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Abstract

This paper discusses the application of an analytical model of the dielectric spectrum of Enhanced Porosity Concretes (EPC, or pervious
concretes) to predict its porosity and effective conductivity. While porosity is the dominant material parameter that dictates the performance
characteristics (acoustic absorption and hydraulic conductivity) of EPC, effective conductivity has been shown to be an important parameter in the
non-destructive estimation of performance. The porosities of the EPC specimens were measured using a volumetric method and an image analysis
method. The effective conductivities were calculated from the bulk resistances of the samples obtained from Nyquist plots. The fits of the model to
the conductivity spectra were used to extract the values of porosity and effective conductivity. The measured and predicted values of porosities and
effective conductivities show good correlation. The frequency dependence of the dielectric spectra as well as the advantages of using a
conductivity spectrum as opposed to a dielectric constant spectrum is outlined. The need to use effective conductivity rather than conductivity at
any frequency is also brought out. It is shown that a single electrical conductivity spectrum could be used to predict the parameters that best
describe the performance characteristics of EPC.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Enhanced Porosity Concrete (EPC), also known as pervious
concrete, is a special class of concrete proportioned by using gap
graded coarse aggregates, very little or no fine aggregates, and a
low water-to-cement ratio. This facilitates the development of a
network of interconnected pores in the system. Such a pore
structure makes the percolation of water through an EPC layer
easy, thus recharging the ground water and conserving water
resources. This property has made the use of EPC a sustainable
alternative to impervious areas in regions of moderate to high
rainfall intensity. Pervious surfaces in parking lots are believed
to help infiltration and cleansing of storm water, thereby re-
ducing the adverse environmental impact of impervious parking
areas [1,2]. The other notable advantage of EPC is its ability to
minimize the tire–pavement interaction noise which has become
a significant environmental issue [3,4]. This is achieved by a
combination of reduction in noise generation (by minimizing air
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pumping, which is the pumping of air in and out of the tread
blocks of the tire) and increased absorption of acoustic energy
(by the tortuous macropore network in the system) [3].

The hydraulic and acoustic properties of EPC depend heavily
on its pore structure (porosity, pore sizes, and pore connectivity)
[5,6]. Porosity is the most easily quantifiable pore structure
feature of any porous material. For EPC to be effective in
rapidly draining surface water, a total porosity of 20% or more is
needed whereas for sound absorption, it has been stated that 15–
25% accessible porosity (pore volume accessible to the incident
sound waves) is necessary [7–9].

Using electrical impedance studies [5], it has been shown
that the acoustic absorption coefficient (measure of a material's
capacity to absorb the incident sound energy) of EPC is linearly
related to the pore connectivity factor (βp), which is a func-
tion of the porosity (/), and modified normalized conductivity
σ⁎norm as follows:

bp ¼
r⁎norm
/

ð1Þ
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where

r⁎norm ¼ reff−rsolid 1−/ð Þ½ �
rpore

ð2Þ

σeff is the effective conductivity, σpore is the conductivity of the
electrolyte filling the large pores in the material, and σsolid is
the conductivity of the solid phase (the matrix that coats the
aggregates).

Similarly, the intrinsic permeability, k, which is related to
hydraulic conductivity K (K ¼ k qg

l ; ρ and μ are respectively
the density and dynamic viscosity of the fluid, g is the accel-
eration due to gravity) of EPC has been found to adhere to a
modified version of Kozeny–Carman equation [10,11,5]:

k~ r⁎norm
� �2 /

1−/ð Þ2
 !

: ð3Þ

It can be noticed from Eqs. (1) and (3) that the transport
characteristics of both acoustic waves and water in EPC are
dependent on the material porosity and the effective conduc-
tivity (through the normalized conductivity). Hence, the deter-
mination of these parameters is essential to ensure performance
adequacy of EPC in water transport and acoustic absorption.

This paper presents a methodology based on an analytical
model of a two-component composite [12,13] to extract the
porosity and effective electrical conductivity of EPC specimens
from dielectric dispersion measurements. Though the dispersion
of both dielectric permittivity as well as electrical conductivity
with frequency can be used to determine porosity [13–16], this
paper primarily makes use of the electrical conductivity spectra
because of (i) large enhancement in dielectric constant at low
frequencies [14,16–18], and (ii) the capability of this model to
predict effective conductivity of the material also in addition to
porosity.
2. Analytical representation of the dielectric behavior
of EPC

The dielectric behavior of composite materials is described to
varying degrees of accuracy by the mixing models [16,19–25],
depending on the range of frequencies selected. One approach to
extract the pore structure features of porous materials is based on
the theory of dielectric dispersion (dispersion of permittivity and
conductivity) of granular materials [14,15,26,27]. In the fre-
quency range from Hz to MHz, the conductivity σ increases
with increasing frequency, whereas the effective dielectric con-
stant ε (ratio of dielectric permittivity εr of the material to that of
vacuum ε0) increases with decreasing frequency and stabilizes at
an asymptotic value at very high frequencies [13,26,28]. A
modified analytical form for the Bergman dielectric response of
two phase composites [12] is used in this paper to predict the
frequency dependent dielectric properties of EPC. The major
feature of this model that makes it attractive for EPC is an
implicit hypothesis of small grain contact area, i.e., it is assumed
that the contact area with the neighboring grains is small com-
pared to the grain area.
The complex dielectric constant ε(ω) of an isotropic two-
component composite consisting of an insulating solid phase
and a pore phase filled with a conducting fluid, as a function of
angular frequency ω, is given by:

e xð Þ ¼ e0 xð Þ−i r xð Þ
x

ð4Þ

σ(ω) and ε′(ω) are the frequency dependent conductivity and
real part of the dielectric constant respectively of the composite.
These quantities are related to the conductivity and dielectric
constants of the pore and solid phases.

A complete description of the model development can be
found in [12] where it is stated that e xð Þ

esolid xð Þ
� �

is a function of s(ω);

where s xð Þ ¼ 1

1−epore xð Þ
esolid xð Þ

: εsolid(ω) is the dielectric constant of the

solid phase, and εpore(ω), that of the pore phase filled with a
fluid. In a composite where εpore→0 (mostly solid phase),
s→1, and therefore f (s)= f (1)≤ 1. For other values of εpore, f (s)
can be represented using a singular integral equation of the first
kind, and the solutions represented as:

e Vxð Þ ¼ e1−bsolid

rpore
e0

� �b C
2 sin bp=2ð Þ
� 	

x−b ð5Þ

r xð Þ ¼ rpore Aþ esolide0x
rpore

� �1−b
" #

ð6Þ

A, b, and C are the model parameters, and ε0, the permittivity
of free space (8.884×10– 12 F/m).

For a composite in which one phase is completely insulating,
the parameter A can be given an Archie's law equivalent form
as:

A ¼ reff
rpore

¼ /mZreff ¼ rpore/
m ð7Þ

But it has been previously shown that EPC does not obey
single conducting phase Archie's law, and a modified version
has been proposed, accounting for the conductivity and volume
fractions of the solid matrix phase also [5], as:

reff ¼ rpore/
m þ rsolid/

m V
solid ð8Þ

σsolid is the conductivity of solid phase (in a saturated condi-
tion), and /solid is its volume fraction, which is equal to (1−/).
The exponents m and m′ represent the degree of connectivity of
the pore and solid phases respectively; a lower value indica-
ting better connectivity [19]. It was observed that, for EPC,
the term m′ is very small (0.03–0.10) [5], rendering the value of
/solid
m′ close to 1.0. Hence, the modified Archie's law can be

simplified to:

reff ¼ rpore/
m þ rsolid ð9Þ



Table 1
Experimentally determined and predicted values of the parameters

Mixture ID Measured porosity Predicted porosity (using Eq. (11) to fit the
conductivity spectra)

Effective conductivity σeff, S/m

Maximum aggregate sizes
(% of each size by weight)

Volumetric
method

Image
analysis

Avg. a σpore=1.77 S/m σpore=4.4 S/m Avg. a σpore=1.77 S/m σpore=4.4 S/m

Meas b Pred c Meas b Pred c

4.75 mm (100%) 0.207 0.214 0.210 0.204 0.210 0.207 0.037 0.044 0.094 0.091
4.75 mm (75%) 9.5 mm (25%) 0.208 0.305 0.257 0.231 0.290 0.261 0.042 0.043 0.109 0.108
4.75 mm (50%) 9.5 mm (50%) 0.247 0.260 0.254 0.272 0.281 0.277 0.046 0.066 0.141 0.150
4.75 mm (25%) 9.5 mm (75%) 0.225 0.276 0.250 0.286 0.271 0.279 0.058 0.064 0.189 0.192
9.5 mm (100%) 0.206 0.203 0.205 0.190 0.194 0.192 0.035 0.036 0.083 0.079
12.5 mm (100%) 0.193 0.237 0.215 0.145 0.155 0.150 0.009 0.005 0.038 0.032
4.75 mm (25%) 12.5 mm (75%) 0.174 0.244 0.209 0.160 0.280 0.220 0.009 0.008 0.077 0.074
9.5 mm (97.5%), sand (2.5%) 0.187 0.189 0.188 – 0.201 0.201 – 0.043 0.038
9.5 mm (95%), sand (5%) 0.176 0.212 0.194 – 0.180 0.180 – 0.033 0.029
a Average.
b Measured effective conductivity (calculated from bulk resistance of the Nyquist plots).
c Predicted effective conductivity from the fit of Eq. (11) to the experimental data.
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The parameter A, which is equal to /m could then be repre-
sented as:

A ¼ /m ¼ reff−rsolid
rpore

ð10Þ

The equation for conductivity as a function of frequency,
Eq. (6), then becomes:

r xð Þ ¼ rpore
reff−rsolid

rpore

� �
þ esolide0x

rpore

� �1−b
" #

ð11Þ

where

b ¼ 1−
/ 1−/ð Þ

2/− reff−rsolid
rpore

� 	
3−/ð Þ

0
BB@

1
CCA ð12Þ

The parameter b is a function of the porosity of the material,
the effective conductivity, and the conductivities of the pore and
solid phase. The solid conductivities of the EPC specimens can be
obtained from Eq. (9) by determining the effective conductivities
at two known electrolyte conductivities so that simultaneous
equations in σsolid and m could be solved. Fitting Eq. (11) to the
experimentally determined conductivity spectra facilitates the
determination of the constant b and the effective conductivity.
The porosity / can then be extracted from Eq. (12).

3. Experimental program

3.1. Mixture proportions and specimen preparation

The mixture proportions used in this study were adopted
from a larger experimental program that was designed to deter-
mine the mechanical, acoustic, and hydraulic properties of EPC
[5,9]. The mixtures were made using single sized aggregates
(limestone aggregates with a specific gravity 2.72) and their
binary blends. The single sized aggregates had maximum sizes
of 4.75 mm (passing 4.75 mm, retained on 2.36 mm sieve),
9.5 mm (passing 9.5 mm, retained on 4.75 mm sieve), or
12.5 mm (passing 12.5 mm, retained on 9.5 mm sieve). The
binary blends were prepared by replacing 25, 50, and 75% by
weight of the larger aggregates with smaller aggregates. One
series of mixtures had 2.5% and 5% of 9.5 mm maximum size
aggregates replaced by river sand. The water–cement ratio of all
mixtures was kept constant at 0.33. The cement content was
adjusted so that there was no residual paste clogging the pore
space, and an aggregate–cement ratio of 5.5 to 5.7 ensured it.
The mixtures were prepared using a laboratory mixer in ac-
cordance with ASTM C 192, cast in 150×150×700 mm molds,
and consolidated using external vibration. Cylinders (95 mm
diameter) that were cored from the above beam specimens were
used for the tests described in this paper.

3.2. Measurement of porosity

The porosity of EPC was determined using a volumetric
method and an image analysis procedure. For the volumetric
method, the cylindrical specimens (95 mm in diameter and
150 mm long) that were cored from beams were immersed in
water for 24 h to saturate the pores in the matrix. After removal
from water, the sample was enclosed in a latex membrane and
the bottom of the specimen was sealed to a stainless steel plate
using silicone sealant. The mass of this system was measured.
Water was added to the top of the sample until it was filled,
which indicated that all the interconnected pores were saturated.
The volume of water needed to fill the specimen, expressed as a
percentage of the total volume of the specimen, is reported as
the total porosity. In the image analysis method, the EPC
specimen was impregnated with a low viscosity epoxy, and
sectioned at different depths. The surface of each section was
scanned using a flat bed scanner, and an image conditioning and
feature measurement procedure using a commercial software
(ImagePro Plus©) was employed to estimate the fractional area
of pores. The average of fractional pore areas of all sections is
taken as the specimen porosity [9]. Both these methods resulted
in comparable values of porosity as shown in Table 1 (except for
one mixture where the values are vastly different and therefore



Fig. 2. Frequency dependence of dielectric constant and conductivity (depicted
for EPC with 9.5 mm max. size aggregates saturated with 1% NaCl solution).
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omitted in the forthcoming analysis). The differences in poros-
ity between the two methods of measurement are attributed to
the volume and area concepts employed in porosity determi-
nation [5].

3.3. Measurement of electrical impedance spectra of EPC

The use of electrical impedance spectroscopy (EIS) as a
characterization tool in the study of cementitious materials has
been well documented [17,18,29–31]. EIS measurements were
conducted in this study using a Solartron 1260™ Impedance/
Gain-Phase analyzer that was interfaced with a personal com-
puter for data acquisition. The cylindrical specimen was en-
closed in a latex membrane and the bottom sealed to a stainless
steel plate electrode using silicone sealant, with a piece of
porous foam in between the specimen and the plate electrode to
ensure proper electrical contact. After the specimen was satu-
rated with the electrolyte, another stainless steel plate with a
small acrylic dyke was placed at the top of the specimen, with a
piece of porous foam in between. The impedance measurements
were made over the frequency range of 10 MHz or 1 MHz to
10 Hz or 1 Hz using a 250 mVAC signal.

The Nyquist plots represent the relationship between the real
or resistive [Z′(ω)] and imaginary or reactive [Z″(ω)] com-
ponents of the impedance given by:

Z xð Þ ¼ Z Vxð Þ−iZW xð Þ ð13Þ
A typical Nyquist plot is shown in Fig. 1. From the measured

electrical impedance spectrum, the conductivity spectrum can
be obtained from:

r xð Þ ¼ l
jZ xð ÞjAe

ð14Þ

where |Z(ω)| is the absolute value of the impedance, l is the
spacing between the electrodes and Ae is the electrode cross-
sectional area. Substituting the bulk resistance of the sample Rb

(the value of Z′ when Z″ is minimum, which is the intersection
Fig. 1. A typical Nyquist plot for an EPC mixture.
of the bulk arc and the electrode arc in Fig. 1) for Z(ω) in Eq. (14)
gives the effective conductivity of the specimen σeff. The fre-
quency corresponding to the bulk resistance Rb is the critical
frequency ( fcrit).

The electrolytes used in this study were NaCl solutions of
varying concentrations (1%, 3%, and 10%). The impedance
measurements were carried out in the order of increasing ionic
strength of the electrolyte. The electrolyte conductivities were
calculated from the following empirical equation [12]:

rpore ¼ 0:0123þ 3647:5

1000 Xð Þ0:955
" #−1

S=m ð15Þ

where X is the salinity in kilo parts per million (kppm). The
values of σpore were found to be 1.77 S/m, 4.4 S/m, and 13.2 S/m
for 1%, 3%, and 10% NaCl solutions respectively.

The complex dielectric constant (ε) is determined from the
following relationship between impedance and intrinsic elec-
trical properties for a lossy dielectric material placed between a
pair of parallel plate electrodes.

Z xð Þ ¼ 1
ixe0eð Þ Ae=lð Þ ð16Þ

4. Results, analysis, and discussions

4.1. Frequency dependence of measured dielectric constant
and conductivity

The real part of the dielectric constant (ε′) obtained from the
impedance data using Eq. (16) as well as the conductivity (σ)
from Eq. (14) is dependent on the frequency. In Fig. 2, this
dependence is shown for EPC mixture with 9.5 mm maximum
size aggregates saturated with 1% NaCl solution in the frequency
range of 10 Hz to 1 MHz. The ε′ and σ values for all the other
EPC specimens investigated in this study also demonstrate a
similar frequency dependence. It could be observed that the
dielectric constant has remarkably high values at low frequencies.



Fig. 4. Conductivity spectrum for EPC with 4.75 mm max. size aggregates
saturated with 3% NaCl solution and the fit of Equation to experimental data.
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The common reasons attributed to this behavior are: (a) electrode
polarization (Maxwell–Wagner effect) [17,32], (b) dielectric
response of the ions at the solid-electrolyte interphase, or
(c) significant differences in aspect ratio of particles in the me-
dium [33]. The low frequency dielectric constant values for EPC
obtained in this study are in the range reported for brine saturated
porous media [34].

The conductivity increases with increasing frequency. The low
values of conductivity at lower frequencies (less than ap-
proximately 100 Hz, denoted as region A in Fig. 2) are because
of the electrode effects. There is a relatively constant conductivity
plateau at mid-frequencies (approximately 0.5 kHz to 5 kHz),
denoted as region B in Fig. 2. The extent of this plateau zone
depends on the porosity, electrolyte conductivity, and the phase
geometry of the constituents. The effective conductivity (σeff) of
EPC falls in this plateau zone. At close to MHz frequencies
(region C), a rapid increase in conductivity is observed, which can
be attributed to two effects: (i) high frequency shunting of
dielectric barriers between conductive clusters, resulting in an
Fig. 3. Experimental values and the corresponding fits for the relationship
between frequency and (a) dielectric constant, (b) conductivity (depicted for
EPC with 9.5 mm max. size aggregates saturated with 1% NaCl solution).
apparent increase in the effective volume of the conducting phase
[32], and (ii) relaxation of the polarization mechanism.

4.2. Comparison of dielectric constant and conductivity
spectra to predict porosity

Though ε′(ω) and σ(ω) can be used to extract the porosity of
EPC [Eqs. (5) and (11)], due to their considerable dispersion
explained in the previous section, it is unrealistic to assume that
the same model captures all the features of the material at all
frequencies. Hence, some cut-off frequency limits are defined in
this paper for both dielectric constant and conductivity, above
which the analytical model would adequately describe the di-
electric response of the material.

Fig. 3(a) and (b) shows the experimentally determined values
of ε′(ω) and σ(ω) and the fits to the experimental values using
Eqs. (5) and (11) as a function of the frequency for the EPC
sample made with 9.5 mm maximum size aggregates and satu-
rated with 1% NaCl solution. The fit of Eq. (5) to the measured
dielectric constant spectra [Fig. 3(a)] is satisfactory only for
higher frequencies. Eq. (5) does not account for the dielectric
enhancement occurring at frequencies less than 10 kHz. Simi-
larly, Eq. (11) does not account for the significant reduction in
conductivities at frequencies less than 1 kHz [Fig. 3(b)].
However, it could be seen from Fig. 3(a) and (b) that both
Eqs. (5) and (11) accurately predict the frequency dependent
response of dielectric constant and conductivity respectively at
frequencies greater than 2.51 kHz. This happens to be the
critical frequency fcrit for this sample. Hence these equations
could be used to fit the dielectric constant and conductivity data
at frequencies higher than fcrit in order to predict the porosity
and effective conductivity of EPC specimens.

Fig. 4 presents the conductivity spectra and the fit of Eq. (11)
for EPC specimens with 4.75 mm maximum size aggregates
saturated with 3% NaCl solution. On closer observation of this
figure, it can be found that this equation predicts the high
frequency response and the mid-frequency plateau region of the
conductivity spectra. Hence it seems to be more rational to just



Fig. 5. Conductivity spectra and their fits for (a) single sized EPC mixtures, and
(b) blended EPC mixtures, saturated with 3% NaCl solution.

Fig. 6. Relationship between predicted and measured values of porosity.
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omit the low frequency rising portion of the conductivity spectra
(approximately about 100 Hz and lower), rather than ignoring the
conductivity at all frequencies lower than fcrit, in order to obtain a
better fit of the proposed equation to the experimental data. The
critical frequency, which happens to be 2.51 kHz in this case also,
appears somewhere in the middle of the plateau region.

4.2.1. Advantages of using the conductivity spectra to predict
porosity

The parameters of fit to determine ε′ from Eq. (5) are the
dielectric constant of the solid phase εsolid, and parameters b,
and C, whereas to determine σ from Eq. (11), the parameters
are εsolid, the effective conductivity of the sample σeff, and
the constant b. The value of εsolid is more significant in the
determination of ε′ than in that of σ, as might be expected,
since Eq. (5) has a multiplicative term (εsolid)

1− b whereas in

Eq. (11), esolide0x
rpore

� �1−b
is only an additive term to the normalized

effective conductivity reff−rsolid
rpore

� �
; and the overall term contain-
ing εsolid is rather small owing to its multiplication with ε0.
Hence, the equation describing the conductivity spectra is more
independent of the dielectric constant of the solid phase than
the equation for dielectric constant spectra. This assumes
relevance because the term εsolid cannot be considered to be
constant irrespective of the electrolyte conductivity. The ionic
conductivity of the electrolyte is bound to affect the liquid–
solid interfacial polarization phenomena [35], thus influencing
the value of εsolid when σpore is changed. Since this study uses
three electrolyte concentrations (1%, 3%, and 10% NaCl), an
exact determination of εsolid is not attempted here. The
emphasis is on the determination of the constant b which can
provide an estimate of the porosity of the system. In addition,
the use of the fit for the dielectric constant spectra would need
the value of σeff to be determined beforehand in order to use
Eq. (12) (for constant b) to solve for the porosity. The value of
σeff in this case could only be obtained either from the Nyquist
plots or from the fit of the conductivity spectra. On the other
hand, the fit of Eq. (11) to the conductivity spectra provides the
values of both σeff and b, which can be substituted in Eq. (12)
to determine the porosity. Hence the use of conductivity
spectrum is found to be ideal to solve the inverse problem of
predicting the porosity of EPC.

4.3. Porosity prediction of EPC mixtures

Eq. (11) was fit to the conductivity spectra for frequencies in
the plateau region and the high frequency region (regions B and
C in Fig. 2). Fig. 5(a) and (b) depicts the fits for the conductivity
spectra for EPC with single sized aggregates, and blended
aggregates respectively, saturated with 3% NaCl solution.
Similar plots were developed for EPC specimens saturated with
1% NaCl also. The porosities obtained from the fits along with
the experimentally determined porosities for both the values of
σpore are given in Table 1.

The predicted values of porosity are plotted against mea-
sured values as shown in Fig. 6. The average values of porosity
determined from the volumetric method and image analysis



Fig. 8. Effective conductivity (σeff) as a function of electrolyte conductivity
(σpore) for single sized aggregate EPC mixtures.
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method are plotted against the average of the porosities calcu-
lated from the fits of Eq. (11) to the conductivity spectra of EPC
saturated with 1% and 3% NaCl solution. The predicted and
measured porosities show reasonably good agreement (R2 value
of 0.85), validating the use of Eq. (11) to solve the inverse
problem of determining the porosity from conductivity spectra.
The statistical significance of porosity prediction of EPC re-
ported here is comparable to other studies on porosity prediction
of water saturated porous glass specimens [15], and dry vol-
canic rocks [16].

In the data for Fig. 6, the EPC mixture with 12.5 mm maxi-
mum size aggregates is not included since the measured and
predicted porosities are off by about 30% (Table 1). The reason
for such an observation is the following. It can be seen from
Fig. 5(a) that EPC with 12.5 mm aggregates has the lowest
conductivity even when the measured porosity is fairly close to
the other single sized aggregate mixtures. A realistic model for
such a specimen will include a cluster of pores that are well
connected, but poorly connected to the main pore network in the
specimen by a “throat” of negligible conductivity. A detailed
analysis has been carried out and reported in an earlier paper [5]
to support this argument, which found that the pore connectivity
factor (βp) for this mixture is much lower than other single sized
aggregate mixtures (βp of 0.035 compared to 0.108 for the
mixtures with 4.75 mm and 9.5 mm maximum size aggregates).
The electrical conductivity spectrum “sees” only the main pore
network in the mixture, since the contribution to conductivity
from the isolated cluster is negligible, thereby under-predicting
the porosity.

4.4. Effective conductivities as determined from the predictive
relations

The effective conductivities determined from the fit of Eq. (11)
to the conductivity spectra of EPC specimens saturated with 3%
NaCl, as well as those calculated from the Nyquist plots are
shown in Fig. 7. The fitted and measured values ofσeff are in very
Fig. 7. Relationship between predicted and measured values of effective
conductivity (σeff).
good agreement. Table 1 gives the measured and predicted σeff

values for all the EPC specimens investigated, for both the values
of σpore. Eq. (11) could also be solved using σpore as an additional
unknown parameter, thereby making the porosity and effective
conductivity prediction independent of the electrolyte conductiv-
ity. Since the porosity and effective conductivity values predicted
are fairly close to the measured values, it is believed that the
predictive equation would also give good estimates of σpore. This
feature of the predictive relation makes it useful as a field tool
since the conductivity of the electrolyte in the pores in an EPC
system under service is not always easy to measure.

4.5. Need to use effective conductivity rather than conductivity
at any frequency for performance prediction

The effective conductivities are plotted against the electro-
lyte conductivities in Fig. 8 for EPC mixtures with single sized
Fig. 9. Relationship between specimen conductivity (σ) and electrolyte
conductivity (σpore) at two different frequencies for single sized aggregate
EPC mixtures.
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aggregates investigated in this study. All the three single sized
aggregate EPC mixtures have similar measured volume po-
rosity values (∼0.20 to 0.22). The effective conductivities
increase with increase in electrolyte conductivity as expected.
Fig. 8 shows that that the increase in effective conductivity of
the EPC mixture with 12.5 mm maximum size aggregates is not
in line with the trend for the other two mixtures, and the
deviation is even more prominent when it is saturated with 10%
NaCl solution (σpore=13.2 S/m). The reason for such a behavior
is that the pore sizes in this mixture are larger than the other two,
and the pore connectivity factor is much lower. The effective
conductivities of the EPC specimens with 4.75 mm and 9.5 mm
maximum size aggregates are very similar, attributable to their
similar porosities and pore connectivity factors. It has also been
found from a previous study that these two EPC mixtures have
very similar acoustic absorption coefficients and hydraulic
conductivities [5,9].

Though their performance characteristics are alike, the
similarities in electrical response of EPC with 4.75 mm and
9.5 mm maximum size aggregates do not always exist. Fig. 9
relates the electrolyte conductivity to the specimen conductivity at
1 MHz and 10 Hz frequencies for EPC mixtures with these two
aggregate sizes. It can be noticed that the conductivities are not
similar, especially at higher values of σpore, contrary to the
observations in Fig. 8. If any of these conductivities are used
instead of the effective conductivities, the calculated pore con-
nectivity factors [Eq. (1)] would not be similar, and consequently
the predicted and measured acoustic absorption coefficients and
hydraulic conductivities [Eq. (3)] would differ. Therefore it is
imperative that the effective conductivity should be used in the
predictive relations for performance. In the methodology de-
scribed in this paper, it is not required to have prior knowledge of
the critical frequency ( fcrit). The fit of Eq. (11) to the conductivity
spectra gives the value ofσeff, which can then be used to calculate
the pore connectivity, acoustic absorption coefficient, and
hydraulic conductivity. Even though the effective conductivities
of two aforementioned mixtures are very similar, the corre-
Fig. 10. Relationship between effective conductivity (σeff) and the critical
frequency ( fcrit) for single sized aggregate EPC mixtures.
sponding values of fcrit are different, especially at higher values of
σpore. This can be observed from Fig. 10, which relates σeff to fcrit
for all the single sized aggregate EPC mixtures. There is no
definite frequency or frequency range that is discernible from this
figure, in which the effective conductivities of all EPC specimens
lie. The same conclusion could be drawn from σeff− fcrit plots of
EPC mixtures with aggregate blends of 75% 4.75 mm, 25%
9.5 mm and 50% 9.5 mm, 50% 12.5 mm (not described in this
study) which also demonstrate similar effective conductivities.

5. Conclusions

This paper has dealt with the prediction of porosity and
effective conductivity of EPC mixtures from their electrical
conductivity spectra. The salient conclusions from this study are
listed below:

(i) The analytical form of a modified Bergman equation was
found to adequately fit the dielectric constant and con-
ductivity spectra for a certain frequency range. The as-
sumption in the model that the grain contact areas are
small compared to the grain areas makes it especially
suitable for application to EPC systems.

(ii) The dielectric constant and electrical conductivity spectra
show dispersive behavior. The conductivity spectra were
used in the paper rather than the dielectric constant spectra
to solve the inverse problem of predicting porosity for the
following reasons: (a) it gives an estimate of the effective
conductivity also of the material, in addition to the
porosity, and (b) it is more independent of the dielectric
constant of the solid phase. However, with the electrical
conductivity spectra also, the Bergman equation does not
account for the very low frequency regions because it
represents the increasing effects of electrode contribution
to the measured conductivity.

(iii) The values of porosity extracted from the fit of the
analytical model to the electrical conductivity spectra
correlate fairly well with the measured values for the EPC
mixtures investigated in this study. The predicted values
of effective conductivity also correlate well with the
effective conductivity determined from the bulk resis-
tance in Nyquist plots.

(iv) It has been previously found that the transport character-
istics of EPC (both hydraulic permeability and acoustic
absorption) can be related to its porosity and modified
normalized conductivity (a function of effective conduc-
tivity). The determination of porosity and effective con-
ductivity from a single equation fitted to the measured
conductivity spectra is therefore extremely helpful in
determining the performance efficiency of EPC.

(v) The need to use effective conductivity in these predictive
equations rather than the conductivity at any frequency
has been brought out by illustrating the conductivities of
two different EPC mixtures having very similar perfor-
mance characteristics. The effective conductivities of the
investigated EPC mixtures, even when they are similar,
do not fall in any specified frequency range.
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