 0.256, respectively.
This means that plain OPC paste needs the lowest volume of solution to
have a percolation, which in turn implies that it has the highest pore
connectivity compared to the blended system. Gui et al. [39] found that
FA and SL refined the pore structure to decrease the pore connectivity in
pastes, thus reducing the gas permeability. The refinement effect from
SL and FA also increase the chloride resistivity (see Table 5 and in Refs.
[96,97]1). According to lattice model for percolation [98], the site
threshold values for face centered cubic and body centered cubic is

0.198 and 0.245 respectively. Therefore, it implies that the blending of
SL and FA may refine the pores spatial packing state, which is worthy of
consideration for the future modelling.

4.3. The relationship between Dgcy and electrical properties

The relationship between electrical properties and chloride migra-
tion coefficient were discussed in some previous publications [40,99,

800
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Table 6
The regressed parameters based on Eq. 24

Sample Expression a b, m R?

PO F=1/0.246 x (¢,-0.157) >1! 0.246 0.157 2.11 0.98
P1 F =1/0.498 x (&.-0.242) 52 0.498 0.242 1.52 0.93
P2 F=1/0.806 x (9,-0.223)" 2% 0.806 0.223 2.35 0.99
P3 F =1/0.578 x (©,-0.256) 182 0.578 0.256 1.82 0.97
PA F=1/0.129 x ($,-0.279) %% 0.129 0.279 0.98 0.74

100]. Tong and Gjgrv [99] empirically found a quadratic relation be-
tween the electrical conductivity and chloride migration coefficient.
However, some investigations [40,100] also reported a linear correla-
tion between these two parameters. Theoretically, the diffusivity of ions
in the porous materials correlates to F and electrical conductivity as Eq.
(25) [70,73]. D, and D; are the diffusivity of the ions in paste and bulk
pore solution, respectively.

D, PO _ Dps

»
Ops F

(25)

Fig. 14 presents the correlations between the electrical properties
and Dgcy in this study. It shows a linear relationship between the
electrical conductivity and Dgcy in pastes. A better linear correlation is
detected between Dgey and 1/F with a R? = 0.98 in Fig. 14b compared
with R? = 0.96 in Fig. 14a. The difference value between the regressed
and the measured Dgcyy is presented in Fig. 14c. It shows that the re-
sidual in regression based on 1/F is apparently smaller than that in the
regression based on electrical conductivity. The correlation between the
Drcum and oy is not quite linear because of the effect from conductivity of
pore solution as presented in Eq. (25). Moreover, the conductivity of
pore solution is largely influenced by the saturation degree according
[101] and as shown in Fig. 7. The chloride migration is mainly
controlled by pore structure instead of concentration of pore solution.
The slope of the regression line between the D¢y and 1/F is 2.037 x
10~° m?/s, and this value is very close to the coefficient of chloride
migration in the dilute solution (2.03 x 10~° m?/s [102]). Therefore,
the real-time monitored electrical properties are effective to indicate the
chloride migration coefficient in hardened cement pastes especially
based on the 1/F. This parameter can be used to calculate the chloride
migration coefficient in pastes, including the effect from the SCMs and
hydration time (see Figs. 11 and 14).

5. Conclusions

A simple conductivity test setup was designed for a real-time moni-
toring of the hydration and microstructure evolution of pastes with
various w/b and binder systems. It can be used as an in-situ test and even

Fig. 13. Relationship between the Epw and F. Py, P, P, and P3 correspond to OPC, FA, SL and ternary blended pastes, respectively. a-data with respect to binder

type; b-the regression result regardless of binder type.
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for the on-site monitoring in large scale. The distribution of Epw and Nw
can be easily determined with the procedure proposed in this paper.
Water content from the developed procedure gives data for calculating
the conductivity of pore solution based on the chemical composition of
binders, without any needs for squeezing the pore solution out of the
paste. With the measured conductivity of paste and calculated conduc-
tivity of pore solution, the real-time F and a-F was defined for a deep
analysis of hydration process and pore structure.

The evolution of conductivity closely relates to the chemical reaction
process. The differences in F of pastes with various binders are mainly
derived from the pore connectivity. a-F is an effective index for indi-
cating the structure development rate in pastes. The shape of a-F curve is
similar with that of heat release, so it contains a first peak, a main peak
and the later stable period in OPC pastes. Another peak shows in the
hydration of paste blended with SL and FA due to the latent hydraulic

15

reaction of SL and pozzolanic reaction of FA. The evolution of a-F in the
blended pastes was correspondingly classified into four periods. The
rapid growth of C-S-H induces an inflection point of a-F from period I
into II, which can perfectly indicate the final setting time.

The w/b impacts the electrical conductivity, F, and a-F of pastes. An
increase in w/b lowers the alkali concentration in pore solution, leading
to a lower electrical conductivity. However, it increases the connectivity
of pore solution to reduce F. An increment in w/b also reduces a-F of
pastes, and the a-F can effectively indicate the reactivity of different
binders under the same w/b condition. Dilution effects from SCMs
reduce the initial conductivity of paste mainly due to the lower alkali
concentration in pore solution. SL has a weaker reduction in the con-
ductivity of pore solution than FA and LL. Blending of SL refines the pore
structure at early age, so the SL blended paste has a higher a-F than OPC
after about 4 days. FA reduces F and a-F in the first 12 days due to its low
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reactivity at early age, but the effect of its pozzolanic reaction shows
after 28 days. LL increases the connectivity of pore solution. However,
its filling effect on pore structure is effective after a certain hydration
age.

The relation between volume of Epw and F can be well demonstrated
by an extended percolation theory. This enables an in-situ evaluation of
Epw through conductivity test. The real-time monitored electrical con-
ductivity and 1/F can be used to estimate the chloride migration coef-
ficient in hardened cement pastes. This study provides both useful
methods and theoretical basis for the prediction and simulation of
moisture content and ions (e.g. chloride) ingress in cement-based ma-
terials with a continuous long-term hydration during its service life.
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