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a b s t r a c t

The present work deals with the electrical properties of typical cement mortars during the hardening

process, cured at low relative humidity. Measurements were made by using dielectric spectroscopy (DS)

over a broad frequency range of 10 Hz–1 MHz and isothermal depolarization current (IDC) techniques,

for several weeks after sample preparation. This work presents a coherent study of the various

formalisms employed in dielectric spectroscopy. Each of these formalisms contributes to the

development of the complete relaxation mechanisms that are responsible for the frequency spectrum.

After the first week of hardening, when the DC conductivity effects were absent, two distinct dielectric

relaxation mechanisms were observed in the frequency spectrum of the complex permittivity e* and

tan d functions. The mechanism positioned at low-frequency region (few kHz) is observed for the first

time, as we know from the literature, on cement mortars. The relaxation times of both mechanisms

were found to increase gradually, while the strength of the relaxation mechanisms varied also as a

function of the hardening time. Fitting analysis in complex impedance Z* and electric modulus M*

formalisms revealed also the existence of two short-range relaxation mechanisms of conductivity. We

suggest that the low-frequency relaxation is related to the closed capillary pores and the high-frequency

relaxation to the C-S-H gel pores. An increase of the mean dimension, of both types of pores, estimated

from our data analysis with hardening time.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Cement-based materials, like mortars and concretes, dominate
in the construction field. Portland cement mortar is a porous,
chemically bonded ceramic, which results from the reaction of an
initial suspension of Portland cement powder, sand and water.
Portland cement consists primarily of calcium silicates, with fairly
small amounts of aluminates, ferrites and sulphates [1]. The
hydration reaction between tricalcium silicate (C3S) and dicalcium
silicate (C2S) with water leads to the formation of a poorly
crystalline or amorphous calcium silicate hydrate, commonly
referred to as C-S-H gel. C3S is associated with the hardening
reaction occuring during the early stage of hydration that happens
within the first few weeks. The slower-reacting C2S continuously
develops the strength for months or more. Another important
phase is calcium hydroxide, CH, which forms crystals. The growth
of C-S-H gel, during the hardening process, operates as a bridge
between the individual particles of cement sample and leads to
the formation of pores filled with conductive fluids of the reaction
ll rights reserved.
products whose dimensions range from nanometer scale to
millimeter scale. The volume of the cement samples, termed
capillary pores, originally contained a conductive fluid. These
pores reduce in size and become increasingly tortuous. Pores in
nanometer scale are contained within C-S-H gel. Porosity and the
distribution of pore sizes control the mechanical properties of
cement samples.

Dielectric spectroscopy (DS) measurements have been used to
study the microstructure of materials based on cement [2–7] and
other minerals [8,9]. DS is a technique in which an alternating
voltage at a single frequency is applied to a sample, and the
magnitude and the phase of current are measured [10]. DS
measurements can be performed rapidly and easily without
altering the microstructure of the sample. The work done in this
area of interest is concentrated on neat cement paste, mortars and
concretes, with attention focused on the hardening process and
the early stage of hydration [3,11–13]. The electric properties of
materials based on cement vary with time for months after
sample preparation. It has been shown that the amount of water
and sand and their interaction with the C-S-H environment deeply
affect the dielectric response of the material [4].

Curing in high relative humidity environment results in high
values of DC conductivity especially during the early stage of

www.sciencedirect.com/science/journal/pcs
www.elsevier.com/locate/jpcs
dx.doi.org/10.1016/j.jpcs.2008.12.015
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hardening process on cement-based materials. In this case the
contribution of conductivity masks every dielectric relaxation
mechanism at the low-frequency range. DC conductivity is due to
the ions motion in percolative pore channels inside the C-S-H gel
phase. Dielectric dispersion in the high-frequency range,
1 MHz–20 GHz, has been attributed to water, structural, chemi-
cally bound, physically absorbed or free water [14–16]. Dielectric
relaxation mechanisms in the low-frequency range, 1 kHz–1 MHz,
have been attributed to interfacial effects [13,17,18]. Several
models have been suggested to explain the low-frequency
polarization mechanisms. Preparation and cure conditions have
important influence on the electric and dielectric properties of
cement-based materials.

In DS the stimulus is usually a voltage V*(o,t) (or a current
I*(o,t)) and the response is a current I*(o,t) (a voltage V*(o,t)),
where o is the angular frequency o ¼ 2pf, f is the frequency of
the applied electric field and t is the time. Then, the transfer
function of the measured system is the complex admittance Y* or
the complex impedance Z*, which are related through Ohm’s law
through

Y�ðoÞ ¼ 1

Z�ðoÞ ¼
I�ðo; tÞ
V�ðo; tÞ

The results of DS measurements can be described as funct-
ions of frequency via various formalisms, such as the complex
permittivity e* ¼ e0�ie00, electric modulus M* ¼ M0+iM00, complex
impedance Z* ¼ Z0�iZ00, complex admittance Y* ¼ Y0+iY00, complex
specific conductivity s* ¼ s0+is00 and dissipation factor or loss
tangent tan d. The DS formalisms are related to one another as
follows:

M� ¼
1

��
(1)

Z� ¼
1

Y�
¼

1

ioCo��
(2)

s� ¼ i�oo �� (3)

tan d ¼
�00

�0
¼

M00

M0
¼

Z0

Z00
¼

Y 0

Y 00
(4)

where Co is the geometrical capacitance, eo is the permittivity of
vacuum and i ¼

ffiffiffiffiffiffiffiffiffiffi
ð�1Þ

p
. Choosing the proper formalisms makes it

possible to reveal various details and aspects of dielectric and
electrical response for a given system. Dipole polarization is
usually described by the complex permittivity e*. Processes
related to the motion of charge carriers are better described by
the complex impedance Z*, the complex electric modulus M* and
the complex specific conductivity s*. When conductivity is
studied by DS the frequency dependence of the real part of
complex specific conductivity is often considered because this
dependence allows one to estimate the direct current (DC) specific
conductivity sdc. The shape of the relaxation mechanisms in the
complex plane or in a frequency dependence plot is described by
various relaxation modes known as the Debye relaxation,
Cole–Cole (C–C) relaxation, Davidson–Cole (D–C) relaxation and
the Havriliak–Negami (H–N) relaxation [19].

The phenomena of polarization and depolarization are fol-
lowed by currents through the sample polarization or depolariza-
tion currents, respectively. These currents may contain charge
transport contributions from the bulk of the sample as well as
charges injected from the electrodes. In many structures localized
states of different origin may occur. The localized states may
influence atom interaction and carrier motion.
Time domain analysis of depolarization or decay current
processes can provide valuable information regarding the di-
electric response of solids [20]. The time-dependent relaxation
process following a sudden removal of a polarization field may be
considered as a succession of four stages. During the relaxation,
several mechanisms act concurrently each of them dominating
the relaxation for a specific time [21,22]. The initial stage that is
rather short (to10�12 s) takes place immediately after removing
the applied field. During the three of the rest stages the
depolarization current can be described by the following laws
[21]:

id / t�n for t51=op

id / expð�optÞ for t ffi 1=op

id / t�m�1 for tb1=op

(5)

The physical mechanisms with this behavior are clearly
described in other works [21,22]. The depolarization mechanisms
are mainly described by the factors n and m of Eq. (5). These
factors describe the main active mechanism during each relaxa-
tion stage.

In this paper, we study the dielectric and electrical properties
of cement mortar samples during the hardening process, at low
relative environmental humidity. The aim of the present work is
to examine the link between electrical response and the physico-
chemical processes occurring within the cement mortar by using
different DS formalisms which give complementary information.
According to the results presented below, curing of cement-based
materials in a high relative humidity environment results in high
conductivity values which mask relaxation mechanisms, espe-
cially in the low-frequency range (lower than 1 MHz). Indeed, the
present study, which deals with samples cured under low-
humidity environment, has identified a specific relaxation
mechanism which otherwise would have been masked. In this
respect, one of the merits of the present work is the fact that it
studies relaxation mechanisms in realistically cured cement
mortar samples. Many of the mechanical properties of cement-
based materials depend on porosity. The present study has
concluded on relaxation mechanisms, which can be attributed
to the existence of pores. In that sense the electric measurements
described below provide indirect information, concerning the
pores of the material which is a necessary prerequisite for
understanding and improving mechanical properties. Last but
not least, the present application presents a coherent study of the
various formalisms employed in DS. Each of these formalisms
contributes in a consistent picture regarding the detailed relaxa-
tion mechanisms.
2. Experimental details

The cement mortar samples used in this work are composed of
ordinary Portland cement (OPC), sand and distilled water at ratio
1:3:0.5. The maximum diameter of the sand grains was 2 mm,
while the density and the porosity were 2.2 g/cm3 and 8%,
respectively. Two sets of samples with the same characteristics
were individually prepared, one for the DS measurements and the
other for the isothermal depolarization current (IDC) measure-
ments. All samples were stored in plastic cases at room
temperature (298 K) and at 40% relative humidity environment.

The DS measurements were conducted using an LCR meter
(Agilent model 4284A), accompanied by the dielectric test fixture
(Agilent model 16451B) and further supported by a computer for
data recording, storage and analysis. Parallel capacitance (Cp) and
loss tangent (tan d) measurements of the palletized samples were
performed with the LCR meter, in the frequency range 20 Hz–1
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MHz. The detailed description of the experimental arrangement
can be found elsewhere [23].

In order for the depolarization currents to be measured, a
polarizing voltage Vp ¼ 1000 V was applied for tp ¼ 30 min.
A Keithley 6514 programmable electrometer was used to perform
the isothermal depolarization current measurements. DS and IDC
measurements were carried out at room conditions within
6 weeks.
10

20
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`

3. Results and discussion

The experimental results are discussed here and representative
curves that correspond to both sets of the samples used for DS and
IDC measurements are presented.

3.1. Dielectric spectroscopy technique

Fig. 1 shows the dependence of the imaginary part, e00, of the
complex dielectric permittivity e* on frequency f for different
hardening times of the cement mortar. The contribution of the DC
conductivity on the dielectric loss e00 is reciprocal to the frequency
f, i.e. it corresponds to the linear segment of lower frequency
range, in the first week of hardening. In the higher frequency
range a contribution from a dielectric relaxation mechanism is
observed, which shifts gradually to lower frequencies as hard-
ening time elapses.

Two distinct dielectric relaxation mechanisms are evident in
Fig. 1 after the first week of hardening. The former appears at low
frequencies (henceforth mentioned as LF) and the latter at high
frequencies (henceforth mentioned as HF). Both mechanisms shift
to lower frequencies as hardening time elapses.

The following expression was fitted to the experimental data of
Fig. 1 [19]:

�00ðoÞ ¼
X2

i¼1

D�0i sinðbijiÞ

½1þ 2ðotoiÞ
1�ai sinð0:5paiÞ þ ðotoiÞ

2ð1�aiÞ�bi=2
(6a)

where

ji ¼ arctan
ðotoiÞ

1�ai cosð0:5paiÞ

ð1þ ðotoiÞ
1�ai sinð0:5paiÞÞ

" #
(6b)

Eq. (6a) is the sum of Havriliak–Negami empirical equation and
describes the contribution of the LF and HF mechanisms to the
dielectric loss e00. Parameters a (0pao1) and b (0obp1) describe
ε`
`
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Fig. 1. The imaginary part of the dielectric permittivity versus frequency for

several days of hardening.
the deviations from the simple relaxation time. When a ¼ 0 and
b ¼ 1 the H–N equations coincide with the respective Debye
equation. D�0i is the contribution of each mechanism to the real
part of the dielectric function e* and toi ¼ 1=ð2pf oiÞ is a
characteristic relaxation time parameter, foi is the corresponding
characteristic frequency that is closely related to each frequency
where the dielectric loss e00 has a maximum, fmax:

f max ¼ f o

sin
ð1� aÞp
2ð1þ bÞ

� �

sin
ð1� aÞbp
2ð1þ bÞ

� �
2
664

3
775
ð1=1�aÞ

(7)

All fits have been done using the non-linear least-squares
Marquardt–Levenberg algorithm. From the fitting parameters,
information can be derived for the time scale, the dielectric
strength and the shape of dielectric relaxation mechanisms.
However, only the dielectric strength and time scale will be
discussed here.

Fig. 2 shows the plot of e00 versus f with the respective best fit,
for the 14th day of hardening. In the same figure the contributions
of LF and HF mechanisms to the dielectric loss e00 are also included.
The LF mechanism presents fmax at 8 kHz on the 9th day of
hardening, then it shifts to lower frequencies with respect to time
(Table 1). The magnitude of the LF relaxation, D�0L, also increases
with time as shown in Table 1 (the subscripts ‘‘L’’ and ‘‘H’’ denote
the low- and high-frequency processes, respectively). On the other
hand, while HF relaxation becomes slower as hardening time
increases, the magnitude D�0H progressively reduces (Table 1).

The variation of e0 versus frequency f on a log–log scale exhibits
a plateau extending over a wide range of frequencies for
102 103 104 105 106
0

f (Hz)

Fig. 2. The imaginary part of the dielectric permittivity versus frequency of

cement mortar on the 14th day of hardening. The solid line is the best fit according

to Eq. (6). The dotted lines show the contribution of the LF and the HF relaxations

to the total spectrum.

Table 1
Parameters of the best fits of Eq. (6).

Day D�0L D�0H fmax,L (kHz) fmax,H (kHz)

9 98.2 80.5 8.03 147.23

14 117.0 55.0 3.07 92.75

17 131.8 38.4 2.40 79.65

24 141.9 26.7 1.66 65.00

39 149.7 17.7 0.73 41.13
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Fig. 3. The imaginary part of the electric modulus versus frequency for several
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Fig. 4. The imaginary part of the electric modulus versus frequency of cement

mortar at 24th day of hardening. The solid line is the best fit according to Eq. (8).

The dotted lines show the contribution of the LF and the HF relaxations to the total

spectrum.
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measurements performed during the first 3 days of the hardening
process (not shown here). The corresponding value of e0 is
approximately 200. An increase of e0 values is observed at lower
frequencies, during the first 3 days, which is due to the electrode
polarization effect [24]. The dependence of e0 versus frequency f

gives an evidence of the dielectric amplification, i.e. dielectric
permittivity values larger than those expected on the basis of
water dipolar response. The dielectric amplification is obtained
when complete or incomplete C-S-H gel phase barriers block
current flow between adjacent capillary pores [25,26].

Mortar is a complex porous material consisting mainly of grain
sands, C-S-H gel, calcium silicate CH, unreacted cement, water in
capillaries and gel pores as well as absorbed and chemically
bonded water. During the hardening process of cement paste, the
water has various states of binding, such as chemically bound
water associated with silicate layers, water of crystallization
associated with calcium hydroxide CH product and physically
absorbed water on large-surface area gel C-S-H pores. Structural
or chemically bound water has dielectric properties similar to ice,
which has a small loss peak near 100 kHz. Free-water relaxation
occurs in the frequency range around 10 GHz, while frequencies
between 10 and 50 MHz correspond to the relaxation of water
molecules which are physically absorbed from the pores [16].
Dispersions in the frequencies 1 and 100 MHz, as a function of
curing time, have been identified and attributed to water attached
to calcium silicate through hydrogen bonds (100 MHz), or to water
attached to calcium silicate by chemical bonds (1 MHz) [14].
According to the above, it seems that a contribution from hydrated
water, which is attached to calcium silicate via chemical bonds,
should be present in the HF relaxation.

In the frequency range 1 kHz–1 MHz where LF and HF
relaxations are present, measurements of complex dielectric
permittivity reveal dispersion, as reported also by other research-
ers [13,17,18]. It has been suggested that this polarization
mechanism is due to double-layer relaxation process of ions on
the surface of binder particles (fly ash, FA) [17,18], or on the gel
surface [13]. After the initial outgrowth of hydration, the
contribution De0 of the polarization mechanism decreases as a
function of hardening time [13,17,18]. The LF relaxation of the
present study, at few kHz range, has been observed for the first
time, to the best of our knowledge, on cement mortars. The
absence of DC conductivity effects, due to the curing conditions of
our samples (low relative humidity), makes the LF relaxation
detectable. On the other hand, the HF relaxation of the present
study exhibits similarities with the low-frequency mechanism of
[13], because it appears during the first days of hardening in the
same frequency range, 1–10 MHz, while the contribution to the
real part De0 decreases as a function of hardening time. The main
difference of our HF relaxation, as compared to the low-frequency
relaxation mechanism of [13], is that the HF mechanism appears
to have a relaxation time about two orders of magnitude higher
during the whole period of the measurements.

The dependence of the imaginary part of the electric modulus,
M00, on frequency is shown in Fig. 3 for several days of hardening.
The real and imaginary parts of the electric modulus M* are
related to complex dielectric permittivity components by the
following relations: M0 ¼ �0=ð�02 þ �002Þ and M00 ¼ �00=ð�02 þ �002Þ. In
electric modulus formalism the electrode polarization effects,
which are usually revealed in e* and s* formalisms, are
suppressed [27]. On the first days of hardening, one peak is
observed at a few kHz region which moves to lower frequencies as
the hardening time increases. This mechanism corresponds to
conductivity relaxation which is dominant during the first
hardening days in the low-frequency range (see Fig. 1). As the
hardening time increases, a peak appears in the high-frequency
range which shifts to lower frequencies.
As we can see in M00 ¼ M00(f) plots of Fig. 3, another relaxation
mechanism appears as a shoulder which increases in the low-
frequency range, after the first week of hardening. In analogy with
the frequency dependence of e00, the frequency dependence of the
imaginary part M00 can be described by the sum of the two
empirical Havriliak–Negami model equations [19]

M00 ¼
X2

i¼1

Im
DM0i

ð1þ ðiotoiÞ
1�ai Þ

bi

" #
(8)

where DM0 ¼ M01 �M0s, M01 ¼ 1=�01, M0s ¼ 1=�0s, to ¼ 1/2pfo, where
fo is a characteristic frequency that is closely related to the
frequency that M00 attains a maximum at f M00max

. In the case of
Debye or Cole–Cole shape f o ¼ f M00max

. Fig. 4 shows a representative
best fit of Eq. (8) to the experimental data of the 24th day of
hardening. The fitting parameters of the best fits were calculated
in M* formalism, and they are shown in Table 2.

Both peaks exhibit a Cole–Cole behavior, i.e. they are
characterized by a symmetrical distribution of relaxation times.
The two peaks which contribute to the total M00 ¼ M00(f) spectrum
of Fig. 3 correspond to LF and HF relaxations of e00 ¼ e00(f) plots
(Fig. 1). In the case of a relaxation mechanism with a single
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relaxation time (Debye behavior, a ¼ 0 and b ¼ 1 in H–N
expression), the maximum M00 value is defined as M00max ¼ Co=2C,
where C is the capacitance associated with the regions where
relaxation takes place [27]. So, in the M00 versus f plots, the
relaxation mechanism which is associated with the smallest
capacitance C is dominant and in our case this is the HF relaxation.
In the M* formalism except the conductivity mechanisms, other
polarization mechanisms (i.e. from dipoles or ions) are also
detected. This is due to the fact that the capacitances correspond-
ing to the polarization mechanisms do not differ significantly
from those corresponding to conductivity relaxation mechanisms
[24].

The dependence of log Z00 versus log f seems to be almost linear
after the first week of hardening. This is related to the fact that the
resistance which is associated to the LF and HF relaxations attains
small values, thus, the contribution of the electrode/sample
effects is screening the above mechanisms. Constant phase
elements (CPE) are empirical functions responding in the form
Z*(CPE) ¼ A(io)�n, where A is constant and n is a parameter
having values between �1 and 1. In the case of n ¼ 1 the CPE
impedance represents a capacitor, when n ¼ 0 it represents
a resistor and if n ¼ �1 it represents an inductor. CPE
usually describes the electrode/sample response. The imaginary
Table 2
The parameters of the best fits of Eq. (8).

Day aL bL foL (kHz) DM0L aH bH foH (kHz) DM0H

17 0.22 1 4.65 0.0043 0.28 1 747.02 0.0515

24 0.19 1 3.85 0.0049 0.32 1 583.89 0.0562

39 0.06 1 2.02 0.0041 0.41 1 333.54 0.0655

102 103 104 105 106
10-4

10-3
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10-1

100

101

f (Hz)

01(
Z

)
Ω

``
8

(CPE)el.
(CPE)L (CPE)H

RL RH

Fig. 5. The imaginary part of the complex impedance versus frequency of cement

mortar at 24th day of hardening. The solid line is the best fit according to Eq. (10).

The dotted lines show the contribution of the electrode–sample effects as well as

the contribution of the LF and HF relaxations to the total spectrum. Inside, the

equivalent circuit, which describes the response of the two relaxation mechanisms

and electrode–sample interfaces, is presented.

Table 3
The parameters of the best fits of Eq. (10).

Day aL bL foL (kHz) RL (MO) aH

14 0.11 1 5.83 3.4 0.05

17 0.18 1 3.63 6.7 0.05

24 0.21 1 3.40 10.0 0.03

39 0.23 1 1.55 24.5 0.05
component of CPE impedance is the following:

Z00ðCPEÞ ¼ ð2pÞ�nA sin
np
2

� �h i
f�n (9)

The experimental data of Z00�f do not fit with Eq. (9). Thus, the
following expression was fitted to the experimental data:

Z00ðf Þ ¼ Bf�n
þ
X2

i¼1

Im
Ri

½1þ ðiotoiÞ
1�ai �bi

" #
(10)

which comprises the sum of two H–N equations and one CPE
impedance component corresponding to the electrode/sample
contribution. R is the resistance related to each relaxation
mechanism (LF and HF) and B ¼ ð2pÞ�nA sinðnp=2Þ. Fig. 5 shows
the best fit of Eq. (10) to the experimental data of the 24th day of
hardening. The same figure shows the contribution of each
relaxation mechanism to the total spectrum. The fitting para-
meters of the best fits were calculated following the Z* formalism,
and they are shown in Table 3.

Inside Fig. 5 the equivalent circuit, which describes the
response of the two relaxation mechanisms and electrode/sample
interfaces, is presented. The n values around 0.9 indicate a
predominantly capacitive behavior of the electrode/sample inter-
face. LF and HF relaxations exhibit a symmetrical Cole–Cole shape
in both formalisms, Z* and M*, as shown in Tables 2 and 3. This
means that the LF and HF relaxations are characterized by
symmetrical distribution of relaxation times, in these formalisms.
Each relaxation, LF and HF, presents a maximum in e*, M* and Z*
formalisms which follows the order f M00 ;maxXf Z00 ;max4f �00 ;max, as
expected [28].

The hardening process within the cement mortar can be
described as follows. In the early stages, the capillary pores create
percolative paths which contribute to the DC conductivity of the
cement sample. As hardening time increases, C-S-H gel barriers
block the connectivity of capillary pores and generate gradually
individual pores which contain an ionic solution. On the other
hand, due to the fact that the C-S-H gel phase continuously grows,
it results in the generation of nanometric isolated pores within
this phase, also containing ionic solution. When the cement
samples are stored in a low relative humidity environment (as in
our case), then the hydration reaction is slower than that of
samples cured in high relative humidity environment. The
reaction products, during the hardening process, increase gradu-
ally the ionic content of capillary pores [29]. Thus, ionic solution
exists mainly in capillary pores and C-S-H gel pores during the
hardening period. We suggest that the mechanisms detected in
both Z* and M* formalisms be related to the short-range
conductivity relaxations which take place in the pore regions.
The LF relaxation is connected to the closed capillary pores of
larger size (higher relaxation time or lower frequency peak). The
HF relaxation is connected to the C-S-H gel pores of smaller size
(lower relaxation time or higher frequency peak).

During the first days of hardening the DC conductivity effects
dominate in the lower frequency range in all DS formalisms. In
addition, one relaxation mechanism also appears at frequencies
higher than 1 MHz. The contribution from hydrated water is
normally expected to be present in the high-frequency relaxation
bH foH (kHz) RH (MO) B (�106) n

1 314.57 0.63 3.22 0.91

1 300.71 0.65 3.12 0.90

1 280.07 0.67 2.80 0.88

1 129.98 1.10 2.29 0.84
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[14]. After the first week of hardening the DC conductivity effects
are absent. Bearing in mind that the DC conductivity is due to ion
motion in percolative capillary pores channels, we expect that the
observed reduction of conductivity is a result of the C-S-H gel
barriers which block the connectivity of such pores. This
phenomenon generates gradually individual pores and leads to
an increase of dielectric amplification effects in the lower
frequency range, which are manifested by the gradual increase
of �00max values of the LF relaxation. The reaction products, which
increase slowly the ionic content of closed capillary pores, have as
a result the increase of the dielectric loss of the LF relaxation. As
hardening time elapses, the continuous growth of C-S-H gel phase
is expected to reduce the volume fraction of C-S-H gel pores. This
explains the observed gradual reduction of the dielectric loss of
the HF relaxation, after the first week of hardening.

The ionic solution within closed capillary pores and C-S-H gel
pores is characterized by short-range conductivity relaxation
mechanisms. These relaxations correspond to LF and HF relaxa-
tions, respectively, in Z* and M* formalisms. Information derived
from Z* and M* is related to the resistances and capacitances that
are related to LF and HF relaxations. As shown in Table 3, the RL

values increase gradually with hardening time. This is attributed
to the increase of the volume fraction of the closed capillary pores.
The increase of the volume fraction reflects also an increase of
M00max value (see Fig. 3) because the associated capacitance of the
particular LF relaxation decreases [30]. On the other hand, we
expected a reduction of RH values as a result of the decrease of the
C-S-H gel pores volume fraction. However RH values present small
increases as a function of hardening time (Table 3). This should be
attributed to an increase in resistivity of the particular regions
within the sample [30]. The electric modulus formalism M* is a
more convenient one to represent the relaxation of the electric
field E, under the constraint of a constant displacement vector D,
because E ¼ M*D. The shape parameters ai in M* formalism have
values greater than 0, as presented in Table 2. This implies that the
LF and HF relaxations are characterised by a distribution in
relaxation times which reflects the distribution of pore diameters.
As shown in Table 2, the value of shape parameter aL of LF
relaxation decreases as a function of hardening time. This
indicates a narrowed distribution of relaxation times and also a
narrowed distribution of capillary pores dimension. On the other
hand, the value of shape parameter aH of HF relaxation increases
as a function of hardening time. This indicates a broader
distribution of relaxation times and also a broader distribution
of C-S-H gel pore dimensions.

In order to approximate the capacitances which are connected
to LF and HF relaxations, we assumed that both relaxations are
characterized by a single relaxation time, the mean relaxation
time t ¼ 1=ð2pf M00max

Þ. In this case the equivalent circuit is the one
shown in Fig. 5, provided that the complex elements (CPE)L and
(CPE)H are substituted by the pure capacitances CL and CH. Thus,
each relaxation is described by the time constant ti ¼ RiCi. Finally,
the capacitances related to LF and HF relaxations can be estimated
through relation Ci ¼ 1=2pRif M00 ;max, while for values of Ri, Table 3
is used. Calculations give CL values: 5.1, 4.1 and 3.2 pF for 17, 24
and 39 days of hardening, respectively. CH values are 0.32 pF, 0.40
pF and 0.44 pF for the same days of hardening respectively. It
must be mentioned here that the above estimations for the CL and
CH values are consistent with the discussion of the previous
paragraph. The increase of the volume fraction of closed capillary
pores, as a function of hardening time, leads to a decrease of CL

values. The decrease of volume fraction of the C-S-H gel pores, as a
function of hardening time, leads to increase of CH values.

The ionic motion induced by the applied electric field will have
a time constant t ¼ d2=D [31], where d represents the effective
path distance (the pore diameter in our case) and D is the average
diffusion coefficient of the ionic species involved (Ca2+, Na+, K+,
OH�). The values of the diffusion coefficient for the different ionic
species depend on the concentration, which is of the order of
10�5 cm2/s. An estimation of the mean pore diameter, deduced
from the previous relation, can be made by assuming a mean
relaxation time of t ¼ 1=2pf M00max

for each relaxation (f o ¼ f M00max

from Table 2). The estimation yields the mean C-S-H gel pores, 15,
17 and 22 nm for the days 17, 24 and 39, respectively. These values
are very close to those of [2] for C-S-H gel pores. Evaluations of the
mean capillary pores give 186, 203 and 282 nm after 17, 24 and
39 days, respectively. It should be noted here that mercury intrusion
results on cement samples of similar w/c ratio present two peaks
close to 20 and 200 nm [32]. Mercury intrusion measurements
approximate better the dimension of capillary pores [4]. A gradual
increase of the mean dimensions is observed in both capillary pores
and C-S-H gel pores, based on the previous estimations.
3.2. Isothermal depolarization current technique

Fig. 6 demonstrates the recorded values of the isothermal
depolarization currents in log–log plot with respect to time during
the cement hardening process. Specifically, the log–log plot
contains five curves corresponding to the 3rd, 4th, 7th, 14th and
39th day of the hardening process. The initial obvious results are
the following: Time response of the decay current for all samples
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was characterized by two distinct branches of different slopes
�n and �(m+1). The near-Debye process describes the transition
part between the two branches. When the IDC curve was measured
during the first days, it was found that significantly higher IDC
values were recorded. The form of all recorded IDC is the same.

It is important to notice the influence of the hardening process
and the subsequent water content and chemical processes
involving the values of the two factors (n and m) that describe
depolarization stages. The values of the factor n that describe the
flip depolarization mechanisms [21] and correspond to the ‘‘short’’
times (i.e. second depolarization stage) do not exhibit major
variations for all measurements (see Fig. 7). Additionally, the
values of the n factor are continuously decreasing. The values of
the factor m that describes the flip–flop depolarization mechan-
isms [21] and correspond to ‘‘long’’ time (i.e. the fourth stage of
the depolarization process) vary considerably depending on the
day of hardening. Additionally, the m factor seems to attain
different behaviors during the hardening process while during the
first 14 days factor m increased and then decreased again to
achieve its initial value on the 22nd day.

The curves of Fig. 6 also manifest that the flip transition
duration does not vary with time, since during the entire hardening
process they do not provide any sign of change proving that the fast
mechanisms remain active and dominant for the first 100 s even
after 39 days of hardening. The same observation cannot be made
for the m factor since it gradually initiates, making the transition
between flip and flip–flop mechanisms longer.

The values of the two factors seem to stop varying after the
22nd day of the hardening process. This can be attributed to the
chemical processes that are completed by then and to the fact that
the included water has already been absorbed or transformed into
other chemical products. The high water content that initially
exists in the cement sample bulk can explain the higher IDC in the
very first days. Gradually the water evaporates; it is captured in
the sample capillaries and forms the cement mortar product. In
any case it is eliminated in the sample. This limits the fast
depolarization processes ‘‘flip’’ transitions while the influenced
dipoles become localized in the sample bulk. The slow, ‘‘flip–flop’’
transitions are actually influenced by the fast transitions. The
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Fig. 7. The exponents m and n as a function of the hardening time.
increasing–decreasing behavior of the m factor can be attributed
to the two factors that influence this slow process.

The first factor is the gradually limiting water content in the
sample and the second factor is the sand–cement interfaces.
These are the two parameters that continuously change during
hardening. Since during the first 14 days the dominant factor is
the continuous decrease of the water content, this is expected to
influence both n and m factors. It must also be noted that both fast
and slow depolarization processes exist continuously during the
IDC recording but each dominates for a different time. Specifically,
the fast depolarization processes decrease gradually since they are
not favored in an environment of limited water content. The
smaller the number of fast transitions, the less is the probability
for them to cause slow transition due to interaction. After 14 days
the water is almost absorbed and it is located in free form only in
the closed capillary and C-H-S gel pores. Thus, the n factor
describing the fast depolarization process becomes stabilized but
the slow depolarization mechanisms that can be affected by the
chemical processes are enforced and regain their initial values.
4. Conclusions

The present study deals with the dielectric and electrical
properties of cement mortar samples, cured at low relative
humidity environment. Measurements were made by using
dielectric spectroscopy over a broad frequency range of 20 Hz–1
MHz, and the isothermal depolarization currents technique
during the hardening process for several weeks.

During the first week of hardening, the DC conductivity effects
were dominant. One dielectric relaxation mechanism appeared
during the first days at frequencies higher than 1 MHz, which
gradually shifted to lower frequencies as the hardening time
increased. After the first week, two distinct relaxation mechan-
isms existed in the frequency spectrum, in e* and tan d
formalisms, both of which shifted to lower frequencies with time.
The dielectric strength of the low-frequency mechanism increased
with time, while the relaxation mechanism at the high frequency
decreased. The low-frequency relaxation was observed for the first
time, at few kHz region, on cement mortars.

Fitting analysis in Z* and M* formalisms revealed the existence
of two short-range conductivity relaxation mechanisms, which
correspond to the low- and high-frequency relaxations of e* and
tand formalisms. Taking into account the electrochemical pro-
cesses occurring within the cement mortar, we suggest that the
low-frequency relaxation is related to the closed capillary pores
and the high-frequency relaxation to the C-S-H gel pores. A
contribution from hydrated water attached to calcium silicate via
chemical bonds cannot be excluded. Estimations of the mean
diameters give values around 20 nm for C-S-H gel pores and
around 200 nm for the closed capillary pores, during the first
month of hardening. The mean pore dimensions were found to
increase with the hardening time.

In the light of the IDC results, the following conclusions can be
drawn. During the first days of hardening the depolarization
currents are high and become gradually low while hardening
proceeds. The behaviors of the two transition mechanisms have
also been studied and it was found that both factors n and m are
influenced by this process for only the first 2 weeks after sample
preparation.
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