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Abstract:

The electrical properties of Portland cement, and cements containing supplementary
cementitious materials (SCM), were obtained over the frequency range 1kHz-10MHz during
the initial 24-hours after gauging with water. The response was measured in terms of
conductivity and permittivity with both parameters exhibiting significant temporal changes
during this period. It was also evident that whilst the conductivity increased only marginally
with increasing frequency of applied electrical field, the permittivity decreased by several
orders of magnitude over this frequency range. Moreover, certain features of the permittivity
response – which are related to bulk polarization processes – only revealed themselves in the
higher frequency range (100kHz-1MHz), and went undetected at lower frequencies. The
detailed frequency- and time- domain measurements allowed identification of several stages
in the early hydration of cement-based materials and the response can be interpreted in terms
of hydration kinetics, physico-chemical processes and microstructural development. It is
shown that the methodology can be equally applied to cement-pastes and concretes.

Keywords: Cement, hydration, kinetics, electrical properties, conductivity, permittivity,
supplementary cementitious materials.
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Introduction
Cement hydration, including hydrolysis, poly-condensation and crystallization, is associated
with heat changes and the exothermal nature of the reaction is widely used to monitor the
early-age (<24-hours) processes. However, the development of the microstructure is not
readily identifiable from the heat-flux profiles measured by conduction calorimetry and
additional tests such as scanning electron microscopy (SEM), environmental SEM, backscatter electron (BSE) imaging and X-ray diffraction can be used to provide supporting
information on microstructural development. There is a need to develop a viable,
complementary testing methodology capable of continuously monitoring the setting and
hardening processes under non-isothermal conditions, as is the case in normal concreting
operations, and simultaneously providing information on microstructural development and
physico-chemical processes.

The use of electrical property measurements to study cement hydration is a developing field
and such measurements have not been fully exploited in characterizing the hydration process
although some early work was encouraging in this respect [1-3]. The intrinsic electrical
properties of any non-magnetic material can be fully specified by the frequency dependent
parameters relative permittivity, εr(ω), and conductivity, σ(ω), which are dependent upon the
polarization and conduction of bound and free charges within the material. If the material is
heterogeneous, εr(ω) and σ(ω) will be strongly correlated to the properties of the individual
components and the way in which they are combined. It is, therefore, possible to identify and
characterize porous cementitious materials by their electrical properties provided these are
observed over a wide enough frequency range. A considerable amount of work has been
presented on the electrical properties of cementitious materials to study the hardening process
(i.e. periods > 24-hours). In a similar fashion, the electrical conductivity (and its reciprocal,
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resistivity) of cement pastes has been used to study the initial 24-hours of the hydration
process [see, for example, 4-16], although studies on the relative permittivity over the same
period are much more limited [see, for example, 17-21]. An important aspect, and limitation,
of early-age measurements to date being that these are generally obtained at a fixed frequency
of applied electrical field or over a very limited frequency range. Regarding the latter,
conductivity measurements tend to be taken in the low kilohertz range (100Hz-10kHz)
whereas relative permittivity measurements are generally measured in the gigahertz (GHz)
region.

The conductivity of hydrating cement-paste is related to both the conductivity of the pore
fluid (hence ionic concentration within the pore fluid) and the continuity and tortuosity of the
pore network. The relative permittivity, on the other hand, is associated with polarization
processes operative within the paste that are, themselves, related to the mobility of charges
adsorbed on the grain and crystal surfaces and at crystal/pore-water interfaces. It is set against
this background that this paper presents a detailed electrical spectroscopy study on the early
hydration of cementitious materials to study hydration kinetics and physico-chemical
processes. Complex impedance data - from which conductivity, σ(ω), and relative
permittivity, εr(ω), are subsequently derived - are acquired over the frequency range 1kHz10MHz during the initial 24-hours after gauging with water. It is shown that a multifrequency approach to electrical property measurements can reveal more information than
single-frequency measurements.

Experimental Program
MATERIALS AND SAMPLE PREPARATION
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In the current work, the binders comprised a Portland cement (PC) clinker, CEM I 52.5N to
EN197-1 [22] and CEM I (ASTM Type I) cement blended with ground granulated blastfurnace slag (GGBS) to EN15167-1 [23] at 35%, 50% and 65% replacements levels. A
typical oxide composition of the materials is presented in Table 1. The water-binder (w/b)
ratios for the plain CEM I paste samples were 0.30, 0.35 and 0.45; the pastes containing
GGBS had a fixed w/b ratio of 0.35. The mix proportions for the concretes used in the
experimental program are presented in Table 2 and comprised a plain CEM I cement concrete
(PCC) and two concretes with 35% and 65% replacement levels of GGBS. A w/b ratio of
0.45 was used to ensure workability without the need for the addition of plasticiser.

The paste samples were compacted into perspex cuboidal cells of internal dimensions
50mm×50mm×50mm

whereas

the

cells

for

the

concrete

samples

were

150mm×150mm×150mm. A pair of stainless steel electrodes, 2.4mm diameter with a centerto-center spacing of 25mm were embedded centrally inside the paste samples to a depth of
25mm; for the concrete samples, the center-to-center spacing was 75mm embedded to a depth
of 75mm. Embedding the electrodes in this fashion ensured intimate contact with the sample
and reduced any interference with the natural distribution of aggregate in the case of
concretes. In addition, the internal temperature of the samples was measured by embedding a
thermistor within each sample at the time of casting. The top surface of the cell was covered
to prevent evaporation with tests carried out in a temperature controlled laboratory
(22°C±1°C).
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ELECTRICAL MEASUREMENTS AND DATA PROCESSING
A Solartron 1260 frequency response analyzer (FRA) was used to perform a logarithmic
measurement sweep in the frequency range 1kHz-10MHz using 10 frequency points per
decade. Screened BNC coaxial leads were used to connect to the FRA whereas at the sample
end, connection to the electrodes was by means of alligator clips. The impedance of the
sample (see Eq (1) below) was taken at each test frequency. Due to the low electrical
impedance of the samples during the early stages, lead inductive and stray capacitance can
degrade measurements as the frequency of the electrical field increases. In this work these
effects were nulled from the measurements at each test frequency by utilizing a measurement
conversion protocol implemented in Microsoft Excel that is based on two sets of calibration
data that had been acquired prior to the start of testing, which comprised,
(i)

An open-circuit sweep: electrical measurements with air between the electrodes in the
test cell;

(ii)

A short-circuit sweep: electrical measurements with the electrodes connected by a small
stainless steel shorting bar;

From this sequence of measurements the true sample impedance, Z(ω), at each test frequency
was obtained from the measured data. It should be noted that due to the low impedances
being measured, even using this nulling protocol results in excess of approximately 5MHz
showed increased scatter and for that reason only data up to 1MHz are presented.
Measurement sweeps were initiated on a 4 minute cycle throughout the initial 24-hours after
gauging.

The impedance, Z(ω) , of the sample, obtained as above, can be written as,
𝑍𝑍(𝜔𝜔) = 𝑍𝑍 ′ (𝜔𝜔) − 𝑖𝑖𝑍𝑍 ′′ (𝜔𝜔)

(1)
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where Z'(ω) is the in-phase or resistive component and Z''(ω) is the quadrature or reactive
component. At any angular frequency, ω, the electrical response of such a system will result
from the superposed phenomena of conduction and polarization (discussed below). These are
quantified, respectively, by the bulk conductivity, σ(ω), and relative permittivity, εr(ω),
which are obtained from the impedance through the following relationships,

𝜎𝜎(𝜔𝜔) = �

𝜀𝜀𝑟𝑟 (𝜔𝜔) =

1

𝜀𝜀𝑜𝑜
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� 𝐴𝐴

(2)
𝐿𝐿

�
�
𝜔𝜔 𝑍𝑍 ′ (𝜔𝜔)2 +𝑍𝑍 ′′ (𝜔𝜔)2 𝐴𝐴

(3)

where 𝜀𝜀𝑜𝑜 is the permittivity of a vacuum (8.854×1012 Farads/m); L/A is a factor which is

related to the electrode geometry and sample configuration. As the electrical field between
the electrodes is non-uniform, the geometrical factor L/A in equations (2) and (3) cannot be
readily calculated and was evaluated by calibrating the electrode array using a liquid of
known electrical properties. For the electrode arrangements used in the current work, the
geometrical factor L/A was evaluated as 41.67 m-1 for the paste electrode arrangement, and
17.34m-1 for the concrete electrode arrangement. Regarding the relative permittivity, it was
found that this can change by more than four orders of magnitude over the frequency range
1kHz-10MHz. In order to present the responses on a single figure, the normalised
permittivity, εN(ω) at frequency ω, was used and is defined this as the ratio of the relative
permittivity at time, t, after the start of the test, εr,t(ω), to the relative permittivity at the start
of the test, εr,o(ω) (i.e. time, t = 0), hence,

𝜀𝜀𝑁𝑁 (𝜔𝜔) =

𝜀𝜀𝑟𝑟,𝑡𝑡 (𝜔𝜔)

𝜀𝜀𝑟𝑟,𝑜𝑜 (𝜔𝜔)

(4)
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Results and Discussion
PRELIMINARIES
The response of the cementitious system to an alternating electrical field will be directly
related to both conduction and polarization processes operative within the material. The
permittivity, εr(ω), is a measure of the polarizability of the system and, at a particular
frequency of applied field, quantifies the sum total of all polarization processes operative at
that frequency. Polarization can be described as the displacement of opposite charges in
parallel with an applied electric field from their zero-field equilibrium position. Several
mechanisms contribute to polarization and each mechanism has a characteristic relaxation
frequency. As the frequency increases, the slower (i.e. low-frequency) polarization
mechanisms are unable to follow the alternations of the applied electrical field and therefore
unable to contribute to the permittivity. This results in a decrease in permittivity with
increasing frequency (i.e. relaxation). With reference to Fig. 1, typical polarization processes
include:

(i)

Double-layer polarization (Fig. 1a) which arises from the displacement of the doublelayer counterion cloud relative to the charged particle in response to the applied electric
field. This can induce large dipoles which will give rise to a high capacitance, hence
permittivity. Double-layer polarisation is a low frequency mechanism [24, 25].

(ii)

Interfacial or space charge polarization (Fig. 1b) occurring in heterogeneous systems
when more than one material component is present and when translating charge carriers
become trapped or blocked at the interfaces within the material. This results in an
accumulation of charges thereby increasing the overall capacitance of the system. This
is an intermediate frequency mechanism (high kHz-MHz) [26].
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Conductivity can be regarded as a measure of all loss processes operative within the material
and quantifies the energy dissipated by the motion of free charges in an applied electric field.
Within the dynamic range under consideration, this would be dominated by the movement of
ions in the continuous, water-filled capillary pore network (i.e. ionic conduction process),
however, losses associated with relaxation/dispersion of the polarization process (i.e. doublelayer and interfacial) will also contribute to the conductivity. The cumulative effect of these
losses would result in an increase in conductivity with increasing frequency, hence the
conductivity, σ(ω), can be written more completely as,
𝜎𝜎(𝜔𝜔) = 𝜎𝜎𝑑𝑑 (𝜔𝜔) + 𝜎𝜎(0)

(5)

where σ(0) is the low-frequency (ionic) conductivity and σd(ω) quantifies the losses resulting
from dissipative polarization processes.

Conduction and polarization processes will thus be intimately related to pore-fluid chemistry,
surface reactivity, hydration and the continuously evolving microstructure and, as a
consequence, they will not only frequency-dependent but also time-variant. It should also be
noted that in addition to the bulk polarization phenomena detailed in Fig. 1, electrode
polarization also manifests itself in the low-frequency range. This is a well know
phenomenon which takes place at the interface between a metallic electrode and an ionically
conducting material and is due to the accumulation of a spatial charge on the surface of
electrodes. Electrode polarization effects are generally avoided by using a sufficiently high
frequency of applied electric field.
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GENERAL OBSERVATIONS AND SALIENT FEATURES
Note that in the Figures discussed below, for reasons of clarity only every 10th measurement
point is highlighted on the Figures.
(a) CEM I Mixes
Fig. 2a presents the conductivity, σ, for the Portland cement pastes at the three water/binder
ratios during the initial 24-hours after gauging, with measurements presented at a frequency
of 100kHz - this frequency being a priori optimized to ensure electrode polarization had a
negligible effect on measurements and the bulk response was obtained. Fig. 2b presents an
enlargement of the response over the initial two and a half hours. Considering Figs. 2a and
2b, similar features are clearly evident on all three curves although the time at which they
occur and their prominence are related to the w/b ratio. In general terms, the curves can be
divided into two distinct regions: a period of increasing conductivity reaching a maximum
within 1.0-1.5 hours followed by a period of decreasing conductivity over the remainder of
the test period. For comparative purposes, Fig. 2c displays the change in temperature within
the pastes, with the increase in temperature resulting from the setting process. Fig. 2c is not
dissimilar to the rate of heat output from conduction calorimetry studies, although the work
presented here was carried out under conditions which were more semi-adiabatic than
isothermal (and, therefore, more representative of practice).

By considering the rate of change of the conductivity [27] over the test-period, these two
regions can be further subdivided. Fig. 3a presents the derivative, dσ/dt, of the curves
presented in Fig. 2a over the initial 15 hours. For illustrative purposes, Fig. 3b presents both
the conductivity and its derivative (dσ/dt) versus time curves for the w/b = 0.35 paste. Due to
the short time interval between measurements, considerably more detail can be detected than
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has hitherto been obtained such that within the 24-hour test period, six regions in the
conductivity response, and its derivative, can now be delineated and denoted I-VI:

Region I:

an initial period of rapidly increasing conductance which reduces markedly
after approximately 30 minutes.

Region II:

is characterised by a period of slowly increasing conductance and continually
reducing dσ/dt, which culminates in a global maximum in conductivity at
approximately 1.5 hours after gauging, although its time of occurrence
depends on the w/b ratio - increasing with increasing w/b ratio. The
conductivity maximum signifies the start of the continual decrease in
conductivity (i.e. negative dσ/dt values);

Region III:

this is a short-lived region of rapidly decreasing conductivity occurring over
the period 1.5-2.0 hours and results in a local minimum on the dσ/dt curve;

Region IV:

the period 2.0-6.5 hours represents a region of decreasing conductivity; dσ/dt
values reduce (i.e. become more negative) over the period 2.0-4.0, attaining an
almost constant value over the remained of this period;

Region V:

this region (6.5-9.5 hours) is identified as a region over which a shoulder or
saddle develops in the conductivity curve which manifests itself as a local
maximum on the dσ/dt curve; and,

Region VI:

this region (>9.5 hours) occurs at the point where the dσ/dt curve starts to
increase (i.e. gradient becomes less negative) with time with the conductivity
gradually reducing over the remainder of the test period.

Fig. 4 presents the change in normalised permittivity, εN(ω), over the 24-hour test period for
the three w/b ratios; Fig. 4b also indicates the times over which the six regions occur as
identified from the conductivity response in Fig. 3b for the w/b=0.35 paste. Although
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measurements were recorded at 40 frequencies at every time-step, for clarity, εN is presented
at five spot frequencies extending over three orders of magnitude: 1kHz, 100kHz, 200kHz,
500kHz and 1MHz. It should be noted that although the relative change in permittivity is
presented for each w/b ratio on Fig. 4, the absolute values of permittivity decrease by almost
three orders of magnitude as the frequency increases from 1kHz to 100kHz and by a factor of
approximately 25 as the frequency increases from 100kHz to 1MHz. Table 3 presents initial
permittivity values (εr,o(ω)) for the plain cement pastes.
Fig. 4 clearly highlights the effect of the applied frequency on the response – at lowfrequencies (i.e. 1kHz), the permittivity response virtually mimics the change in conductivity
presented in Fig. 2a; however, as the frequency increases, several features are revealed which
become more defined with increasing frequency and to highlight these, Fig. 5a presents the
εN value for the cement pastes at 1MHz. From this Figure, a number of peaks (or local
maxima) can be detected with each peak signifying an increase in polarizability of the paste.
The first peak (denoted P1 on this Figure) is only detected in the paste with w/b = 0.45 and
coincides with the time at which the maximum value in conductivity occurs; for comparison,
the time at which the conductivity maximizes for the w/b = 0.30 and 0.35 pastes is indicated
on the respective permittivity curve. All responses display a peak (denoted P2) which
develops within the time period 2.5-6.0 hours for w/b = 0.30; 3.5-7.0 hours for w/b = 0.35,
and 4.0-7.0 hours for w/b = 0.45. An additional peak (denoted P3) occurs at approximately
9.0 hours for w/b = 0.30; 10.5 hours for w/b = 0.35, 14.5 hours for w/b = 0.45, although P3 is
only weakly developed for the w/b = 0.30 and 0.35 pastes. Fig. 5b presents an enlargement of
the w/b = 0.35 paste at 1MHz which is further discussed below.
(b) GGBS Mixes
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Fig. 6 presents the conductivity (Fig. 6a) and its derivative (Fig. 6b) for the pastes with
slag replacement levels of 35%, 50% and 65% (w/b = 0.35) during the initial 24-hours. This
Figure is similar to Figs. 2a and 3a in terms of the overall profile and features, although the
absolute values of the conductivity and dσ/dt are much reduced. It is apparent that the
addition of slag reduces the value of the early conductivity peak - the pure Portland cement
mix recorded a maximum value of 1.70S/m (w/b = 0.35) whereas replacement levels of 35%,
50% and 65% GGBS obtained maximum values of 1.16S/m, 1.11S/m and 0.87S/m
respectively, which indicates an inverse relationship between conductivity and the slag
replacement level during the early stages of hydration, whereas at times in excess of ∼13
hours this relationship reverses. This indicates a reduction in ionic concentration within the
interstitial aqueous phase during the early stages and an overall reduction in hydration
process and reaction kinetics with increasing level of replacement at the latter stages of the
24-hour test period.
Again, for illustrative purposes, Fig. 6c presents both the conductivity, and its
derivative, for 50% GGBS replacement over the initial 15-hours with the six regions,
discussed above in relation to plain cement paste, are indicated on this Figure. Comparing the
GGBS mix with the plain cement-paste in Fig. 3b, it is evident that the addition of GGBS
causes an increase in the duration of region III and, from the dσ/dt curve, a broader maximum
occurring within region V. Fig. 6d presents the change in internal temperature of the GGBS
samples.
Fig. 7 presents the change in the normalised permittivity over the initial 24-hours for
the three GGBS replacement levels at the indicated frequencies. Peak, P1, is observed over
the frequency range 1kHz-200kHz and peak, P2, is discernible in the 100kHz-1MHz range,
although it appears as a shoulder on the curve at 1MHz; P3, also appears as a shoulder on the
permittivity response at 35% replacement level and is not discernible at 50% and 65%
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replacement. A further feature evident from Figs. 7b and 7c (i.e. 50% and 65% replacement)
concerns the response at 1MHz whereby the relative permittivity increases monotonically at
times in excess of ∼3 hours. This feature is observed, to some extent, at 35% replacement
(Fig. 7a) although after ∼20-hours, values plateau. Fig. 7b also indicates the regions I-VI
identified from the conductivity response presented in Fig. 6c for 50% GGBS. Table 4
presents the εr,o values for the GGBS pastes. When compared to Table 3 (0.35 w/b paste), the
values are much lower which would be attributable to the reduced ionic concentrations.
(c) Concrete Mixes
Fig. 8a presents the conductivity and Fig. 8b the dσ/dt curve for the concrete mixes presented
in Table 2; comparative internal temperature measurements for the concretes are presented in
Fig.8c. Fig. 9 presents the normalised permittivity. When compared to the respective paste,
the addition of aggregate results in a reduction in the absolute values of both conductivity and
permittivity (Table 5 presents the εr,o(ω) values for the concretes). When compared to Table 3
(0.45 w/b paste), the values are much lower which is to be expected as the aggregate, itself,
will have a low conductivity and permittivity in comparison to that of the paste. However, the
features identified from the pastes are still evident in the respective concretes but not as
prominent due to a dilution effect; regions I-VI discussed above are also distinguishable
although they are lengthened in comparison to the pastes due to the slower hydration process
resulting from the reduced overall paste content. This indicates that the electrical response of
concrete is controlled by the fractional volume of cementitious matrix [28].

INTERPRETATION OF ELECTRICAL RESPONSE
Both the conductivity and the relative permittivity have the potential to reveal information on
pore-fluid chemistry, chemical activity on grain surfaces, the formation of hydration
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products, hydration kinetics and increase in rigidity of the paste. The following sections
interpret the electrical response in terms of physico-chemical and microstructure building
processes and in relation to regions I-VI identified above.

(a) CEM I Mixes
The discussion below relates to Figs 3b, 4b and 5b for w/b = 0.35 and are used for illustrative
purposes.

Region I: 0-0.5 hour
As the cement is gauged with water, a rapid dissolution (hydrolysis) of ions from the cement
grain surfaces takes place, with the different mineralogical phases and calcium sulphate
contributing to the pore-solution chemistry of the bulk electrolyte. The aqueous phase
contains, primarily, Na+, K+, Ca2+, SO42- and OH- which increases with time and is reflected
in the rapid increase in the conductivity of the paste in Region I (Fig. 3b).

The permittivity (Fig. 4b) displays a somewhat anomalous response – at low frequencies
(1kHz), the permittivity increases, whereas at higher frequencies (>100kHz), it is seen to
decrease. On mixing with water, a colloidal suspension is formed and a diffuse electrical
double-layer, through adsorbed calcium ions and counterions, will be quickly established on
the grain surface. Polarization of the double-layer (Fig. 1a) can induce large dipole moments,
hence large permittivity values; however, superimposed upon this process will be electrode
polarization effects which can also result in high permittivity values. We are of the opinion
that the low-frequency (1kHz) permittivity response is dominated by electrode effects which
masks bulk polarization processes; however, the electrode polarization effect must, itself, be
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related ionic concentration in the pore water at the specimen/electrode interface [29-31]. As
the frequency increases, electrode effects diminish rapidly to reveal the response from the
bulk material. Evidence for the rapid reduction in electrode polarization effects comes from
the fact that the permittivity decreases by almost three orders of magnitude as the frequency
increases from 1kHz-100kHz. However, as the frequency increases from 100kHz-1MHz, ions
in the diffuse double-layer find it increasingly more difficult to move in sympathy with the
alternations of the electrical field which results in a continual reduction in permittivity with
increasing frequency.

The temporal reduction in permittivity at frequencies in the range 100kHz-1MHz would be as
a result of the gradual formation and build-up of a gelatinous coating on the cement grain
surface reducing ionic mobility in the double layer.
Region II: 0.5 hour – 1.5 hours
Within this region the conductivity continues to increase (Fig. 3b); however, it is noticeable
that there is a gradual reduction in dσ/dt and the permittivity in the frequency range 100kHz1MHz continues to decrease with time. This could be explained by invoking two opposing
processes:

(i)

the continual dissolution of the cement grains which serves to increase the ionic
concentration within the bulk pore-fluid, thereby increasing conductivity and lowfrequency permittivity (1kHz); and,

(ii)

the continual build-up of hydration products on the grain surfaces hindering the
dissolution process and removing ions from solution thereby causing a decrease in
dσ/dt of the paste. The build-up of gel (AFt and C-S-H) on the grain surfaces would
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reduce the permittivity (Figs. 4b and 5b) due to reduced ionic mobility in the double
layer.

Region III: 1.5 hour – 2.0 hours
This short-lived region displays a marked decrease in conductivity which results in a
transitory minimum on the dσ/dt curve (Fig. 3b); over the same period, the permittivity (Fig.
4b) continues to decrease. We are of the opinion that the cause of this feature is as a result of
the precipitation of calcium hydroxide. It is noteworthy that this feature has also been
observed in dilute suspensions of C3S with water/solids ratios in the range 5-50 [32, 33] and
Type I ordinary Portland cement pastes [11]. The end of the region is characterized by a
reducing rate of change of conductivity (i.e. dσ/dt becomes less negative).

Region IV: 2.0 hours – 6.5 hours
This precipitation process occurring with within region III appears to trigger a decrease in
conductivity within region IV and it is over this region that the paste starts to increase in
rigidity and the change from an amorphous to crystalline hydrate morphology. It is also
evident from Fig. 4b that after approximately 3 hours, the permittivity of the paste increases
peaking at approximately 5 hours, which is at a time when the conductivity is undergoing its
greatest rate of change. It is also significant that this feature becomes more prominent with
increasing frequency of applied field and to highlight this, Fig. 5b presents an enlargement of
response at 1MHz. We attribute the increase in polarizability (hence permittivity) of the paste
to the nucleation and outgrowth of C-S-H needles from C3S surfaces; this would
simultaneously result in,

(i)

a more tortuous electrolytic conduction path, thereby decreasing the conductivity; and,
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(ii)

a rapid (and short-lived) increase in the surface area of the C-S-H which would promote
both double-layer polarization processes on the C-S-H surface and, perhaps more
significantly, interfacial polarization processes as hydrates grow into the aqueous
phase. Hydrate accretion and infilling of the capillary pore space would then serve to
reduce the polarizability of the paste.

By the end of this region, a percolated solid phase will have formed.

Region V: 6.5 hours – 9.5 hours
This region is characterised by a shoulder in the conductivity response with a resulting peak
in the dσ/dt curve (see Fig. 3b). Over the same period, the permittivity curve presented in Fig.
4b also displays a shoulder at low-frequencies, however, as the frequency of the applied field
increases this changes to a plateau region at 1MHz. On closer examination of the response at
1MHz, this is plateau is a weakly developed peak and indicated, P'2, on Fig. 5b.

The conductivity curve could be explained by considering the following,
(i)

as the cement paste hydrates, its porosity decreases with the pore network becoming
more tortuous, constricted and disconnected as a crystalline network is formed. As
conduction will be primarily electrolytic in nature via the continuous capillary pores,
this will result in a decrease in conductivity; and,

(ii)

increasing in ionic concentration within the pore-water which would have the effect of
increasing the bulk conductivity. This could be due to the renewed dissolution of the
C3A phase and the formation of ettringite resulting from the reaction of the aluminate
phases which releases alkalis bound-up in this phase [34, 35] coupled with the
desorption of sulphates from the C-S-H [36].
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Considering (i) and (ii), it could be inferred that microstructuaral changes causing a reduction
in conductivity, are having a greater influence than changes in pore-fluid chemistry which
would increase the conductivity. Release of ions into the pore water would also serve to
increase polarizability, hence permittivity [37]. As a pore network has been formed within the
paste, in addition to double-layer polarization, interfacial polarization processes (see Fig. 1b)
will contribute to the overall polarizability of the paste and causing a transitory increase in
permittivity as continuing microstructural changes reduce ionic mobility.

Region VI: 9.5 hours – end of test period
This region is characterised by a continual decrease in conductivity (Fig. 3b) with the rate of
change decreasing with increasing hydration time. The permittivity response is, as with
region V, frequency dependant – at frequencies <500kHz, the permittivity decreases with
time indicting a decrease in polarizability of the paste due to a irrotational binding of doublelayer charges. The response at 1MHz (Fig. 5b) reveals an increase in permittivity over this
time period, peaking at approximately 11.5 hours (this peak, P3, is more evident for the paste
with w/b = 0.45 in Fig. 5a). The increase in polarizability could be attributed to increased
interfacial processes at crystal boundary interfaces within the pore structure (Fig. 1b)
resulting from an increase in ionic concentrations in the pore fluid. Interfacial polarization is
a higher frequency process than double-layer effects hence only become more prominent as
the frequency increases. As with Region V, this could be as a result of the transformation of
AFt to AFm with the release of Ca2+ and SO42- (Eq 6) and reaction on the C3A phases (Eq 7)
releasing alkalis bound up in them:
C6A𝑆𝑆̅3H32 → C4A𝑆𝑆̅H12 + 2CaSO4

C6A𝑆𝑆̅3H32 + 2C3A + 4H → 3C4A𝑆𝑆̅H12

(6)
(7)
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There is no detectable increase in conductivity caused by release of ions into the pore
network so it could be inferred that microstructural changes in the pore network due to
hydration are now having a more dominant influence on the conductivity of the paste than
changes in pore-fluid chemistry.

(b) GGBS mixes
The electrical response of the GGBS presented in Figs. 6 and 7 is similar in many aspects to
the response for the Portland cement pastes as six regions can also be identified during the
initial 24-hours after gauging. However, as noted above, the duration of some of the regions
identified from the conductivity response (and its derivative) are increased in comparison to
the pure cement paste (in particular, regions III and V). For illustrative purposes, Fig. 6c
identifies the regions for the 50% GGBS (w/b=0.35) from the conductivity response and Fig.
7b presents the permittivity with regions I-VI indicated. The most striking difference between
the pure cement paste and the GGBS pastes concerns the permittivity response, and the
following should be noted:
(i)

the merging of peaks P2 (reaction on C3S phase and CSH formation) and P'2 (renewed
dissolution on the C3A phase and AFt formation) into a single broader peak spanning
across regions IV and V; and,

(ii)

within regions V and VI, at 500kHz and 1MHz, the polarizability of the paste increases
with time, and is particularly evident at 1MHz (Note: right-hand axis for 1MHz scale).
As before, at these higher frequencies we attribute this to an increase in interfacial
polarization effects resulting from the AFt→AFm transformation and subsequent
release of ions into the pore water. At frequencies <200kHz, the polarizability of the
paste will be dominated by double-layer polarization processes which will decrease
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with time due to densification of the crystalline network and consequent reduction in
charge mobility.

(c) Concrete Mixes
Fig. 8a presents the temporal change in the conductivity over the initial 24-hours hydration,
with the corresponding derivative presented in Fig. 8b. It is immediately evident that the key
features identified from the pastes earlier are still visible, albeit much less pronounced. It is
also evident the absolute values of conductivity of the concrete mixes are considerably lower
than those of the respective pastes - decreasing by a factor of approximately 6. This simply
reflects the diluting effect of the aggregate reducing the volume fraction of cement-paste. The
derivative curves presented in Fig. 8b is also similar to those observed earlier from the pastes
(see Figs. 3a and 6b). The features of the normalised permittivity presented in Figs. 9a–9c
compare well with those observed from the paste samples (see Figs. 4c and 7a-7c) although
absolute values of permittivity are much reduced (see Table 5).

CONCLUDING REMARKS

Conductivity and permittivity measurements have been presented over the frequency range
1kHz-1MHz for cement pastes and concretes, with and without GGBS replacement. Work
focussed on the initial 24-hours after mixing with water and it was shown that the response at
the permittivity level was frequency-dependent and related to polarization processes within
the cementitious matrix. Permittivity measurements decreased by over four orders of
magnitude as the frequency increased from 1kHz to 1MHz and features of the permittivity
response, which were masked at low frequencies, only revealed themselves at higher
frequencies. Over this frequency range, the main polarization processes operative were
electrode polarization which was dominant at frequencies less than 10kHz, whereas double-
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layer polarization and interfacial polarization dominated in the 100kHz-1MHz frequency
range. Over the frequency range 100kHz-1MHz, the conductivity increased by less than 15%,
the increase being due to the relaxation of bulk polarization processes.

During the initial 24-hours after mixing with water, six regions could be identified from both
conductivity and permittivity measurements with measurements explained in terms of
through-solution mechanisms (i.e. dissolution, precipitation), C-S-H and AFt formation and
AFt to AFm transformation. It was also shown that concrete mixes exhibit similar features to
those of the respective pastes, although the absolute values are consistently much lower
which can be attributed to the diluting effect of the low-conductivity and low-permittivity
aggregate.

The methodology can be equally applied to concretes and there is considerable scope for
development of multi-frequency impedance measurements within the range 10kHz-1MHz as
an additional testing technique to study the early hydration of cementitious materials
generally. Furthermore, the work allows optimization of the frequency at which electrical
impedance measurements are most informative with regard to hydration and microstructural
development.
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Table 1: Oxide Analysis of Cementitious Materials.
By weight %

CEM I

GGBS

SiO2

20.95

33.89

AI2 O3

5.2

13.96

Fe2 O3

3.42

0.35

CaO

59.86

38.03

MgO

2.25

8.77

K2O

0.56

0.67

0.21

0.24

Na2 O

Table 2: Concrete mixes used in experimental program.
CEM I

GGBS

20mm

10mm

Fine (<4mm)

kg/m3

kg/m3

kg/m3

kg/m3

kg/m3

0.45

339

0

781

390

781

GGBS35

0.45

220

118

778

389

778

GGBS65

0.45

118

219

776

388

776

Mix

w/b

PCC

30

Table 3: Initial permittivity values (εr,o(ω)) for cement pastes at frequencies presented
in Fig. 4.
w/b

1kHz

100kHz

200kHz

500kHz

1MHz

0.30

9.55 × 106

9.06 × 103

2.76 × 103

8.90 × 102

4.04 × 102

0.35

8.01 × 106

9.28 × 103

3.45 × 103

1.05 × 103

5.32 × 102

0.45

7.59 × 106

1.25 × 104

4.12 × 103

9.70 × 102

3.96 × 102

Table 4: Initial permittivity values (εr,o(ω)) for GGBS pastes at frequencies presented
in Fig. 7.
w/b

1kHz

100kHz

200kHz

500kHz

1MHz

35% GGBS

6.50 × 106

5.46 × 103

1.72 × 103

3.47 × 102

97.5

50% GGBS

6.03 × 106

4.59 × 103

1.45 × 103

2.84 × 103

70.7

65% GGBS

4.76 × 106

1.96 × 103

6.12 × 102

1.04 × 102

14.2

Table 5: Initial permittivity values (εr,o(ω)) for concretes presented in Fig. 9.
1kHz

100kHz

200kHz

500kHz

1MHz

PC

2.11 × 105

1.25 × 102

81.6

33.3

19.2

GGBS35

1.27 × 105

1.02 × 102

93.3

55.1

36.4

GGBS65

6.62 × 104

54.3

55.1

31.7

23.7
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Captions for Figures

Fig. 1

Schematic diagram showing (a) Double-layer polarization, and (b) Interfacial (or
space-charge) polarization.

Fig. 2

(a) Conductivity response during initial 24-hours for CEM I cement pastes, (b)
enlargement showing initial 2.5 hours after mixing (Note: legend as in (a)), and (c)
variation in internal temperature of CEM I cement pastes.

Fig. 3

(a) Derivative of curves in Fig. 2(a), and (b) conductivity and derivative for w/b =
0.35 paste indicating Regions I-VI.

Fig. 4

Normalized permittivity at frequencies shown in Figure legend for CEM I pastes
(a) w/b = 0.3, (b) w/b = 0.35, and (c) w/b = 0.45

Fig. 5

Normalized permittivity (1MHz) for CEM I pastes (a) w/b = 0.30, 0.35 and 0.45,
and (b) w/b = 0.35 showing Regions I-VI and weakly developed peak, P'2.

Fig. 6

(a) Conductivity response during initial 24-hours for GGBS pastes,(b) derivative of
curves in (a), (c) conductivity and derivative for 50% GGBS paste indicating
Regions I-VI, and (d) variation in internal temperature of GGBS pastes.

Fig. 7

Normalized permittivity for GGBS pastes (a) 35%, (b) 50% with Regions I-VI
indicated, and (c) 65%. (Note: Use right-hand axis for 1MHz curve; legend shown
in (b)).

Fig. 8

(a) Conductivity response during initial 24-hours for concretes in Table 2, (b)
derivative of curves in (a), and (c) variation in internal temperature of concretes.

Fig. 9

Normalized permittivity for concretes in Table 2 (a) PCC, (b) GGBS35, and (c)
GGBS65. (Note: Legend shown in (b)).
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