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Abstract

A range of immittance formalisms is exploited to understand the nature of conduction and polarization within Portland cement-based
binders over the frequency range 1 Hz to 1 MHz. Data are presented for binders with and without aggregate additions; of particular interest
was the electrical response of a binary combination of ordinary Portland cement and fly ash. Regarding the latter, when presented on a
Nyquist diagram, a characteristic plateau region emerged between the electrode spur and the bulk arc. When presented in the form of dielec-
tric constant and conductivity as a function of frequency, aregion of dispersion was evident for all systems. Furthermore, it was shown that
by undertaking a dielectric frequency-domain analysis of the data, the experimental results could be synthesized across the frequency range 1
kHz to 1 MHz. Rather than ascribing separate processes to each impedance zone, the observed response could be attributed to a single bulk
polarization process. When transformed into the complex impedance plane, there was also good agreement between synthesized and mea-
sured response. It is postulated that polarization is as aresult of double-layer effects on the grain with a relaxation frequency in the low kilo-

hertzregion. © 1999 Elsevier Science Ltd. All rights reserved.
Keywords: Fresh concrete; Characterization; Electrical properties; Fly ash

Since its initial application to Portland cement paste [1],
a considerable amount of work has now been published on
the application of alternating current (a.c.) impedance spec-
troscopy in characterising microstructural evolution and
pore structure development in cement-based systems [2—
16]. Much of this work, however, has concentrated on neat
cement pastes and mortars, with attention being directed to-
wards the later stages of hydration, i.e., during the hardening
process. In comparison, only limited studies have been un-
dertaken on cement pastes [5,17,18], mortars, and concretes
[18-20] during the very early stages of hydration, i.e., be-
fore setting.

When plotted in Nyquist format, the impedance response
of ordinary Portland cement (OPC) concretes and mortars
[18-20], before setting, has revealed a two-region response
over the frequency range 1 Hz to 15 MHz, although data are
severely degraded at the higher frequencies. Thisis not dis-
similar to that obtained from hardened cementitious systems
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with the regions comprising a low-frequency spur attributed
to electrode effects and a high-frequency depressed arc as-
sociated with bulk processes. It also was shown in this work
that when OPC binder is partialy replaced by fly ash (FA),
a characteristic three-region response is obtained: a low-
frequency spur (<1 kHz), a mid-frequency plateau region
(=1-150 kHz), and a high-frequency bulk arc (>150 kHz).
The extent and prominence of the plateau region were
shown to vary with the level of FA replacement, becoming
more evident with increasing replacement level. This could
be of considerable practical significance as a means of de-
tecting and quantifying the amount of FA in a freshly
batched concrete mix, hence exploited as a technique in the
quality control of such concretes. In the design of high-
performance cementitious systems, FA has a role to play
and quality control is essential at all stages of their produc-
tion to ensure the requirements of function and durability.
These previous studies are limited in a number of re-
spects, particularly in the format of data presentation, the
lack of electrical modelling of the experimental data, and
detail on the underlying mechanisms responsible for con-
duction and polarization in OPC-based binders. Regarding
the former, we believe that the common approach of fitting
equivalent circuit models separately to each of the regions
noted earlier is not necessarily the best method for revealing
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the underlying effects responsible for the observed impedance
response. The work presented addresses these issues to-
gether with new data on electrical measurements of fresh
cement-based systems.

1. Immittance spectr oscopy

The intrinsic electrical properties of any nonmagnetic
material can be fully specified by the frequency-dependent
parameters dielectric constant, &,'(w), and conductivity,
o(w). These are determined by the polarization and conduc-
tion of bound and free charges within the material. If the
material is heterogeneous, ¢, (w) and o(w) will be strongly
correlated to the properties of the individual components
and the way in which they are combined. Such correlationis
often manifested in the frequency domain as dispersive be-
havior characterised by frequencies of relaxation, above
which dielectric constant falls and conductivity rises. There-
fore, it can be possible to identify various features of hetero-
geneous materials by their electrical properties, provided
they are observed over a wide enough frequency range (im-
mittance spectroscopy). The term immittance covers severa
levels of response that can be obtained by a.c. electrica
measurements: relative permittivity e,(w) and its reciprocal
electric modulus M(w); impedance Z(w) and its reciprocal
admittance Y(w) [21]. The current work focuses on the im-
pedance and permittivity levels.

Impedance, in a two-terminal a.c. system, is the fre-
guency-domain ratio of applied voltage to resultant current.
Assuch, it is afrequency-dependent complex parameter and
normally is given in rectangular form as given in Eq. (2):

Z(w) = Z'(w) —jz"(w) ohm (Q) )

wherej is the complex operator /-1, o is radian frequency
(rad/s), the real part Z'(w) is the resistive component, and
the imaginary part Z'(w) is the reactive component. |mped-
ance is commonly presented graphically in Nyquist form,
where —Z"(w) is plotted against Z’(w) over several decades
of frequency. In the case of a measurement cell consisting
of alossy dielectric material (i.e., partly conducting) placed
between a pair of parallel-plate electrodes, the relationship
between the intrinsic electrical properties and the cell im-
pedanceisgivenin Eq. (2):
1

29 = Gose) (A @
where A is the electrode surface area (m?), d is the electrode
separation (m), g, is the permittivity of free space (8.854 X
10~*2 F/m), and ¢, is the relative permittivity of the mate-
rial. Relative permittivity is, itself, a frequency-dependent
complex quantity comprising the dielectric constant, e, and
the dielectric loss ¢,”, related by Eq. (3):

&(w) = &'(w)-j&" (w). ©)

The dielectric constant accounts for energy storage re-
sulting from the polarization of charges within the material,

and the loss factor accounts for the dissipation of energy in-
curred in the polarization process together with any direct
transfer of charge through the material. The effects of loss
also may be represented as a conductivity, o(w), which is
related to ¢, by Eq. (4):

o(w)
we

Conductivity can result from both direct (ionic) conduc-
tion processes and dissipative polarization processes [22].
However, if the sample material has aknown value of direct
current (d.c.) (or low-frequency) ionic conductivity, it may
be desirable to express the effects of ionic conduction sepa-
rately to purely dielectric dissipative effects, in which case,
asgivenin Eq. (5):

o(w) = g4(w) + 6(0) ©®)

g"(w) =

4)

where ¢(0) is the d.c. ionic conductivity, and o4(w) the di-
electric conductivity. In this case, the relative permittivity
can be more specifically given asin Eq. (6):

_ o gy o(0)0

() = &'(@) - g @)+ o (©)

The behavior of both dielectric constant and conductivity
in the frequency domain will be determined by the polariza-
tion mechanisms from which they arise. According to the
classic approach of Debye, the dispersion of the relative
permittivity resulting from a single polarization mechanism
can be described by Eq. (7) [22]:

+ Es—&w

(1+ (jot)"™)
where 1, is the relaxation time-constant of the process (re-
laxation frequency is w, = 1/7, radiang/s), ¢ is the dielec-
tric constant of the material as w approaches low frequen-
cies (i.e, o << w,), and ¢, is the dielectric constant as o
approaches high frequencies (o >> »,). The exponent «
(0O< a < 1)isadispersion factor that isincluded to account
for the statistical distribution of relaxation times about a
mean value of 1, which often is observed in real dielectrics.
Separation of the real and imaginary parts of Eg. (7) and
comparison with Egs. (3) and (4) yields Egs. (8A) and (8B)
for dielectric constant and conductivity:

(ers_erw) [1 + (COTO)(l_G)S'n%xgEH
3+ (1) + [Z(mTo)(l‘“)sin%ngE
(8A)

wso(srs_srm)[(wTo)(lia)COS%Xg%

3+ (01 [2(0)10)(1‘“)9%:%}5

(8B)

£ = £,

)

g (W) = €0t

o(w) = g, +
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Fig. 1. Idealised dielectric and conductivity dispersion curves for asingle
relaxation process (a« = 1).

When a - 0, the termsin square brackets disappear and
the resulting response has the form shownin Fig. 1. In a het-
erogeneous material (such as concrete, mortar, or cement
paste), several superimposed relaxation mechanisms could
be operating simultaneously. Each of these will make its
own contribution to the bulk dielectric constant and will re-
lax in accordance with its own time constant. If these are
sufficiently disparate for each mechanism, then the individ-
ual features of the overall response will be discerniblein the
frequency domain.

The relationship between the response at the impedance
level and that at the intrinsic permittivity level isillustrated
in Figs. 2A and 2B. These plots were produced by means of
Egs. (2), (6), and (7), using theoretical data generated from
the response of an equivalent circuit consisting of two paral-
lel capacitor-resistor (C-R) networks connected in series.
The resistances used were each 50 (), and the capacitances
were 2 wF and 20 nF. It is noteworthy that while the imped-
ance level response indicates two impedance relaxation fre-
guencies at 1.48 and 145.3 kHz, the response at the intrinsic
permittivity level has only one relaxation frequency at 3.5
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kHz. If such aresponse was obtained from area materiad, it
could, therefore, be a mistake to interpret relaxations occur-
ring in the impedance plane as intrinsic dielectric relax-
ations. Also, in this and other simulations, we found no sim-
ple or direct relationship between the value of the impedance
level relaxation frequencies and that occurring at the permit-
tivity level.

To develop an understanding of the mechanisms respon-
sible for the impedance behaviour, we considered it more
informative to present datain the form of dielectric constant
and conductivity plotted as a function of frequency as per
Fig. 1, aswell asin the more common impedance format.

1. Experimental
1.1. Materials and sample preparation

Table 1 presents the mix proportions for the pastes, mor-
tars, and concretes used in the present study. The binder
comprised a blend of OPC (British Standard (BS) 12:1991;
ASTM type ) and FA (BS3892: Part 1:1993; ASTM class
F) at replacement levels of 10%, 25%, and 40% (by mass).
For comparative purposes, tests were undertaken on speci-
mens made from sulfate-resisting Portland cement (SRPC
to BS4027: 1980; ASTM type V) and microsilica (MS) and
noted on Table 1. Table 2 presents the physical and chemi-
cal properties of the OPC, FA, and MS. The fine and coarse
aggregates were crushed rock, the coarse aggregate was pre-
pared from two single size fractions, 5-10 mm and 10-20
mm, blended at aratio of 1:2.

A 10-dm® Hobart planetary motion mixer was used for
preparation of paste and mortar samples; a0.1-m? pan mixer
was used for preparation of concrete samples. All materials
were dry mixed for approximately 30 s before gauging with
water, and then mixed for afurther 2 min before compaction
into the test cells (described later) in two layers. The sample
surface was smoothed level with the top of the cell, which
then was connected to the frequency response analyser
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Fig. 2. (A) Calculated complex impedance curve for circuit indicated. (B) Calculated dielectric constant and conductivity dispersion curves for the same circuit.
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Table1

Summary of mixes studied

Mix OPC (kg/m?) PFA (kg/m?) Fine (kg/m3) Coarse (kg/m?) Water (1/md) Comments
P1 1619 — — — 485

P2 1421 158 — — 474

P3 1141 380 — — 456

P4 881 587 — — 440

P5 1415 — — — 472 MS: 157 kg/m®
M1 475 — 1425 — 310

M2 425 47 1420 — 307

M3 350 118 1330 — 304

M4 277 185 1385 — 300

M5 500 — 1500 — 275 SRPC

M6 368 122 1470 — 270 SRPC

M7 426 — 1420 — 307 MS: 47 kg/m®
C1l 405 — 608 1217 183

C2 363 40 605 1209 181

C3 300 100 600 1200 180

c4 237 158 593 1186 178

(FRA). All tests were carried out in atemperature controlled
environment at 21 + 1°C.

1.2. Electrical measurements and test cells

Impedance data were acquired using the Solartron 1260
FRA in voltage drive mode using a logarithmic sweep over
the frequency range 1 Hz to 10 MHz. The signal voltage
was optimised at 100 mV and the data were recorded at 100
points within the frequency range.

Samples were contained in rigid plexiglass cells of inter-
nal dimensions 50 X 50 X 50 mm for paste and mortar
specimens, and 150 X 150 X 150 mm for the concrete spec-
imens. Attached to two opposite sides of the cells were
3-mm thick, stainless-steel parallel-plate el ectrodes measur-
ing 50 X 50 mm and 150 X 150 mm, respectively. These
sides were demountable to facilitate removal of the sample.
The cell sizes were considered sufficiently large to enable
the acquisition of impedance measurements representative

Table2
Physical properties and oxide analysis of materials
Microsilica Fly ash OPC
Physical properites
Specific gravity 194 2.10 315
Surface area (m?/kg) 15000 330 350
(BET) (Blaine) (Blaine)
Chemical analysis (%)
SO, 85.9 489 20.68
Al,Oq 15 27.4 4.83
Fe,0; 3.0 7.3 3.17
Ca0 0.7 33 63.95
MgO 2.0 11 2.53
TiO, ND 12 ND
P,Os ND 0.16 ND
SO, ND 0.47 2.80
K,0 3.0 11 054
Na,O 1.0 0.16 0.08

ND: not determined.

of bulk properties not distorted by localised heterogeneties.
Stainless-stedl connections were passed through the cell
walls and secured to the electrodes to facilitate electrica
contact. Connection to the Solartron FRA was by means of
individually screened coaxial cables to the voltage high/low
and current output/input terminals. Internal temperature of
the samples was recorded using an embedded thermistor.
System control and data logging were by means of a HP
Vectra personal computer.

1.3. Calibration procedure

While the sample materia is in the liquid state the cell
impedance is low and, as the frequency of the applied field
increases, the impedance of the connecting leads begins to
dominate the measured values. Thisis aproblem even when
data were corrected using the internal nulling procedure
available with the FRA. For this reason a procedure utilising
open-circuit, short-circuit, and load calibration (using a pre-
cision resistor and capacitor) was performed at each test fre-
guency; the technique on which this procedure is based is
detailed el sewhere [23].

2. Discussion of results

The prime motivation of the work was to study and present
data on these materids in the liquid state. As a consequence,
measurements are presented 60 minutes after initia mixing
with water. The cdibration procedure ensured high-quality im-
mittance data that hitherto has not been presented over the fre-
quency range under consideration. Note that, for clarity, only
every third data marker is highlighted on the response curves.

2.1. Impedance response: paste, mortar, and concrete

Fig. 3A-D present the Nyquist plots for paste, mortar,
and concrete specimens. The specimens with plain OPC
binder displays atypical two-region response comprising an
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electrode polarization “ spur” forming the right-hand side of
the “V"-shaped plot and the bulk sample arc forming the
left-hand side of the overall response. Thisis also the case
for the mortar samples with SRPC, OPC/MS, and SRPC/
MS binders (Fig. 3C), although the impedance of the system
isincreased relative to the respective plain OPC hinder. Re-
garding the increase in impedance for SRPC mortars, the re-
duced C;A content of this cement will reduce ionic concen-
tration in the interstitial aqueous phase, thereby increasing

L U o e e e e ) 1 e e o e LI B B B B B
30 —
g B ]
<=
[=] - ~
’é\ -20 _— —
:l\] L 4
210 .
0 L ﬂ"lﬁ | TN TN T T T N NN N N T T B |_
90 100 110 120 130 140 150
B Z'(®) ohm
-25 [TT T T[T T T T[T T T T [ TTTPE[TTT T
- —
- —a Cl1 b
20F w—<wC J
o —v (3 1
L =—aC4 ¥
£ 5p ]
S C ]
s ]
N -0 ]
5 :— 1
0 Cov i1y .-' NI A
45 50 55 60 65 70 75 80
D Z' (o) ohm

Fig. 3. Complex impedance response for (A) pastes P1-P5; (B) mortars
M1-M4; (C) mortars M5-M7; (D) concretes C1-C4. (E) Schematic of
response for fly ash binder.

sample impedance. The replacement of OPC with MS is
equivalent to increasing the volume fraction of nonconduc-
tive phase, thereby increasing impedance.

This set of figures clearly show the influence of the addi-
tion of FA and corroborates previous work, athough in a
more systematic manner. The FA responses display aNyquist
plot that is now characterised by three distinct zones: the elec-
trode response, a plateau region due to inclusion FA, and a
bulk arc. Regarding the latter, this loses clarity for the plain
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Frequency range over which fly ash plateau persists and the real (resistive)
component at those frequencies

f, f, foeak R, R,
Mix (kHz) (kHz) (Khz) (ohms) (ohms)
M1 8.94 — — 96.25 —
M2 4.87 172 no peak observed 100.2 96.8
M3 1.25 205 52.4 115.9 105
M4 0.75 242 224 131.6 112
M5 8.90 — — 99.8 —
M6 1.48 242 No pesk observed 120.6 109.8
C1 2.08 — — 55.0 —
c2 0.54 204 No pesk observed 62.7 58
C3 0.27 242 No peak observed 704 63
c4 0.14 287 374 75.4 59

pastes and is more prominent in the mortars and concretes. In
quantitative terms, the addition of FA results in a number of
salient changesto the response, which are, in summary:

» The frequency range over which the plateau region
persists is directly dependent on the FA content. With
reference to Fig. 3E, Table 3 presents the frequency of
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applied field at the right- and left-hand extremes of the
plateau region denoted, respectively, f,, and f,.

e The values of Z'(w) at the frequencies f, and f, (de-
noted R, and R)) increase with increasing FA content
and are presented in Table 3. The cementitious system
becomes more resistive due to the inclusion of FA and
isnot dissimilar to MSin this respect.

» The plateau region has the appearance of acircular arc
with its centre depressed below the rea axis. Increas-
ing the FA content results in better definition to the
arc, and at the higher replacement levels a definite
peak can be observed (at a frequency denoted f, see
Fig. 3E) and presented in Table 3.

2.2. Frequency dependence and relaxation processes

The dielectric constant and conductivity were de-imbedded
from the impedance data using Eq. (2), and the resulting dis-
persion curves are presented in Fig. 4A-D and Fig. 5A-D,
respectively. The impedance plots indicated that electrode
effects are considerably reduced at frequencies in excess of
1 kHz; however, for the current study, conductivity and di-
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Fig. 4. Dielectric dispersion curvesfor (A) pastes P1-P5; (B) mortars M1-M4; (C) mortars M5-M7; (D) concretes C1-C4.
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electric constant are presented over the full frequency range
from1Hzto 1 MHz.

Considering the dielectric constant for pastes, mortars,
and concretes (Fig. 4A-D), the decrease in this parameter
with increasing frequency indicates a region of dispersion
resulting from the relaxation of a polarization process
within the system. If there existed a single, dominant relax-
ation process, the region of dispersion would, typically, be
contained within one decade of frequency [22]. In fresh,
cement-based systems, it is evident that relaxation occurs
over several decades of frequency and is indicative of a
spread of relaxation time constants. At frequencies below
1 kHz, the dielectric constant rises to extremely high values
and would represent the increasing influence of the elec-
trode/sample interfacial polarization effect. What is appar-
ent for al mixtures is that, in comparison to the plain OPC
mix, the inclusion of FA in the binder results in an enhance-
ment of the bulk polarization processes, hence dielectric
constant, at frequencies in excess of 1 kHz. Thisis particu-
larly evident over the range from 10 kHz to 1 MHz, indicat-
ing the superposition of an added contribution to the dielec-
tric response on that of the plain OPC. Asthe quantity of FA
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is increased, the magnitude of the dielectric enhancement
increases, athough the scale of this effect is masked by the
logarithmic scale of the vertical axis.

Further supporting evidence for these conclusions can be
obtained fron the conductivity dispersion curves shown in
Fig. 5A-D. For the paste and mortar samples (Fig. 5A-C),
the conductivity curves can be divided into two regions
above and below 1 kHz (approximately). Below 1 kHz, and
particularly over the region 1-100Hz, the sharp decrease in
conductivity with decreasing frequency is as a result of the
increasing contribution of electrode effects (as noted from
the dielectric dispersion data). For the concrete samples
(Fig. 5D), this low-frequency region is not as pronounced,
because the cutoff frequency for electrode effects has been
reduced (seef, in Table 3).

At frequenciesin excess of 1 kHz, there is a gradual rise
in conductivity with increasing frequency; of particular
interest is that as the FA replacement level increases, this
dispersion in conductivity becomes more apparent. The fre-
guency range over which the increase in conductivity oc-
cursisthe same asthat for the diel ectric enhancement effect
of the FA. The increase in conductivity with increasing fre-
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Fig. 5. Conductivity dispersion curvesfor (A) pastes P1-P5; (B) mortars M1-M4; (C) mortars M5-M7; (D) concretes C1-C4.
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quency of applied field will be a direct result of relaxation
of the polarization mechanism, which, in addition to ionic
conduction effects, will contribute to loss processes [see
Egs. (4) and (5)]. The overal result will be an enhancement
of measured conductivity.

In thefirst hour after gauging, little or no devel opment of
the eventual microstructure of the binder has taken place
and the cementitious systems could be regarded as a suspen-
sion of binder particles and aggregate of various sizes sur-
rounded by an interstitial aqueous electrolyte. Dielectric ef-
fects resulting from polarization processes [24] associated
with the later microstructural features (i.e., the intercon-
nected pore network) cannot be invoked to explain the elec-
trical behaviour of the structurally ssimpler liquid system.
On gauging, the interstitial aqueous phase provides a suit-
able environment for establishing an electrochemical dou-
ble layer on the binder particles. Chargesin the double layer
are held in varying degrees of firmness: an inner layer held
near the grain surface and a diffuse layer extending from the
inner layer (at the plane of “dippage”) to the bulk solution
[25]. It could now be hypothesised that oscillation or move-
ment of electrostatically held charges in sympathy with the
applied electrical produces a double-layer polarization re-
sponse, thereby inducing alarge effective dipole (hence ca-
pacitance). This process is a low-frequency polarization
mechanism and concentrated within the kHz range.

le |

! Induced Dipole
—_—
Applied Field

Fig. 6. Schematic diagram showing induced dipole moment due to double-
layer polarization under the influence of an alternating electrical field.

The ease and range of movement of charges, together
with the frequency of applied field, dictates the magnitude
of the polarization response, which is quantified in the bulk
capacitance of the system. To explain the enhanced double-
layer polarization response of FA binders, although the size
of the OPC and FA particles are smilar (=10-20 p.m), con-
sideration should be given to the distinctive spherical shape
of the FA particle, schematically shown in Fig. 6. It is pos-
tulated that electrostatically held double-layer charges can
oscillate more easily over the surface of the FA particlein
response to the changing field than those on the more angu-
lar OPC particle. If thisis the case, then the charges on the
FA particle are more easily polarizable and ultimately re-
sultsin ahigher capacitance. It is also of interest to note that
the zeta potential of FA is significantly different from that
of plain OPC (the zeta potential being related to the extent
of the double layer formed on the surface of the particle)
[25-27].

Interestingly, although MS is also spherical in nature, it
does not produce the distinctive impedance response. Di-
electric enhancement is evident in the paste sample (Fig.
4A), dthough this has now shifted to a higher frequency
range from 100 kHz to 1 MHz. Furthermore, this enhance-
ment is approximately an order of magnitude lower than the
FA binder at the same replacement level (10%). The enhance-
ment for MS binders is not discernible when aggregate is
added (Fig. 4C). MSis approximately two orders of magni-
tude smaller than FA, and the reason for the nonappearance
of a plateau region could be a size effect, with aresulting re-
duction in the induced dipole moment effect (Fig. 6).

Consideration aso should be given to the absolute values
of dielectric constant for the cementitious systems presented,
which are considerably higher than that of pure water
(=80). It is only at the upper end of the frequency range
presented (1 MHz) that values reduce to =100, which is
consistent with high-frequency data on fresh mortars and
concretes [23]. Double-layer polarization processes on par-
ticle surfaces have been known to produce anomolously
high dielectric constants; for example, it has been shown
[28,29] that a suspension of polystyrene latex particles (of
similar dimensions to FA particles) in potassium chloride
solution display substantial dielectric enhancement at low
frequencies. Double-layer polarization aso has been invoked
to account for the high dielectric constants obtained from
porous sandstones impregnated with high-conductivity lig-
uids [30-32].

The dielectric constant and conductivity of the systems
containing aggregate are considerably lower than that of the
plain binder and simply reflect the diluting effect of the ag-

gregate.

2.3. Modeling of immittance response

It is possible to consider the impedance plot for the FA
systems as three separate regions and then attempt an equiv-
alent circuit analysis of each zone in turn, with each circuit
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comprising a resistor in parallel with a constant phase ele-
ment (CPE) given in Eq. (9), where:

CPE = B,(jw)™ )

and o’ = (1-2 B/m), B isthe arc depression angle in radians
(0< B < m/2),and B, isaconstant. Thisis areasonable ap-
proach with respect to that part of the response associated
with the electrode-sample interfacia zone, asit results from
an effect that is physically in series with the bulk impedance
of the sample. However, we propose a different approach
with respect to the two-region response for the FA binders.

Consider, for example, mortars M1 and M3 in Fig. 3B
(0% and 25% FA replacement). Commercialy available
software was used (ZView) to perform an equivalent circuit
analysis on the bulk response of these mortars. For M1, the
low- and high-frequency intercept values on the real axis
are, respectively, 95.6 and 70.1 ohms, the arc depression an-
gleis 3.1°, and the frequency at the top of the arc was ob-
tained as 18.7 MHz. This gave equivalent R-C circuit para-
meters of 25.5 ohms and 3.33 X 107%° F, respectively. It is
evident that, from the fitting process, the high-frequency in-
tercept falls well short of the origin. For M3, the low- and
high-frequency intercept values for the FA plateau region
are, respectively, 124.8 and 89.4 ohms, the arc depression
angle is 66.5°, and the frequency at the top of the arc was
evaluated as 75.9 kHz. This gave equivalent R-C circuit para-
meters of 35.4 ohms and 2.36 X 1078 F, respectively. The
low- and high-frequency intercept values for the left-hand
arc for M3 were, respectively, 105.7 and 28.2 ohms, and the
arc depression angle was 28°. The frequency at the top of
the bulk arc could not be evauated from the software;
hence, only the equivalent circuit resistance could be ob-
tained (R = 77.5 ohms).

The view is taken here that the observed response should
be sought at a more fundamental level in the dielectric prop-
erties of the material. The procedure adopted is to synthesize
the impedance response by modelling its diel ectric behaviour
on the assumption that it is primarily the result of asingle re-
laxation mechanism and as a modified (dispersed) Debye-
type relative permittivity, inclusive of a low-frequency (or
d.c.) conductivity component [see Eq. (6)].

Having established values for the parameters in Eq. (7)
(&rs &0 Ty @), Fel@tive permittivity data can be generated for
each frequency point of the origina measurement data (in
the range from 1 Hz to 1 MHz) and the results fed into Egs.
(2), (8a), and (8h), along with the cell constant, to produce
dielectric constant, conductivity, and impedance data. As an

Table4

Parameter values used for calculated immittance responses for mortar M3
DC conductivity 04 = 0162 S/m
Relaxation frequency (o, = 2mf,) fo = 29 kHz
Dielectric constant: low-frequency limit g, = 50,000
Dielectric constant: high-frequency limit &1, = 60
Dispersion spreading factor a=0.194
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Fig. 7. (A) Dielectric constant and (B) conductivity dispersion curves mea-
sured and calculated using parametersin Table 4 for mortar M3.

example, the parameters values used in the synthesis of the
relevant responses for M3 are presented in Table 4.

Fig. 7 gives a comparison of the de-imbedded experi-
mental dielectric constant (Fig. 7A) and conductivity (Fig.
7B) with the calcul ated response. Both of these curves show
the good agreement between calculated and measured val-
ues, with the only notable discrepancies being below 1 kHz.
Regarding the latter, at frequencies below about 1 kHz, the
measured conductivity and dielectric constant start to attain
very low and high values, respectively, and diverge from
the ssimulated response. Thisisaresult of the dominating in-
fluence of electrode effects on the measured data, which
was not modelled in the theoretical response.

The impedance response obtained using these parameters
is shown in comparison to the measured response in Fig. 8A
over the full frequency range from 1 Hz to 1 MHz. Again,
the fit between measured and calculated values is good, a-
though in the case of the low-frequency data, electrode po-
larization effects were not accounted for in the synthesised
response. The data between 1 kHz and 1 MHz aso shows
good agreement in frequency domain and impedance plots,
with two regions clearly discernible in the calculated plot.
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Fig. 8. (A) Measured and calculated complex impedance curve for mortar M3
using parametersin Table 4 and (B) calculated impedance plot to 10 GHz.

Thetraditional approach of analysing the two arc regions
separately thus could give a false impression of the effects
underlying the impedance response. In the present work, at
the permittivity level, a single dispersion spreading parame-
ter (a) affects both bulk arcs and the junction between them,
such that the left-hand arc appears amost parabolic, or
semielliptic (when viewed within the frequency constraints
of the experimental data), and the middle arc appears to
have a very large depression angle. In a more conventional
impedance analysis using the CPE concept, two completely
separate arc depression parameters (o) would be assigned
to each of the arcs and the meaning of the response would
be rather difficult to explain. The approach adopted allows
two apparently unrelated effects to be attributed to a single
cause, i.e., double-layer polarization, thereby simplifying
interpretation of what is happening electricaly within the
material.

Finaly, by extending the upper frequency limit for the
synthesised datato 10%° Hz, the plot does project toward the
origin, as would be expected from the impedance response
of a genuine heterogeneous dielectric material. This is
shownin Fig. 8B.

3. Conclusions

Measurements have been presented on the electrical re-
sponse of arange of cementitious binders, with and without
aggregate additions. Data were obtained while the material
was in the liquid state and represents an area in which there
is, currently, a dearth of information. Sample sizes were of
realistic size and composition. A number of immittance pa-
rameters were presented and of particular interest were the
dielectric constant and conductivity dispersion curves to-
gether with the complex impedance curves.

Electrical data were interpreted in terms of intrinsic bulk
polarization and conduction processes. It was postulated
that the region of dielectric and conductivity dispersion over
the frequency range from 1 kHz to 1 MHz resulted from a
double-layer relaxation process on the surface of binder par-
ticles. This manifested itself as a decrease in dielectric con-
stant and a corresponding increase in conductivity with
increasing frequency. The low-frequency conductivity (at
approximately 1 kHz) was due to ionic conduction pro-
cesses, whereas the elevation of conductivity above its low-
frequency level resulted from relaxation of double-layer
charges.

Of particular interest was the OPC/FA binder that pro-
duced a characteristic three-region response when presented
in Nyquist format, with a mid-frequency plateau region de-
veloping between the low-frequency electrode arc and high-
frequency bulk arc. The mid- and high-frequency regions
constituted the bulk response. As an alternative to ascribing
an equivalent electrical circuit to each of these regions and
assigning a particular phenomenon to each region, it was
shown that by considering the intrinsic bulk electrical pa-
rameters (dielectric constant, conductivity) together with
the system relaxation frequency and dispersion spreading
factor, a single polarization process could account for the
impedance response of OPC/FA. This was highlighted by
synthesizing the experimental results through the classica
Debye equations. The inclusion of FA was seen to cause an
increase in the polarizability of the system over the fre-
quency range from 1 kHz to 1 MHz, which resulted in a di-
electric enhancement.
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