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ABSTRACT

Fly ash (FA) is a pozzolanic material widely used to replace ordinary Portland cement (OPC) in mortars
and concretes. The main purpose of this replacement is to reduce the consumed amount of cement, for
economic and environmental reasons.

Main technical advantages, such as the improvement in durability and the enhancement of mechanical
properties with long-time hydration, are derived from the pozzolanic activity. Several studies aimed to
evaluate the pozzolanic reaction extent have been reported by using thermogravimetric analysis (TGA),
mechanical compressive strength and mercury intrusion porosimetry (MIP). Besides, other
complementary non-destructive techniques that reflect the effect of FA on microstructure are of great
scientific and technical interest.

In this work, an alternative non-destructive method, the electrical impedance spectroscopy (EIS) followed
by the equivalent circuit analysis (EC) has been applied to identify two electrical relaxations, which are
strongly associated to microstructural properties.

The high frequency relaxation was assigned to the electrical conductivity of the calcium silicate hydrate
(C-S-H) gel. Additionally, this C-S-H gel conductivity was separated into dc-conductivity and frequency-
dependent conductivity, that provided information regarding the periods of early pozzolanic reaction
(around 12 days) and high pozzolanic activity (around 28 days).

This research provides conclusive evidence of the validity of the applied EIS-EC method on account of
the significative relationships found between electrical parameters and physicochemical properties
determined by TGA, compressive strength and MIP.

Specifically, non-evaporable water, compressive strength and gel-pore-volume of diameter less than 10
nm exhibited significative exponential correlations with dc-electrical resistivity of the high frequency
relaxation. These correlations validated the appropriate allocation of the high frequency relaxation to C-
S-H gel.

Key words: Fly ash, mortar, C-S-H gel microstructure, electrical-impedance-spectroscopy, impedance-
relaxation.

1. INTRODUCTION

Supplementary cementitious materials are widely used as a replacement for ordinary Portland cement
(OPC) in cement-based products for both, economic and environmental reasons. Fly ash (FA) is a by-
product from the coal-fired power stations that can be applied as substitute of cement. FA particles change
microstructural properties of mortars, decreasing the mobility of ions and improving its durability [1], [2].

In OPC based materials, FA particles consume portlandite that results from cement hydration,
incorporating new hydrates from the pozzolanic reaction. The physicochemical properties of these
pozzolanic hydrates depend in a complex way on: i) percentage of FA replacement, ii) fineness of the
pozzolanic particles (specific surface area), iii) chemical composition (type of FA), iv) water/binder ratio
(w/b), v) curing age and vi) temperature [3], [4], [5]. The replacement of cement by FA enhances the
cement hydration extent by the particle effect (filler effect), which involves two passive mechanisms:
increasing the nominal water/cement ratio (dilution effect) and providing an extra-surface for the hydration



of cement particles (nucleation effect). The outcome of both effects is an increase in the rate of cement
hydration. The specific effect of FA is the pozzolanic reaction, which produces new calcium silicate
hydrates (C-S-H), from the dissolved portlandite (CH), that have a different composition and morphology
from those formed in plain OPC materials [6], [7], [8], [9], [10].

Fly ash of type F (calcium content <10%) is broadly used. In cement pastes with moderate-high
replacement by FA (30-50%) some important physicochemical properties and critical curing ages have
been reported by different techniques:

1) Mercury intrusion porosimetry (MIP) provides two porosity parameters: volume of intruded mercury and
critical pore-entry radius [11], [12], [13]. Pastes with 40% of FA replacement have greater intruded volume
than plain cement pastes from 28 to 90 days. The pozzolanic reaction has a significant effect on the
porosity between 28 and 60 days, but it slows thereafter [8].

2) Thermogravimetric analysis (TGA) provides data of pozzolanic reaction, based on the content of
portlandite (CH), and non-evaporable water (Whn) in cement pastes [9], [11], [14], [15], [16]. Both
processes, cement hydration and FA reaction, contribute to increase Whn, while the content of CH
correlates positively with the cement hydration extent, and negatively with the pozzolanic reaction. In plain
pastes, CH is about 25% (in weight) at the age of 100 days [17]. The pozzolanic reaction consumes CH
by incorporating Ca?* into new hydrates (portlandite fixation). This reaction begins when a threshold
amount of CH has been produced. The reduction of CH content due to pozzolanic reaction starts on day
7[9], [11].

3) Mechanical compressive strength reflects differences in the microstructure related to the percentage
of cement replacement by FA [14], [18], [19], [20], [21]. FA replacement in the range 10-25% can exceed
the compressive strength of plain cement pastes and mortars at 90 days.

4) Electrical impedance spectroscopy (EIS) is a non-destructive technique used to detect differences in
the microstructure of pastes, mortars and concretes with FA replacement over time. Some studies have
been done in the initial hours [22], [23], [24], [25], [26] and other studies at older ages [27], [28].

In recent decades, there have been a great interest in measuring electrical properties of OPC based
materials. These measurements are based on applying low electrical current at different frequencies,
aimed to estimate microstructural properties by a non-destructive method. First works were published by
McCarter [29], [30].

The most common measuring procedure consists of three steps: i) the use of metal electrodes attached
to the material ii) the measurement of impedance (EIS) or capacitance (Dielectric Spectroscopy) and iii)
the search for an equivalent circuit (EC) with the same electrical response that the material. The EC is
composed of discrete elements R and C, o distributed elements like constant phase element CPE, o
Warburg impedance. Different EC have been used with electrical elements in parallel [27], [31], [32], [33],
[34], [35], [36] in series [37], [38], [39], or even specific circuits with Warburg impedance such as the
Randles circuit [40], [41].

OPC blended mortars are disordered microscopic mixtures of conductive and dielectric particles,
randomly distributed with different microstructure or microgeometry. A good approach to improve the
knowledge of disordered composites has been developed by the impedance analysis of two-dimension
electrical networks, composed of a high number of purely resistive (R) and purely capacitive (C) elements
randomly arranged, in different percentages [42], [43], [44]. The EC of these networks at different
frequencies requires one or more distributed elements, that are characterized by a time constant (or
characteristic frequency of relaxation) and a fractional exponent (ranged between 0 and 1). Hamou et al.
[42] applied a high-resolution and accurate complex-nonlinear-least-squares fitting by using LEVM
program [45], [46] to obtain the EC with distributed elements [44]. The main results of this research are:
i) a good fitting of experimental data to an EC requires the use of two distributed elements corresponding
to two relaxations, ii) time constant and fractional exponent that characterize each relaxation vary with the
selected EC and iii) one of the fractional exponents is always around 0.5 which represents the percolation
threshold in two-dimension systems composed by conductive and dielectric elements. Although time
constant of each relaxation has not got any direct physical meaning, it is related to the percentages of
conductive and dielectric elements.



Two relaxations are likewise found in our previous papers on electrical impedance for OPC mortars, with
fractional exponents of 0.5 and 0.8, respectively [27], [39]. A decrease in exponent 0.8 by 37% is obtained
after applying several cycles of drying-rewetting that reflects a change of microstructure in C-S-H gel,
nevertheless exponent 0.5 barely changes [39]. Regarding the physical meaning of fractional exponents,
the 0.8 exponent in hardened cement products is related with the fractal dimension of C-S-H gel [31], [47],
[48], [49]. On the assumption that fractional exponent of 0.5 can be associated to the conductivity on
surfaces [44], in OPC mortars it could be related to big pores.

As far as we know, few studies about high replacement by FA in blended mortars and long-time curing
have been reported relating electrical parameters, deduced by EIS and EC, and physicochemical
parameters, deduced by TGA, compressive strength and MIP.

In this work, we present an experimental study about hydration of OPC mortars blended with low-calcium
fly ash, diameter of particle similar to the cement one, water/binder=0.5, during the period from 3 to 90
days, at ambient temperature (20 + 1 °C). The percentages of replacement of cement by FA were 0%-
25%-40%-55%-70%.

The aim of this work is to study the effect of different FA percentages on the cement hydration and the
pozzolanic reaction, through EIS measurements in the range of 100 Hz to 1 MHz and with the analysis of
two relaxations by EC. Each relaxation was represented by a pair of elements in parallel (RQ). R
represents the dc-resistance of bulk pore solution and Q is a constant phase element that represents the
frequency-dependent conductance related to the surface or volume around the pore solution [27], [35],
[38], [39]. The chosen EC was: (RLQL)(RHQH), according to the circuit description code [50], that
represents two relaxations, one of low frequency (LF) and another of high frequency (HF). Using the same
EC allows to compare electrical properties between plain mortar and FA mortars.

Following this approach, this article investigates the cement hydration and FA pozzolanic reaction on the
basis of EIS-EC. Critical ages related to the particle effect and the pozzolanic effect of FA, were deduced
from the evolution of electrical parameters. In order to further test these results, electrical parameters
were compared with those obtained by classical methods: TGA, compressive strength and MIP.

The section of results and discussion is organized as follows: firstly, impedance results as a function of
frequency are shown and the values of the main parameters of the EC are presented; secondly, the
evolution of the most significative electrical parameters of HF-relaxation is studied. Finally, a comparative
analysis is performed between electrical resistivity of the HF-relaxation, obtained from the non-destructive
EIS-EC method, and the physicochemical properties, CH, Wn, compressive strength and pore volume.

2. EXPERIMENTAL
2.1 Materials

Portland cement type CEM 1I-52.5R, with a mean particle diameter of 16.70 ym, was used as cementitious
binder. Fly ash particles of type F (low CaO content) were milled to a mean diameter of 13.40 um.
Chemical compositions of cement and FA are shown in Table 1. Tap water was used to mix the raw
materials into pastes and mortars. The aggregate used for mortars was of siliceous type, with a fineness
modulus of 4.3.

Table 1
Chemical composition (% by weight) of cement and fly ash. Loss on ignition (L.O.l), mean particle
diameter (Dm).

Si02 AlOs Fe203 CaO MgO SOs; K20 Na:O L.O. Dm(um)

Cement 19.90 538 362 63.69 214 366 1.17 010 2.02 16.70
Fly ash 5159 2754 1295 235 1.00 051 253 040 120 13.40

2.2 Preparation of cement pastes and mortars

Pastes and mortars were prepared according to UNE-EN-196-1:2005 [51] and UNE-EN 197-1:2011 [52]
standards.



For cement pastes, cement and FA were first mixed in a sealed plastic container, then water was added
and blended until a homogeneous mixture was obtained. The container was closed and kept in a humid
chamber at a temperature of 20 £ 1 °C and RH > 90% (curing conditions), to the age selected for the
measurements.

For mortars, water was poured into a 5-liter mixer, then a homogenized mixture of cement and FA was
added and, finally, the aggregate. Molds of 40 x 40 x 160 mm? were filled as they were compacted. For
the first 24 hours, the samples were kept under humid chamber conditions. After that time, they were
demolded and immersed in saturated lime solution at a temperature of 20 + 1 °C (curing conditions).
Three samples of each mortar were prepared for electrical, physicochemical and mechanical
measurements.

Nomenclature and dosage of cement pastes and mortars are shown in Table 2.

Table 2

Dosage of cement pastes (p0: plain cement paste, pX: blended pastes with X(%) of FA replacement), and
mortars (mO: plain OPC mortar, mX: blended mortars with X(%) of FA replacement). X ratios calculated
with respect to binder b in weight (b = cement + FA).

Label Cement  Water  aggregate Fly ash (FA) Binder FA/b w/b agg/b
(c) (w) (agg) (b=c+FA) X
()] (9 (9) (9) (¢)] (%) ) )
p0 450.0 225.0 - 0 450 0 0.50 -
p25 337.5 225.0 - 112.5 450 25 0.50 -
p40 270.0 225.0 - 180.0 450 40 0.50 -
p55 202.5 225.0 - 247.5 450 55 0.50 -
p70 135.0 225.0 - 315.0 450 70 0.50 -
mO 450.0 225.0 1350.0 0 450 0 0.50 3
m25 3375 225.0 1350.0 112.5 450 25 0.50 3
m40 270.0 225.0 1350.0 180.0 450 40 0.50 3
m55 202.5 225.0 1350.0 247.5 450 55 0.50 3
m70 135.0 225.0 1350.0 315.0 450 70 0.50 3

2.3 Thermogravimetric analysis

This method consists of applying heat in the interval of 35-600 °C (at the rate of 10 °C / minute) in an inert
atmosphere of dry N2, and measuring the mass of the sample continuously. The amount of portlandite
(CH(%)) and non-evaporable water (Wn(%)), both expressed as a percentage by weight of the sample,
were determined from the loss of weight of the sample as temperature increased.

2.4 Mechanical compressive strength

The measurements were taken with an Instron Model 3382 universal machine. The test machine applied
a speed of 2400 N/s, with an accuracy of 1%.

2.5 Mercury intrusion porosimetry

Porosity was determined using an AutoPore IV 9500 from Micrometrics Instrument Corporation with an
intrusion pressure between 13782 Pa and 227.4 MPa (pore size between 5.5 nm and 361 pym). The
samples were previously dried at 105 °C. Two parameters were measured: pore volume as a function of
diameter, according to the Washburn relation, and total pore volume.

2.6 Electrical impedance spectroscopy

Electrical impedance measurements were taken with an HP-4284A impedance meter over the frequency
range 100 Hz — 1 MHz. A constant current of 100 yA was applied in order to reduce and keep constant
any electrochemical effect.

Fig. 1 shows a detailed picture of the measuring cell with a mortar sample connected to the impedance
meter. The measuring cell consisted of two parallel gold-plated electrodes of 4 x 7 cm? separated by a
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distance of 80 mm. A 4 x 4 x 16 cm? prismatic sample was placed in the cell, leaving two prismatic gaps
of 2 x 4 x 7 cm?® between the sample and the electrodes. These gaps were filled with the same lime
saturated solution in which the mortar was conserved throughout the experiment. Impedance Zm was
measured at four different heights of the lime solution in the gap: h =1.5, 3, 4.5 and 6 cm.

Electrical measurements were taken for three samples of each mortar at the curing ages: 3, 7, 12, 21, 28,
35, 56, 79 and 90 days. These measurements provided impedance data which include parasitic effects
in series (cables and connectors), and in parallel (the edge of the prismatic sample at its lower and upper
ends, and its side surface). The series-parasitic impedance was removed by subtracting the measured
short-circuit impedance Z.. from the measured impedance Zm, and resulting in the corrected impedance
Zco (Zeo = Zm - Zcc) for each height. The parallel-parasitic admittance of lower and upper ends of sample
(Ypa) was removed by fitting data of Yeo (Zeo™) to the different measuring heights of solution (h): Yeo = Yn-h
+ Ypa, for both, real and imaginary parts (variable area method). The impedance, proportional to height Zn
(Yn™), is free of parasitic impedances except for the capacitive external admittance Y. of the side surface.
Impedance Zn matches with the electrical resistivity which includes three impedances in series,
Zn=Zmot+Zes*Rsal, the intrinsic impedance of the mortar Zmo, the corresponding to the interface electrodes-
solution Zes, and the resistance of the saturated solution Rsol that was measured independently. The free
CNLS LEVM program [45], [46] was applied to Zn by using an EC in order to separate the series
impedance Zmo, Zes and Y. in parallel (Fig. 2 (e)). Yc is not shown in the EC.

For mortars, a relaxation is represented in EC by a pair of elements in parallel (RQ) [27], [39]. The inverse
of resistance R represents the dc-conductivity, and Q is a constant phase element which represents the
frequency dependent conductivity. The admittance Ya (Za ™) is defined as: Yo=Yo-(jw)" with Yo and n
being the characteristic parameters, j the unity of imaginary numbers and w=2-m-frequency. The
characteristic frequency of the relaxation is calculated as:

f= [2n]1(RY,)" &) (1)

The exponent n indicates the relaxation shape in the Nyquist plot (imaginary part of Z versus real part of
Z). If n =1 the plot appears as a semicircle, but if n < 1 the plot is represented by a flattened semicircle.

Fig. 1. Impedance meter and measuring cell



3. RESULTS AND DISCUSSION
3.1 Electrical parameters of the equivalent circuit

Fig. 2 shows Nyquist diagrams of the measured impedance (Z) (imaginary part Im(Z) as a function of real
part Re(2)) for one sample of each mortar, on days 3 (Fig. 2 (a) and (b)) and 90 (Fig. 2 (¢) and (d)), as
an example. Impedance plots exhibited a typical double branch with “V" shape which represents two
impedances associated in series with two characteristic frequencies separated in the frequency domain.
The branch of low frequency (on the right) corresponded to the electrode-solution interface. It had an
imaginary part with values in the range of -0.5 to -1 Q-m, without scarcely changes in the measurement
period, which are unnoticeable in the graphs on day 90 for scale reasons. The medium-high frequency
branch (on the left) reflects the mortar impedance. At the highest frequency of 1 MHz, the imaginary part
reached low values in the range of -0.3 to -1.5 Q-m on day 3, and greater values in the range of -5 to -90
Q'm on day 90. Re(Z) and Im(Z) grew significantly over time for FA mortars in comparison with plain
mortar.

At the frequency in which Im(Z) took the lowest absolute value, the real part of the impedance ranged
from 12.0 to 21.0 Q'm on day 3, and with greater values from 47 to 380 Q-m on day 90. These values
represent the bulk dc-resistivity of mortar, Ro. On day 3, Ro decreased with FA content but on day 90 it
increased with FA content. Therefore, the evolution of Ro highlights the particle effect of FA at 3 days and
the pozzolanic effect at 90 days.

The EC used in this work is shown in Fig. 2 (e), Rsol Qe (RLQL) (RHQH), following the circuit description
code [50]. The set Rsol Qe represents the electrode-solution interface. Mortar was represented by two
elements in parallel (R Q) arranged in series, exhibiting two impedance relaxations: (RLQL) in the range
of kHz (Low frequency, LF-relaxation) and (RxQn) in the range of MHz (High frequency, HF-relaxation).
The bulk resistivity of mortar is Ro = RL+RH.

The characteristic parameters of constant phase elements QL and Qn are Yo, ni, Yon and nu. Electrical
parameters of the EC were obtained by applying the LEVM program with uncertainties less than 3%: R.
(<1.0%), YoL (<1.0%), nL (<0.2%), Ru (<0.05%), You (<3.0%) and nn (<0.2%). The statistical parameters
were: PDRMS (root mean square values of estimated relative standard deviation of the fitting residuals)
< 20-103, SF (relative standard deviation of the fit residuals) < 15-10-® and Res/Mod (residuals with
respect to the model) < 7%. Data met the Kramers-Kronig requirements as the residuals presented
random scattering [53].
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Fig. 2. Experimental Nyquist diagrams (imaginary part of Z vs real part of Z) and model fitting for: a) m40,
m55, m70, and b) m25, m0 at 3 days, c) m0, m25, m40, m55 and d) m70 at 90 days. Inset: plain mortar
mO. e) Equivalent circuit composed of: interface electrode-solution (Rsoi Qe) and mortar (RLQL) (RHQH).
Rsol was a fixed and known value.

The main electrical parameters associated to HF and LF relaxations are summarized in Table 3.
Resistances Ru and RL represent the dc-electrical resistivity related to each relaxation as the
measurement of impedance was corrected by the variable area method. Both resistivities determine the
bulk resistivity, Ro (Ru+RL), being the dc-resistivity of the percolated pore system of the sample.
Resistivity Ry was about tens at early ages, it increased over time, doubling for plain mortar and reaching
few hundreds for FA mortars at 90 days. Resistivity RL was lower than Rw for all mortars in the whole
period, starting with values less than the unit and reaching few tens at 90 days. In the period 3-28 days,
the ratio between both resistivities was: Ri/RL > 15 for m0 and Rx/RL > 6 for m70, being this the lowest
ratio of all FA mortars.

Fractional exponents n1 and n. represent the capacitive feature of each relaxation. Exponent nny ranged
between 0.95 and 0.84 on day 3, and between 0.85 and 0.65 from day 7 on, decreasing with FA content.
Exponent n. ranged between 0.37 and 0.55, and the most frequent value was 0.5 + 0.05. This common
value around 0.5 for both plain mortar and FA mortars seems to be a microstructure feature common to
all mortars, regardless of the binder used in the initial mixture.

Characteristic frequency fx (x = H, L) was calculated with equation (1). The characteristic frequencies
were about tens of MHz for HF-relaxation and tens of KHz for LF-relaxation (Table 3). These values and
their corresponding time constants do not have physical meaning regarding the study of two-dimensions
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electrical network of discrete elements R and C [44] but they confirm the presence of two different
conductive spaces.

Table 3

Main electrical parameters of high (H) and low (L) frequency relaxations. Rx (Q'm), nn (<), fu (MHZz),
RL(Q-m), n.(-) and f.(kHz) obtained as the mean of three samples with relative uncertainties less than
5%.

Time 3 days 7 days 12 days
m0 m25 m40 m&5 m70 m0 m25 mdd mbd5 m70 m0 m25 m40 mbd5 m70
Ry 1888 1524 1280 10.51 9.63 2421 2117 1833 16.01 1742 28,00 2611 2546 2481 2224
MH 0.85 0.84 0.91 0.95 0.91 0.84 084 083 083 0.78 0.85 082 080 076 0.72
fu 2165 2752 2880 19.14 1684 18.89 2073 2372 26.72 26.03 17.07 1726 16.48 16.71 17.98
Ry 0.36 0.73 1.15 1.77 1.65 0.35 104 139 159 1.84 0.41 122 180 220 222
n 0.37 0.51 0.48 0.47 0.50 0.42 052 051 052 0.55 0.46 054 055 056 0.55
i 15.80 151.00 300.38 83541 631.15 2054 71.74 8011 89.76 67.69 22.08 3597 32.17 3089 39.87
Time 21 days 28 days 35 days
m0 m25 m40 m55  m70 m0 m25 m40 m55  m70 m0 m25 m4d m55 m70
Ry 29.00 3950 4888 3742 31.33 30.03 4595 5593 4006 3748 3186 59.97 6959 5065 46.01
MNH 085 077 076 070 0.65 0.82 074 073 068 0.65 0.81 075 074 071 066
fh 1568 1182 845 1058 11.72 1650 966 684 910 514 1697 698 514 660 579
RL 059 212 373 351 353 1.80 305 515 516 569 .57 495 791 933 826
n 048 051 054 054 051 0.46 048 050 049 0.50 0.43 046 047 045 049
fi 4183 2227 1586 2088 32.83 8025 2026 1530 3021 1742 17029 2086 1742 4201 3890
Time 44 days 56 days 90 days
m0 m25 m40 mdS5 m70 m0 m25 m40 m55 m70 mQ m25 m40 m55 m70
Ry 3397 7363 84.26 63.69 68.04 3440 96.11 10530 86.58 120.05 37.78 136.44 167.42 143.63 336.71
NH 0.80 075 074 072 067 0.81 0.75 0.73 0.71 0.70 080 0.75 0.74 0.71 0.70
fu 1413 519 393 467 3.54 15.15 3.80 2.90 3.23 1.79 16.02 2.76 1.96 1.94 0.57
Ry 3.61 7.89 1042 1523 1257 509 1090 1267 13.87 1532 10.58 16.37 16.74 2011 26.94
n 049 042 046 044 049 0.54 0.43 0.47 0.49 0.53 050 045 0.51 0.50 0.55
fi 28764 2468 1576 47.30 2561 116.76 19.38 10.75 16.69 6.94 36.19 3168 5.23 7.86 1.51

Since RL was much lower than Ry and nv is around 0.5 for all mortars, resistivity RL and nL must be
associated to larger pores located out of the gel space whose pores are in the nanometric scale.
Therefore, it is reasonable to assume that Ry, nn and fy are related to the C-S-H gel, both in plain mortar
and FA mortars [47], [48], [49].

In the next two subsections, the evolutions of resistivity Rn and exponent nx over time are presented to
monitor cement hydration and pozzolanic reaction, then, a comparative study between Ry and
physicochemical properties deduced from TGA, compressive strength and MIP is developed to validate
the relationship between the HF-relaxation and C-S-H gel described previously.

3.2 Evolution of electrical parameters of HF-relaxation

Fig. 3 shows the temporal evolution of the conductivity Su (mS/m), calculated as the inverse of the
resistivity Su=(Rn)" in mS/m and represented in log-log scale. Good linear regressions were carried out
for log(Sw/Sr) vs log(time/timer), with determination coefficients higher than 0.94. Coefficients Sr and timer
being reference conductivity (1 mS/m) and reference time (1 day), respectively. Every mortar exhibited
two linear relationships, one from 3 to 28 days and another from 35 to 90 days. The logarithmic decreasing
of Sy followed the logarithmic evolution of cement and pozzolanic hydrations [16], [49].

Conductivity was positively correlated with the percentage of replacement on day 3, then Sn decreased
continuously over time, reaching the lowest values and being inversely correlated with FA content on day
90.

Two linear equations were obtained for plain mortar, the first from 3 to 28 days, and the second from 35
to 90 days, both following the rate of cement hydration. The first slope was -0.21 and the second -0.18,
showing a slower rate of cement hydration after day 28.



Also, two linear equations were obtained for FA mortars with slopes higher than m0, for the same two
periods. In the first period 3-28 days, FA mortars presented higher rates of change than m0 (-0.50, -0.69,
-0.63 and -0.60 for m25, m40, m55 and m70, respectively). These higher slopes reflected the acceleration
of cement hydration rate via the particle effect (dilution and extra surface for hydration). Mortar m40 was
found to be the one with the highest slope (-0.69) in this period, due to an appropriate cement/FA ratio
(60% of cement content and 40% of FA content), that produced a positive synergy between cement
hydration and particle effect of FA.

In the second period 35-90 days, slopes experienced a significant growth with values of -0.87, -0.9, -1.13,
-2.18 in the increasing order of FA replacement. These rates, much greater than -0.18 for plain mortar,
reflected the formation of new hydrates on account of a high pozzolanic activity.
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Fig. 3. Log-log plot of Su/Sr vs time/timer between 3 and 90 days for all mortars. Sr and timer being
reference conductivity (1 mS/m) and reference time (1 day), respectively. The fittings were calculated for
two periods: 3-28 days (left) and 35-90 days (right). Linear regressions presented determination
coefficients (R?) higher than 0.94.

In order to better observe the relative effect of FA over time, conductivity of each FA mortar was
normalized with respect to plain mortar Su/Sro (Fig. 4). The normalized conductivity was greater than the
unit, and it was positively correlated with the amount of FA in the period 3-12 days.

This relative parameter indicates the positive overall effect of FA on conductivity in the first two weeks, as
a result of the dilution effect (more water per cement unit), that exceeded the nucleation effect (greater
hydration surface in FA particles). Therefore, in the first 12 days, FA mortars had more free water, which
resulted in higher conductivities than that for plain mortar. Between 12 and 28 days, conductivity changed
in all FA mortars from being above to being below the one for plain mortar.

From day 28 on, the relative conductivity experienced a continued decline, reaching percentages ranging
from 10% to 30% at 90 days. Mortar m70 had the highest value until day 35, but the lowest value from 56
days on, indicating the greatest relative change in Su between 35 and 56 days. Since conductivity Sh is
related to the total hydrates derived from cement hydration and pozzolanic reaction, it is a simultaneous
and continuous process and therefore it cannot exactly reflect the beginning of pozzolanic activity.
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Fig. 4. Normalized dc-electrical conductivity of HF-relaxation in mortars with respect to the plain mortar
(SH/SHo) between 3 and 90 days of curing age.

In order to determine the beginning of pozzolanic reaction the capacitive exponent nu was analyzed. Fig.
5 depicts the capacitive exponent nu for all mortars. This parameter characterizes the electrical
conductivity on the surface of the percolated pore structure of the C-S-H gel [35], [48], [49]. Variations of
nx indicate changes or differences in the microstructure of C-S-H gel [39].

Plain mortar displayed values between 0.85 and 0.80 at 3-7-12 days and around 0.80 from 21 days on,
showing a stable microstructure of C-S-H gel. However, exponent nx of FA mortars varied with respect to
mO one. In the first week, it was higher than that of m0, m55 being the highest on day 3, followed by m40
and m70. At 12 days, nu was below than that of mO for all FA mortars. Exponent nx reached the lowest
value between 0.75 and 0.65, in the increasing order of FA content, around day 28. Therefore, this
decrease in ny for FA mortars reflected the formation of a new fractal structure on the surface of the solid
phase of the gel associated to the pozzolanic activity. At later ages, from 79 to 90 days, nx increased
around 0.70 and 0.75, that indicated a stable and similar microstructure among FA mortars, with new
hydrates derived from the pozzolanic reaction, but quite different from the microstructure of cement
hydrates [8], [17].

The joint analysis of the two parameters Sn and nu showed the impact of FA on ionic conductivity, in the
pore solution of the C-S-H gel and in the interface between this solution and the solid surface, respectively.
These electrical parameters not only reflected the quantitative and qualitative variation of conductivity but
also did manifest the evolution of pozzolanic reaction. Considering these changes, three periods of
pozzolanic activity were identified for FA mortars: 1) an activation period, around 12 days, time in which
Sk for FA mortars decreased to similar values to that for plain mortar and ny became smaller than that for
plain mortar; 2) high activity period, around 28 days, from which the rate of change of Swincreased
(change of slope) and the lowest value of nu was achieved; 3) a stable activity period, from 35 to 90 days
with a continuous decrease of Sn but with an increase in ny to asymptotic values.
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Fig. 5. Exponent of the HF-relaxation nu for all mortars between 3 and 90 days of curing. The dashed
horizontal line in 0.80 is drawn as an eye reference.

3.3 Comparative analysis. Electrical vs physicochemical parameters

Relative difference of portlandite in FA pastes with respect to the plain cement paste, (CH(%)) is defined
as:

CHx/CX(%)-CHo/100

CH(O/) [ CHo/100

]-100 (2)

CHx and CHo being the portlandite content of FA paste with X(%) of FA replacement in paste pX and plain
cement paste p0, respectively. CX(%) is the percentage of cement and X(%) is the percentage of FA
replacement (CX(%)+X(%)=100).

CH(%) is zero for p0, while CH(%) is higher or lower than zero when CHyx, corrected by the percentage of
cement, is more or less than the portlandite content for plain cement paste, respectively.

The relative difference of portlandite CH(%) is directly proportional to cement hydration, which produces
CH, and inversely proportional to the pozzolanic reaction of FA, which consumes it. Fig. 6 (a) provides a
bar chart of CH(%) for FA pastes at 7, 28, 56 and 90 days of curing.

On day 7, FA pastes had higher CH content than they would have had without the presence of FA (CH(%)
> 0). Therefore, in the first week there was a positive effect of FA on cement hydration due to the particle
effect. On the contrary, CH(%) was negative at 28, 56 and 90 days (except p25 on day 28) highlighting
the high activity of pozzolanic reaction, which began before 28 days. The reduction of CH(%) was
positively correlated with the FA content, and as a result, p70 was the only paste that consumed all the
CH on day 90 (CH(%) = -100).

It is observed a formal similarity between Sn/Sno and CH(%) represented in Fig. 4 and Fig. 6 (a),
respectively. To quantify this similar behavior, Su/Sro of FA mortars was compared with the normalized
content of portlandite CHx/CHo of FA pastes, calculated from equation (2) as:
CHx/CHo=CX/100-(1+CH(%)/100). Fig. 6 (b) provides plots of Sn/Swo for FA mortars vs CHx/CHo of the
corresponding FA pastes. According to Fig. 6 (b), there was a positive and exponential correlation
between both parameters for all mortars in the period 28-56-90 days. Determination coefficients were
higher than 0.92. Pre-exponential coefficients were characteristic for every blended material, with values
of 0.01, 0.04, 0.07, 0.12 in the increasing order of FA replacement.

Data on day 7 did not fit to the same function as the other three curing ages, due to the low pozzolanic
activity in the first week [9], [11], [15]. Therefore, in the period from 28 to 90 days, the relative electrical
conductivity of the HF-relaxation was a representative parameter of the pozzolanic reaction. This result
proves that the consumed portlandite was fixed in new hydrates which formed a narrower pore network,
responsible of the decrease in dc-conductivity of gel C-S-H, associated to HF-relaxation.
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Fig. 6. (a) Relative difference of portlandite in FA pastes with respect to a plain paste. (b) Normalized
conductivity in mortars with 25%, 40%, 55%, 70% of FA replacement as a function of normalized
portlandite content in FA pastes with the same replacement. Exponential equations are shown, all
determination coefficients being higher than 0.92 in the period 28-56-90 days.

Non-evaporable water Wn(%), associated with hydrated products derived from the hydration of cement
and pozzolanic reaction of FA for cement pastes, is displayed in Fig. 7 (a). The highest content of Wn(%)
corresponded to plain paste p0, every day throughout the experiment. Non-evaporable water Wn(%)
decreased with the percentage of replacement of cement by FA every measuring day [16].

Non-evaporable water Wn(%) increased continuously over time for all pastes, between 7 and 56 days for
plain paste, and the whole period for FA pastes. The evolution of Wn(%) in the period 56-90 days for FA
pastes shows that pozzolanic reaction was still active, increasing the amount of new hydrates to a larger
extent.

Since the increase in dc-electrical resistivity is related to the content of hydrates, as they were responsible
of the narrowing of the pore space, in Fig. 7 (b) Rn was represented as a function of Wn(%) measured in
pastes with the same FA replacement.

Positive correlations between Ru and Wn(%) were found for all replacements, at the four ages of
measurement. Exponential relationships between Ry and Wn(%) yielded reasonable correlations with
determination coefficients higher than 0.97 for all mortars. Pre-exponential factor and the exponent were
2.41 and 0.15 for m0, and in the ranges 0.13-0.33 and 0.41-0.55 for FA mortars, respectively. Both
parameters increased with FA replacement. Therefore, exponential model clearly distinguished plain
mortar from FA mortars, and among FA mortars. This result accounts for the pozzolanic effect on Rn for
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FA mortars. As would be expected, an increase in Wn(%) reflected the formation of new hydrates that
reduced the porous space into C-S-H gel and it yielded an increase in the electrical resistivity.
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Fig. 7. (a) Wn(%) for all pastes at 7, 28, 56 and 90 days, (b) relationship between Ru of mortars and Wn(%)
of the corresponding pastes. Exponential equations are shown with determination coefficients higher than
0.97. Error bars calculated for three samples.

Fig. 8 (a) shows compressive strength for all mortars on days 7-28-56-90. The value exhibited by mO,
between 50 and 69 MPa, was higher than that for FA mortars in the whole period. Nevertheless,
differences in compressive strength between m0 and FA mortars decreased over time, being around 10-
20-30-40 MPa on day 7 and 3-5-15-30 MPa on day 90, for m25, m40, m55 and m70, respectively.

The estimation of compressive strength by a non-destructive method is considered of a great practical
relevance, thus an analysis of the relationship between compressive strength and electrical parameters
was performed. In Fig. 8 (b) the relationship between Ru and compressive strength for all mortars is
shown. A positive correlation between both parameters was found. Exponential regressions were carried
out for all mortars, with determination coefficients higher than 0.97 for all fittings. Similar relationships
have been reported between compressive strength and the gel volume [14].

Pre-exponential factor was 8.61 (Q-m) for plain mortar and 1.43, 2.34, 3.45 and 7.36 (Q-m) for FA mortars
in the increasing order of FA replacement (25%, 40%, 55% and 70%). Furthermore, it is interesting to
note that the exponent of these equations was 0.02 for m0, 0.07 for m25, m40 and m55 for the entire
period, and 0.09 for m70, indicating a similar microstructure of the matrix for m25, m40, m55 and a great
difference between this group, m0 and m70. These exponential correlations reveal different mechanical
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behavior of their microstructure, and clearly distinguish m0 and FA mortars, and even among FA mortars
[14], [21].

For m70, the exponential function was obtained in the period 7-56 days, because at 90 days there was a
high increase in Rn that did not have a correspondence with the low increase in compressive strength.
Nevertheless, resistivity Ry was related to Wn(%) with an exponential correlation until 90 days, therefore
we can infer that the hydrates formed at 90 days, with a lack of CH, did not contribute in the same way to
the mechanical resistance as the hydrates formed at previous ages did.
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Fig. 8. (a) Compressive strength and (b) relationship between Rn and compressive strength for mortars
at 1-28-56-90 days of curing. Exponential equations are shown with determination coefficients higher than
0.97. Error bars calculated for three samples.

Pore volume measured by MIP is represented as a function of pore diameter distribution for all mortars
at 28 and 90 days of curing, Fig. 9 (a) and (b).

The largest volume corresponded to the diameter range 10 nm-100 nm at the two ages, with values
between 55% and 62% at 28 days and between 52% and 64% at 90 days. This pore volume changed
from 28 to 90 days but it did not show any correlation with the FA content.

The pore volume associated to pores less than 10 nm was the second in magnitude. At 28 days, values
were 10% for m0O and about 20% for FA mortars, but at 90 days, the pore volume decreased for all of
them, exhibiting greater values in the increasing order of FA content.

On the assumption that smaller sized pores are those that have the greatest influence in the electrical

resistivity Ry, in Fig. 9 (c) and (d) the relationship between Ry and pore volume of pores less than 10 nm
was displayed at 28 and 90 days, respectively.
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Comparing both days, Rn for FA mortars increased as the pore volume of diameter less than 10 nm
decreased. The lowest values of Ru and pore volume corresponded to mO, at both ages. The highest
values corresponded to m40 at 28 days and to m70 at 90 days. Between these extreme values the other
FA mortars presented similar and intermediate values of R+ and pore volume.

The positive correlation between Ry and pore volume presented a good fitting to an exponential function,
with acceptable determination coefficient of 0.89, at both ages. These good correlations validate the
allocation of Ru to the C-S-H gel. Pre-exponential coefficient was similar at both ages, but the exponential
coefficient considerably increased at 90 days. Therefore, on day 90, any increase in the pore volume
yielded a higher change in the electrical resistivity than on day 28. This performance confirmed the
differences between the microstructure for FA mortars at 28 and 90 days. These microstructures were
mainly the result from cement hydration until 28 days and from two consecutive hydrations, cement
hydration and pozzolanic reaction of FA until 90 days.
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Fig. 9. Pore volume (%) distribution in different pore diameter ranges provided by MIP at (a) 28 days, (b)
90 days. Relationship between Ry and pore volume in pores of diameter < 10 nm at (c) 28 days (d) 90
days. Exponential equations are shown with determination coefficients of 0.89.
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4. CONCLUSIONS

An analysis of the mortar impedance based on equivalent circuit allowed to identify two main
relaxations: one in the high frequency (MHz) and another in the low frequency (kHz). The
electrical conductivity related to the HF-relaxation was associated to nanopores of the C-S-H gel.

Dc-electrical conductivity of the HF-relaxation had a significative logarithmic relationship with
time, reflecting two hydration periods, that were related with a main reaction, the cement hydration
(3-28 days) and the pozzolanic hydration (35-90 days).

Dc-electrical conductivity of the HF-relaxation, for FA mortars, decreased continuously over time.
It was higher than for plain mortar until the age of 12 days because of the dilution effect, and after
that date, conductivity was lower than that for plain mortar, on account of the nucleation effect
until 28 days and pozzolanic reaction from 28 days on. This fact involves a reduction of mobility
of ions in the gel matrix of FA mortars, which has a direct effect on their durability.

Exponent of the HF-relaxation, that characterizes the frequency-dependent conductivity, barely
changed in plain mortar but it decreased in FA mortars. This behavior reflected changes on the
surface of C-S-H gel, allowing the monitoring of pozzolanic activity, with an activation period
around 12 days and a peak of pozzolanic reaction around 28 days.

A good correlation with exponential regressions between dc-resistivity of the HF-relaxation and
TGA parameters, portlandite content and non-evaporable water, proved the relationship between
the increase in dc-resistivity of gel pore space and the content of hydrates.

Exponential function obtained between dc-resistivity of the HF-relaxation and compressive
strength confirmed the correlation between the HF-relaxation and microstructural properties of
the C-S-H gel, which could be used to predict compressive strength from non-destructive
measurements of electrical impedance.

A positive correlation between dc-resistivity and the pore volume of pores less than 10 nm in

diameter definitively validated the assignment of dc-resistivity of the HF-relaxation to the gel
porosity in the nanometric scale.
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