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Abstract

Enhanced Porosity Concrete (EPC) is manufactured by gap grading coarse aggregates to create interconnected porosity in the system. The
porosity and physical features of the pore network are characterized in this paper using Electrical Impedance Spectroscopy (EIS). Porosity alone
was found to be an inaccurate indicator of the electrical conductivity of the sample. While several studies have shown that a conventional form of
Archie’s law can describe porous systems, it was observed that Archie’s law did not completely describe the electrical conductivity of the EPC
system. Therefore, a modified version of Archie’s law was used that incorporated the matrix conductivity, which described the system more
accurately than the conventional form. The pore connectivity factor determined using EIS is found to be linearly related to the acoustic absorption
of the material. Similarly, conductivity results determined from EIS were used with total porosity to compute the hydraulic connectivity factor.
This factor was related to intrinsic permeability calculated from hydraulic conductivity (measured using a falling head permeameter). Based on
these studies, it appears that a single electrical impedance test could provide information for the design, quality control/quality assurance, and

utilization of EPC.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The noise resulting from the interaction between tire and
pavement is increasingly being recognized as a significant
environmental issue. The use of Enhanced Porosity Concrete
(EPC) as an overlay on conventional concrete pavements has
been suggested as one possible solution to this problem [1,2].
EPC is proportioned by gap grading the coarse aggregates and
either eliminating or minimizing the sand volume in the matrix
to develop a network of interconnected pores within the material.
The noise reduction that results from the use of this material is
believed to occur due to the combined effect of lower noise
generation and increased sound absorption. The porous surface
is believed to minimize air pumping (the pumping of air in and
out of the tread blocks of the tire, which is currently thought to be
one of the primary noise generation mechanisms), thereby
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reducing the noise generation while the pores inside the material
also absorb sound energy through internal friction [3]. The key
factors that dictate the efficiency of EPC in absorbing sound are
the porosity that can be accessed by the sound waves, pore size,
pore aperture size, and thickness of porous layer. For EPC to be
effective in sound absorption, it has been recommended that 15—
25% accessible porosity (by total volume of the material) is
needed [1,2,4,5].

In addition to sound absorption, EPC also offer other potential
advantages including rapid drainage of water through the
interconnected voids which minimizes wet weather spray and
reduces glare [6]. The percolation of water through the porous
concrete layer recharges ground water and conserves water
resources. As a result, porous surfaces in parking lots are believed
to help infiltration and cleansing of storm water, thus reducing the
adverse environmental impact of impervious parking areas [7].

It is evident from the previous discussion that the total
porosity and pore structure play a significant role in the overall
performance of EPC with respect to acoustic absorption and
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water drainage. Therefore, it is essential that methods to char-
acterize the pore structure of EPC are developed.

2. Research significance

The objective of this paper is to develop test methods to
assess the physical features of the pore system of EPC. The
electrical conductivity of EPC was measured and used to
describe the porosity and pore connectivity using a modified
form of Archie’s equation that considers two conducting phases
[8]. A falling head permeameter was used to quantify the
hydraulic conductivity. Results from the falling head permea-
meter were described using the Kozeny—Carman equation
[9,10]. An impedance tube was used to determine the acoustic
absorption of EPC. Finally, this paper develops a relationship
between measured characteristics (i.e., pore volume and
electrical conductivity) and the pore structure (connectivity)
for use in the prediction of acoustic absorption and hydraulic
conductivity (i.e., permeability) of EPC.

3. Experimental program

The materials, mixtures, and test methods used in this study
are described in this section. Specifically, the determination of
porosity by a simple water saturation method, electrical con-
ductivity by impedance spectroscopy, hydraulic conductivity by
a falling head permeameter, and acoustic absorption by
impedance tube are described.

3.1. EPC mixtures

The mixture proportions used in this study (Table 1) were
adopted from a larger experimental program that has been
designed to determine the mechanical and acoustic properties of
EPC [5]. Mixtures were made using single sized aggregates
(limestone aggregates with a specific gravity 2.72) — #8 (2.36—
4.75 mm), #4 (4.75-9.5 mm), and 3/8” (9.5-12.5 mm), as well
as the binary blends of these aggregate sizes (i.e., by replacing
25, 50, and 75% by weight of the larger aggregates with smaller
sized aggregates). One series of mixtures had 2.5%, 5%, and
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7.5% of #4 aggregates replaced by river sand. The water—
cement ratio (w/c) of all mixtures was kept constant at 0.33. The
mixtures were prepared using a laboratory mixer in accordance
with ASTM C 192-00 [11], cast in 150 150 % 700 mm molds,
and consolidated using external vibration. Cylinders (95 mm
diameter) were cored from the above beam specimens and used
to study acoustical, electrical, and hydraulic properties.

3.2. Measurement of porosity

Because of the presence of large sized interconnected pores
in the EPC system (2—4 mm, as compared to the micrometer
sized pores in conventional concrete), the following procedure
was adopted to determine the porosity. The cylindrical speci-
mens (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 with water. After this period, the sample was
removed from water and allowed to achieve a saturated surface
dried (SSD) condition. The sample was then enclosed in a latex
membrane and the bottom of the cylinder was sealed to a
stainless steel plate using silicone sealant. The combined mass
of the sample, latex membrane, and the steel plate (M;) 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 mass of the system filled with water was then
taken (M;). The difference between the masses (AM=(M,—
M,)) gives the mass of the water in the pores. This mass was
converted into a volume, and expressed as a percentage of the
total volume of the specimen to provide an indication of the
total porosity. Table 1 shows the porosities of various mixtures
determined by the procedure stated above, which have been
used for all the analyses in this paper. In addition to this
procedure, porosity was previously determined using an image
analysis procedure. In this procedure, EPC specimen was
impregnated with a low viscosity epoxy, and sectioned at
different depths. The surface of each section was scanned, and
an image analysis procedure was employed to distinguish be-
tween the accessible and inaccessible (to the acoustic waves)
porosities [5]. The values of porosities determined by this
method are also given in Table 1. It can be seen that a reasonable

Table 1
Mixture proportions and porosity
Mixture ID % 3/8” aggregates % #4 aggregates % #8 aggregates % Fine aggregate Water—cement ratio Porosity Porosity
(sand) (w/c) (volume method) (image analysis method)
100—#8 0 0 100 0 0.33 0.207 0.214
75-#8-25-#4 0 25 75 0 0.33 0.208 0.305
50-#8-50-#4 0 50 50 0 0.33 0.247 0.260
25-#8-T75-#4 0 75 25 0 0.33 0.225 0.276
100—#4 0 100 0 0 0.33 0.206 0.203
75-#8-25-3/8 25 0 75 0 0.33 0.225 0.219
50-#8-50-3/8 50 0 50 0 0.33 0.190 0.151
25-#8-75-3/8 75 0 25 0 0.33 0.174 0.244
100-3/8 100 0 0 0 0.33 0.193 0.237
50-#4-50-3/8 50 50 0 0 0.33 0.264 0.303
97.5-#4—25sand 0 97.5 0 2.5 0.33 0.187 0.189
95-#4-5 sand 0 95 0 5 0.33 0.176 0.212
92.5-#4-7.5 sand 0 92.5 0 7.5 0.33 0.160 0.231
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correlation exists between the two measurement techniques.
The differences between porosities calculated from the two
methods could be due to the fact that the image analysis method
determined the average accessible and inaccessible porosities
based on the sections scanned (2-D), and not based on the entire
volume of the sample (3-D) as in the case of the volumetric
method.

3.3. Measurement of bulk resistance using electrical impedance
spectroscopy

Several researchers have reported on the use of Electrical
Impedance Spectroscopy (EIS) measurements in the study of
cementitious materials [12—18]. EIS measurements were
conducted in this study using a Solartron 1260™ Impedance/
Gain-Phase analyzer that was interfaced with a personal
computer for data acquisition. A typical Nyquist plot (plot of
real versus imaginary impedance) obtained from EIS measure-
ments consists of two arcs — the bulk arc and the electrode arc.
The two arcs meet at a point where the imaginary component of
the impedance is minimum, and the corresponding real im-
pedance is the bulk resistance (Ry) of the sample.

Fig. la shows the specimen set up that was used for the
experiments described in this paper. The cylindrical specimen
was enclosed in a latex membrane to contain the electrolyte.
The bottom of the specimen was sealed to a stainless steel plate
using silicone sealant. After the specimen was saturated 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 to ensure proper electrical contact. The
entire set up was firmly gripped with adjustable clamping
mechanism. The stainless steel plates served as the electrodes
and alligator plugs from the impedance analyzer were attached
to the electrodes. The impedance measurements were made over
the frequency range of 1 MHz to 10 Hz using a 250 mV AC
signal.

Using the bulk resistance (R,) obtained from the Nyquist
plots, the effective electrical conductivity (o) of the sample
was calculated as:

/

- 1
Oeff Rod ( )

where / is the specimen length and 4 is the cross sectional area
of the specimen.

The values of o.; measured for the samples used in this
study are given in Column 3 of Table 2. The electrolytes used in
this study were sodium chloride (NaCl) solutions of varying
concentrations (1%, 3%, and 10%). The conductivity of 1%
NaCl solution was 1.56 S/m whereas the conductivities of 3%
and 10% solutions were 4.40 S/m and 12.40 S/m respectively
(Column 2 of Table 2).

3.4. Measurement of hydraulic conductivity

Since the EPC has a much higher hydraulic conductivity (of
the order of 102 to 10™* m/s, as compared to 10 '* m/s of
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Fig. 1. (a) Specimen set up for electrical impedance measurements, (b) Falling
head permeability cell to measure hydraulic conductivity.

normal concrete [19]) due the presence of large interconnected
pore network, the conventional methods that are used to
evaluate the hydraulic conductivity of normal concrete are not
directly applicable. To estimate the hydraulic conductivity of
EPC, a falling head permeability cell has been designed, as
shown in Fig. 1b.

The permeability cell consists of a 250 mm long acrylic tube
with an inner diameter of 92 mm. The top 150 mm of the tube
was machined to an inner diameter of 95 mm so that the
specimen can be seated on an O-ring at a distance of 100 mm
from the bottom. A 50 mm diameter valve connects the bottom
part of the tube to a vertical pipe through which water can drain
out. The top of this pipe is positioned 10 mm above the top of
the specimen so that no unsaturated flow occurs during the test.
A graduated acrylic cylinder of 300 mm length was attached to
the top of the specimen assembly and clamped tightly using a
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Table 2
Electrical, hydraulic, and acoustic properties of the EPC mixtures investigated
1 2 3 4 5 6 7 8 9
Mixture ID Pore solution Measured Solid phase  Predicted conductivity — Predicted Pore Hydraulic Maximum acoustic
conductivity  conductivity conductivity (modified Archie’s law) conductivity (B—H connectivity connectivity factor absorption
(S/m) (S/m) (S/m) (S/m) equation) (S/m) factor (,)  (Bu)* 10~ 10 coefficient (o)
100-#8 1.56 0.0369 0.0151 0.0429 0.0359 0.1078 4.567 0.61
4.40 0.0936 0.0941 0.0872
12.40 0.2346 0.2384 0.2315
75-#8-25-#4  1.56 0.0421 0.0168 0.0442 0.0364 0.1264 5.743 0.59
4.40 0.1090 0.0946 0.0867
12.40 0.2388 0.2365 0.2286
50-#8-50-#4  1.56 0.0464 0.0166 0.0559 0.0504 0.1266 7.2489 0.76
4.40 0.1410 0.1281 0.1226
12.40 0.3281 0.3316 0.3261
25-#8-75-#4  1.56 0.0579 0.0143 0.0758 0.0727 0.1797 12.731 0.81
4.40 0.1888 0.1888 0.1857
12.40 0.4939 0.5071 0.5040
100-#4 1.56 0.0346 0.0101 0.0432 0.0390 0.1080 5.833 0.61
4.40 0.0965 0.1038 0.0996
12.40 0.2599 0.2746 0.2704
75-#8-25-3/8  1.56 0.0324 0.0155 0.0347 0.0261 0.0746 5.456 0.42
4.40 0.0626 0.0699 0.0613
12.40 0.1609 0.1691 0.1605
50-#8-50-3/8  1.56 0.0280 0.0103 0.0242 0.0177 0.0799 3.325 0.28
4.40 0.0636 0.0497 0.0432
12.40 0.1281 0.1216 0.1150
25-#8-75-3/8  1.56 0.0087 0.0177 0.0267 0.0140 0.0542 5.955 0.56
4.40 0.0765 0.0434 0.0432
12.40 0.0743 0.0902 0.0774
100-3/8 1.56 0.0089 0.0095 0.0177 0.0107 0.0346 9.373 0.31
4.40 0.0325 0.0327 0.0306
12.40 0.0689 0.0751 0.0681
50-#4-50-3/8  1.56 0.0310 0.0173 0.0414 0.0334 0.0854 4.211 0.63
4.40 0.0998 0.0856 0.0258
12.40 0.2065 0.2102 0.2023
97.5-#4 1.56 0.0111 0.0027 0.0161 0.0144 0.0466 5.833 0.52
2.5 sand 4.40 0.0435 0.0406 0.0388
12.40 0.1066 0.1094 0.1077
95-#4 7.5 1.56 0.0103 0.0018 0.0133 0.0118 0.0406 4.019 0.44
sand 4.40 0.0326 0.0343 0.0327
12.40 0.0914 0.0934 0.0919
92.5-#4 1.56 0.0089 0.0022 0.0111 0.0095 0.0356 3.898 0.40
7.5 sand 4.40 0.0236 0.0272 0.0256
12.40 0.0700 0.0726 0.0710

rubber sleeve. This was used to monitor the water level during
the test.

The specimen was enclosed in a latex membrane (as was
done for the electrical property measurements), and was
inserted into the test set up. Water was added to the graduated
cylinder to fill the specimen cell and the draining pipe. The
specimen was pre-conditioned by allowing water to drain out
through the pipe until the level in the graduated cylinder was the
same as the top of the drain pipe. This eliminated any air
pockets in the specimen and ensured that the specimen was
completely saturated. With the valve closed, the graduated
cylinder was filled with water. The valve was then opened, and
the time in seconds (#) required for water to fall from an initial
head of 290 mm (%,) to a final head of 70 mm (%,) measured.
This procedure was repeated three times, and the average value
of ¢t was used.

The coefficient of permeability (K) was calculated according
to Darcy’s law as:

Al ([l
K ="Vlog( 2 2
L og(h1> (2a)

where 4; and A, are the areas of the cross-section of the sample
and the tube respectively and / is the length of the specimen. For
a given specimen geometry, and same initial and final heads, the
coefficient of permeability is given as:

A
where A4 is a constant, which in this study was 0.084 m.
The measured values of hydraulic conductivity ranged from
0.001 to 0.005 m/s, with a standard deviation of 0.0003 to
0.0008 m/s (three repeated measurements).
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Fig. 2. Predicted effective conductivities from conventional Archie’s law plotted
against measured effective conductivities.

3.5. Measurement of acoustic absorption coefficient using
impedance tube

Acoustic absorption coefficient (o) of a material is a measure
of'its ability to absorb sound. A perfectly absorbing material has
a o value close to 1.0, whereas a perfectly reflecting material
has a o value close to 0. Standard concrete mixtures have o
values in the range of 0.05 to 0.10. The acoustic absorption
coefficient of EPC was measured using a Briiel and Kjer™
impedance tube as per ASTM E 1050-98 [20]. The sample was
placed in a thin cylindrical Teflon sleeve and the assembly was
placed against a rigid backing at one end of the impedance tube.
Microphones placed along the length of the tube were used to
detect the sound pressure levels, which were then translated into
the reflection and absorption coefficients. Further details about
measurement and data analysis of these specimens can be found
elsewhere [5,21]. The maximum absorption coefficients for the
EPC mixtures are provided in Column 9 of Table 2.

4. Electrical conductivity studies

The effective electrical conductivity of a porous medium
(oerp) With a conducting fluid phase depends on the electrical
conductivities (o;), relative volumes (¢;), and geometric
distributions of each of the constituent phases. For a porous
medium with a single conducting phase, Archie’s law relates the
overall conductivity of the material to that of a conducting
medium present in the pores using Eq. (3) [8,22-28]:

oett = Cogy (3)

where C is a constant (typically assumed to be 1.0), gy is the
conductivity of the conducting medium, ¢, is the pore volume
fraction, and m is Archie’s exponent. The exponent m depends
on the geometry of constituent particles and their arrangement
[27,29]. The values of m typically range from 1.5 to 4.0, with
higher values indicating lower electrical connectivities of the
phase [27,30].

4.1. Conductivity—porosity relations: single phase Archie's law

A plot of measured effective conductivities (g.¢) and those
predicted from Archie’s law using Eq. (3) for the EPC mixtures
is provided in Fig. 2. The m values were obtained from the fit of
effective conductivity—porosity relationships for each electro-
lyte concentration. The three different symbols correspond to
the three concentrations of the electrolyte used. As expected, the
effective conductivity increases with the electrolyte conductiv-
ity. It can be observed that the agreement between the measured
and predicted conductivities is rather poor, contrary to the
behavior of saturated porous rock systems which show
adherence to the single phase Archie’s law with an m value of
1.5 to 2.5, the lower values being typically associated with
smaller particle sizes [8,23-25,30], indicating that the conven-
tional form of Archie’s law may not be the best representation of
the electrical behavior of EPC system.

To prove this point further, Nyquist plots of EPC specimens
proportioned using single sized aggregates (#8, #4, and 3/8”)
saturated with 3% NaCl electrolyte (conductivity 4.40 S/m) are
shown in Fig. 3. Though the pore volumes of these mixtures fall
in a very narrow range (0.19-0.21), a significant variation in the
bulk resistances (or conductivities) exists. If Archie’s law was to
hold true, one would expect similar effective conductivities for
these mixtures. The fair assumption in this case would be that
the effective conductivity of the system is not only a function of
the conductivity of the electrolyte in the pores and the porosity,
but also on some other component in the material structure of
EPC. It is hypothesized that the matrix that coats the aggregates
is also conductive, as in conventional concrete mixtures.
Therefore, the assumption of a single conducting phase is no
longer completely valid.

4.2. Multi-phase conductivity models for EPC

Based on the aforementioned observation, it is expected that
the effective conductivity of EPC may be better predicted by

1 l 1 I 1 I 1 I 1

—@— 100% 38" -
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100 200 300 400
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Fig. 3. Nyquist plots for EPC mixtures with single sized aggregates.
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Fig. 4. (a) Dependence of conductivity on the different phases of EPC, (b) A
section of EPC epoxy filled to distinguish the different pore phases.

considering the system to be a multi-phase medium, as
illustrated in Fig. 4a. The interconnected pore network filled
with the electrolyte is the phase with the highest conductivity,
followed by the matrix that binds the aggregates, and the
disconnected pores. For the case of EPC, interconnected pore
network refers to the network of large sized pores deliberately
incorporated into the material (by gap grading the aggregates)
for better acoustic and hydraulic performance. It is assumed that
the matrix that binds the aggregates is homogeneous and
continuous. Fig. 4b shows an image of the EPC sample with
these phases indicated.

Three alternative versions of multi-phase models are consid-
ered: (i) a modified version of Archie’s law, (ii) an equation of the
Bruggeman—Hanay type, and (iii) a modified parallel model.

4.2.1. Modified Archie's law

The conventional form of Archie’s law does not account for
a second conducting phase; therefore a modified version of
Archie’s law for multi-conducting phases [8] is adopted to
represent the conductivity of EPC.

The EPC system is considered as consisting of two-phases —
the first phase being the large open porosity filled with an
electrolyte — called pore phase (volume fraction ¢, and
conductivity o,,), and the second, the solid phase (volume fraction
¢ and conductivity o). The total volume of the material is
equivalent to the sum of the pore and solid fractions:

bp + ¢ =1 (4)

Using this approach, the modified Archie’s law for a two-phase
system takes the form [23]:

Gert = ooy + 03l (5)

where o, is the conductivity of the electrolyte in the pores, and o
is the conductivity of solid phase (in a water saturated condition).
The exponents m and m’ represent the degree of connectivity of
the pore and solid phases respectively; a lower value indicating
better connectivity [8]. For a material with low connectivity of the
pore phase and very high connectivity of the solid phase (as in
porous rocks, and concrete), m>1, and m’ <<1. The conductivity
of the solid phase is derived from the fact that the conductive
matrix that binds the aggregates is continuous (connectivity factor
close to 1.0).

The effective conductivity of the composite (Table 2),
and the volume fraction of the pores (Table 1) can be directly
measured. Once the pore volume fraction is known, the
volume of solids (¢s) can be obtained from Eq. (4). The
conductivity of the electrolyte can be easily controlled.
Therefore, the conductivity of the solid phase (o), and the
exponents m and m’ are the only unknowns. Assuming that
the conductivity of the solid phase and the exponents
representing the degree of connectivity will remain constant
for a particular mixture, three different electrolyte conductiv-
ities (o,) were used and the corresponding effective
conductivities (o.¢) were measured. The tests were conducted
in the order of the increasing ionic strength of the electrolytes
so as to minimize any chances of o, being affected by the
changing o,. This results in three variants of Eq. (5), which
can be solved simultaneously to obtain the values of o, m
and m’. The values of o are given in Column 4 of Table 2. It
can be noticed from Table 2 that o remains almost the same
(~0.01 S/m for EPC matrices with no sand and ~0.002 S/m
for matrices with sand) with varying electrolyte conductivity
for various mixtures investigated. This is consistent with the
idea that o, is necessarily a property of the “solid” matrix.
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Fig. 5. Predicted effective conductivities from modified Archie’s law plotted
against measured effective conductivities.
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The relationship between the measured electrical conductiv-
ities and those predicted by modified Archie’s law for all three
electrolyte conductivities is shown in Fig. 5. On comparison
with Fig. 2, it is immediately evident that the predictive capa-
bility is improved by modifying Archie’s law (the average
deviation between the measured conductivities and those pre-
dicted by modified Archie’s law is around 7%, whereas it is
around 35% for conventional Archie’s law). It also validates the
assumption that the conductivity of EPC is dependent on more
than just the characteristics of the pore phase alone.

It was also found from the solution of simultaneous equations
to obtain o, m and m’, that the term m’ is very small (0.03—
0.10), rendering the value of @™ close to 1.0. Similar values of
m’ have been reported in the literature for materials analogous to
saturated porous rocks [8]. Hence, the modified Archie’s law can
be simplified to:

Oeff = O'pd);n + oy (6)

Since oy is a constant irrespective of the conductivity of the
electrolyte, the effective conductivity becomes less and less de-
pendent on the matrix conductivity as the electrolyte conductivity
is increased.

4.2.2. Bruggeman—Hanay approach

The Bruggeman—Hanay equation [23] has been used to
relate the electrical properties of a heterogeneous mixture to the
properties of individual components. For a granular material
composed of conductive homogeneous particles of conductivity
os embedded in a medium of conductivity o, the composite
electrical conductivity g.¢ is given by:

1-21"
Oeff = Upd’;n [l_—a_p] (7)
Oeff
where ¢, is the porosity and m is originally defined as a non-
dimensional parameter that depends on the aspect ratio of the
grains (equivalent to the Archie’s exponent m). When o3—0,
Eq. (7) reduces to Archie’s law for a single conducting medium.
Assuming that conductivity of the composite is dominated
by the pore fluid (,>>0), the equation can be simplified by a
binomial expansion and retaining the first-order terms [23,30]
resulting in Eq. (8):

oot = P oy + m(,"~1)a] (8)

The advantage of such a relation as compared to the modified
Archie’s relation discussed in the previous section is that this
equation contains only two unknowns (o, and m) as compared
to three (o, m and m’) of modified Archie’s equation.

The effective conductivities predicted from Eq. (8) are given
in Column 6 of Table 2, and plotted against the measured values
in Fig. 6 for all three electrolyte conductivities chosen for the
study. The measured conductivities and those predicted using
Bruggeman—Hanay equation are in good agreement (differing
on an average by about 9%), reiterating the significance of
incorporating the matrix conductivity in effective conductivity
predictions.
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Fig. 6. Predicted effective conductivities from Bruggeman—Hanay equation
plotted against measured effective conductivities.

4.2.3. Modified parallel model

The complex distributions of pore and solid phases in a
porous material with different volume fractions of constituents
and conductivities differing by orders of magnitude have been
approximated by simpler models [8,13,23]. One such model
is the parallel model where the effective conductivity is given
by the arithmetic mean of the conductivities of each phase
weighted by their respective volume fractions, as expressed by

Eq. (9).
Oeff = O'pd)p + O-Sd)s (9)

where o, 0p, Ts, ¢Pp, and ¢ are the same as described in
Section 4.2.1.

The first element represents the conductivity associated with
the free electrolyte in the larger pores of EPC while the other
represents the conductivity associated with the matrix that binds
the aggregates. The drawback of such a model is that this
representation does not take into account the connectivity of the
pore and the solid networks. To counter this, the parallel model
has been modified by including a connectivity factor (5) [31].
The modified parallel model then becomes:

Oeff = Gpd)pﬁp + O-qusﬁs (10)

where 3, and f3; are termed the connectivity factors, representing
the connectivities of the pore and the solid phases respectively,
much like the exponents m and m” in the modified Archie’s law.
The only difference between the exponents and the connectivity
factors is that higher exponents imply decreased connectivity
whereas an increase in the f factor implies increased
connectivity. A term, modified normalized conductivity

Oeft =05 Py
( %p
which can be thought of as a true measure of the pore structure
of the material. The numerator is taken as (o.p— o 4s) since the

) is defined (hereinafter expressed as o,om*),
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solid connectivity factor f; in Eq. (10) could be safely ap-
proximated to be equal to unity. Eq. (10) then becomes

Oeff = 6p¢pﬁp + O-qus (1 1)

From Eq. (11), the pore phase connectivity (f3,) is given by:

_ (Geff_as¢s) i — o-:orm
Bp - Up ¢p ¢p (12)

The pore connectivity factors for the EPC mixtures studied
are given in Column 7 of Table 2.

4.2.4. Relationship between B, and m
Equating the modified form of Archie’s law Eq. (6) and the
modified parallel law Eq. (11),

O-pd);)n + 05 = O-p¢pﬁp + Jsd)s (133)
Rearranging the terms, and simplifying,

O-Pd)p(ﬁp_d);n_l) = 68(1_¢s) (l3b)
—m ) = %

(Bov) =3 (13¢)

The pore phase conductivity is much higher than solid phase
conductivity — o,>>0 (of the order of two magnitudes or
more), and hence {Z—;} —0.

Hence, the pore connectivity factor can be expressed as:

B, = ¢r! (13d)

This equation gives a straightforward calculation of pore
connectivity factor based on the pore volume fraction and the
exponent m from modified Archie’s law. Eq. (12) provides a
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Fig. 7. Relationship between pore connectivity factors calculated from modified
Archie’s exponent as well as from modified parallel model.
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value of 3, from the measured conductivities whereas Eq. (13d)
is a derived value. The agreement between the calculated f3,
from both Egs. (12) and (13d) is shown in Fig. 7, indicating the
validity of the exponent m calculated from modified Archie’s
law. This relationship also shows that Archie’s exponent m can
be used as a measure of the pore connectivity.

4.2.5. Comparison between the multi-phase models

The first two multi-phase models presented above are variants
of the Archie’s law, where the connectivity of the constituent
phases are represented by the exponents. Modified Archie’s law
and Bruggeman—Hanay equation were found to deviate from the
measured conductivities by 7% and 9% respectively, and as such
there is no real reason to choose one model over the other. One
advantage with using the Bruggeman—Hanay equation is that
there are only two unknowns involved, therefore the use of
electrolyte with two different concentrations is sufficient. The
modified parallel model uses a multiplicative connectivity factor
(P), an increase in which implies increased connectivity of the
corresponding phase. Due to the simplicity of the modified
parallel model, it will be used further in this paper for assessing the
acoustic performance and the prediction of hydraulic conductivity
of EPC mixtures.

4.3. Porosity and pore connectivity factor

The relationship between the porosity (¢,) and the pore
phase connectivity factor (f3,) is shown in Fig. 8. The plot
shows that even when the pore volume fraction is similar, the
pore connectivity can be quite different. Though the connec-
tivity factor should increase with porosity, it can be noticed that
there exists substantial scatter in the results. However, this
behavior is not observed for all values of porosity. The data
points that show a deviation from this trend are those containing
50% #4 aggregates with either 50% 3/8” or 50% #8 aggregates.
The blends in both these cases are such that the smaller sized
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aggregates are not able to fill in the pore spaces between the
larger sized aggregate [5], resulting in a higher overall porosity.
Because of the arrangement of the particles, the connectivity
factor of these mixtures is lower than some of the mixtures that
have a lower porosity. This is further validated using acoustic
absorption measurements in the following section.

4.4. Pore connectivity and its relation to acoustic absorption

The acoustic absorption of EPC is related to the porosity,
pore size, pore connectivity, and the constrictions in the pore
network through which acoustic energy can travel and attenuate
inside the material. The acoustic absorption coefficient (o) is a
measure of the ability of the material to absorb sound. Acoustic
absorption spectra (variation of absorption coefficient with
frequency) for various EPC mixtures were generated following
the procedure described in Section 3.5. Typical acoustic
absorption spectra for these materials can be found elsewhere
[5].

It has been explained in Section 4.3 that even when the pore
volume fraction is the same, its connectivity can be different,
and it significantly influences the conductivity as well as the
acoustic absorption coefficient. Thus, pore connectivity is an
important pore feature that takes into account the constrictions
in the pore space, which can be used to characterize the
efficiency of EPC with respect to acoustic absorption. The
relation between pore connectivity factor (f,) and maximum
acoustic absorption coefficient (o) for various EPC mixtures
investigated in this study is shown in Fig. 9. The maximum
absorption coefficient increases with increasing pore connec-
tivity and the relationship is relatively linear (R*=0.81).

The preceding discussion focused on extracting the pore
structure features of EPC from electrical conductivity measure-
ments. The need for a multi-phase conductivity model has been
brought out, and the relationships between porosity, pore
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Maximum acoustic absorption coefficient (o)
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Fig. 9. Relationship between pore connectivity factor and maximum acoustic
absorption coefficient.

connectivity, and electrical conductivity has been arrived at.
From these, it is evident that a combination of pore structure
features — porosity that can be directly measured, and pore
connectivity factor determined through electrical conductivity
experiments — form a powerful tool to characterize the pore
structure of EPC and ascertain its efficiency in acoustic
absorption.

5. Hydraulic conductivity studies

The hydraulic conductivity (K) of a porous material is
determined by the arrangement of particles, pores, and their
relative sizes. The intrinsic permeability (k) of a porous medium
can be thought of as a measure of the frictional resistance to a
fluid flowing through it. Therefore, the intrinsic permeability
depends on the porosity, pore-size distribution, pore roughness,
constrictions of the pore space, and the tortuosity and
connectivity of the internal pore channels [28]. The hydraulic
conductivity can be related to intrinsic permeability as:

K =k"8

. (14a)

where p is the density of the fluid, g is the acceleration due to
gravity, and u is the dynamic viscosity of the fluid. For water,
this equation can be simplified as:
K = k*107 (in ST units) (14b)

The intrinsic permeability of porous media is typically
described using the Kozeny—Carman equation:

3
— Lz (15)
FsTZSg(l_qsp)
where ¢, is the porosity, Fy is the generalized factor to account for
different pore shapes, 7 is the tortuosity, and S, is the specific
surface area of pores.

5.1. Relationship between porosity and intrinsic permeability

Several studies have predicted the permeability (per-
meability in this paper refers to intrinsic permeability) of
porous media from the porosity. For example, it has been
suggested that Darcy’s law could be given a form similar to
Archie’s law [28], to relate the permeability and porosity of
rock systems:

k:ald)b‘ (16)

where k is the intrinsic permeability (units of m?), ¢ is the
porosity, and a; and b; are constants. However, the predicted
and measured permeabilities in this study were not observed
to correlate well since permeability is not a function of the
porosity alone, rather connectivity and porosity are critical in
understanding the permeability of the system.



N. Neithalath et al. / Cement and Concrete Research 36 (2006) 20742085

For the EPC mixtures investigated in this study, the
porosity—permeability relationship is shown in Fig. 10. While
permeability generally increases with an increase in porosity,
there is no definitive relationship between these parameters. The
reason for such poor correlation can be explained by the fact
that porosity is a volumetric property of the material, whereas
permeability is a parameter that defines the flow properties
through the material that not only depends on the volume of the
pores but also on the distribution of the pore volume and
its connectivity. In that sense, it is similar to the electrical
conductivity, which was shown in the previous sections to have
a dependence on the pore connectivity in addition to the
porosity.

5.2. Pore structure features and permeability

The relationship between porosity and permeability is given
by the Kozeny—Carman relation Eq. (15). It can be shown that
the tortuosity (7) is equivalent to the inverse of connectivity
(t=1/By).

It can be seen from Eq. (12) that B¢, is equivalent to G -

Therefore, the term [%]2 in Kozeny—Carman equation is equiva-
lent to, and can be replaced by [0, .]°-

Using this approach, Kozeny—Carman equation can be
rewritten as:

L }2< b, )
FSg ™™\ (1-¢,)°

This illustrates that the intrinsic permeability (k) is equal to
the product of a constant that describes the shape and specific
surface area of pores, the square of modified normalized con-
ductivity, and a function that accounts for the pore volume
fraction.

k =

(17)
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The expression F—Sz[anoml]2 is defined as the hydraulic
S

connectivity factor (By). Column 8 of Table 2 gives the values of
P for the specimens studied. The Kozeny—Carman equation can
then be simplified as:

- ¢
= ((1—;;10)2)

The intrinsic permeability therefore is represented as a
function of porosity (¢,,), and the hydraulic connectivity factor
(Br)- The hydraulic connectivity factor (1) can be thought of as
a combination of parameters that describe the pore space volume
and geometry in such a way that the intrinsic permeability is
related to porosity and hydraulic connectivity factor. The rela-
tionship between k and By is shown in Fig. 11.

The hydraulic connectivity factor fy offers a means of
classifying EPC based on their hydraulic characteristics. The
mixtures with similar Sy values exhibit similar permeability (k).
The mixture with a low By value (i.e., 100% #8 aggregates) has a
small aggregate size. Therefore, the inter-particle pore sizes are
also small and as a result its ability to sustain water flow is lower.
Similarly, the mixture with 50% #8 and 50% 3/8” aggregates also
has a low fy; value since the smaller aggregates fill in between the
larger particles, resulting in a reduced porosity and a reduced flow
capacity. The mixtures with the highest By values either have a
large porosity and pore size as with mixtures having 100% 3/8”
aggregates or has a blend of aggregate sizes that helps to create a
very continuous pore structure, as in mixtures with 75% #4 and
25% #8 aggregates.

(18)

5.3. Acoustic absorption and intrinsic permeability

Examining the hydraulic connectivity factor () and the
maximum acoustic absorption (o) values (Table 2), it is rather
difficult to obtain a direct relationship between the acoustic
absorption and intrinsic permeability (recall ko ). For instance,
the mixture with 100% 3/8” aggregates exhibited the lowest
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acoustic absorption characteristics, but has a higher permeability.
The reason for this behavior can be described as follows: when the
material has very large sized pores and fairly large apertures to
connect the pores (i.e., lesser pore constrictions), the drainage of
water will be rapid and the permeability will be high. But sound
waves can easily pass through these large pores without losing
much energy because the pore structure does not force them to
alternatively compress and expand, consequently resulting in a
lower acoustic absorption. The mixture with 100% #8 aggregates,
on the other hand, has a lower pore size and is hydraulically
inefficient, resulting in a lower 3 value. But the ratio of pore and
aperture sizes for this mixture is in the acoustically efficient range,
resulting in a higher acoustic absorption coefficient. Alternatively,
there are instances of aggregate blends like 75% #4 and 25% #8
where the pore and aperture sizes created by the aggregate
blending are very effective in increasing permeability as well as
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Fig. 12. Relationship between (a) intrinsic permeability and modified normalized
conductivity [ohom], and (b) square of modified normalized conductivity

* 2
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acoustic absorption. This is an evidence of the fact that there exists
an optimal range of pore sizes and connectivity that make the
material both hydraulically and acoustically efficient.

5.4. Relating electrical conductivity and permeability

The final stage of this work was to relate the electrical con-
ductivity with the intrinsic permeability of EPC. Eq. (17) showed
that the intrinsic permeability could be related to the square of the
modified normalized conductivity. This is similar to the findings of
Wong et al. 1984 [24]. It should however be noted that some
authors [32] have expressed the intrinsic permeability as:

k= Byl (19)
where 8 is a factor that accounts for the tortuosity (or connecti-
vity) of the pores (similar to 3,), and /; is a characteristic length.

Eq. (19) can be rewritten using normalized conductivity (by
substituting Eq. (12) into (19)), to yield Eq. (20).

ﬁ/
k= [Urtor'm} 713 (20)
By
From this equation, it can be seen that permeability could be
considered as being directly proportional to the modified norma-
lized conductivity.

As some authors relate permeability to the normalized con-
ductivity [32,33] while others relate permeability to the square
of the normalized conductivity [[24], Eq. (17)], the modified
normalized electrical conductivity, as well as its square are plotted
against the intrinsic permeability in Fig. 12a and b respectively.
The plots show that there is no significant statistical difference
between the two (R values of 0.93 and 0.92, respectively), but as
Eq. (17) can be easily derived from the Kozeny—Carman equa-
tion, it is recommended that the permeability of EPC should be
taken as being related to the square of the electrical conductivity.

6. Conclusions

This paper uses electrical impedance measurements to assess
the pore structure of EPC for use in hydraulic and acoustic
property characterization. The study consisted of measuring the
electrical conductivity, hydraulic conductivity, and acoustic
absorption of various EPC mixtures. The conclusions from this
study are summarized as follows:

1. A single conducting phase model (i.e., like Archie’s law)
showed a 35% average error in predicting the effective
conductivity of EPC. To improve the accuracy of the
prediction, models that incorporate two conducting phases
were evaluated (a modified version of Archie’s law, an
equation of the Bruggeman—Hanay type, and a modified
parallel law). These two conducting phase models were
found to adequately describe the electrical conductivity of
EPC system, with similar values of average errors of 7—-10%.

2. The pore connectivity factor (f3,) and the maximum acoustic
absorption coefficient (o) were found to be linearly related.
By using the pore connectivity factor (3,) determined through
electrical conductivity experiments, the pore structure of EPC
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could be characterized and its efficiency in acoustic ab-
sorption can be ascertained.

3. Individually, porosity and electrical conductivity are inade-
quate descriptors of the hydraulic flow characteristics of the
EPC system. The Kozeny—Carman equation has been modi-
fied to enable a hydraulic connectivity factor (By) to be
obtained, which is observed to be proportional to the product
of the square of the modified normalized electrical con-
ductivity and a function of porosity. Therefore By can be
used as an index to classify the EPC systems. Mixtures
having similar values of hydraulic connectivity factor ()
exhibit similar permeabilities irrespective of their porosities.

4. The pore features that result in efficient hydraulic and acoustic
performance differ. The normalized electrical conductivity can
be used to obtain the pore connectivity (Eq. (12)), which
provides a measure of the acoustic effectiveness of the mate-
rial. The product of electrical conductivity and a function of the
total porosity describe the intrinsic hydraulic permeability (Eq.
(17)). The reason for this difference lies in the fact that the
features of an acoustically efficient material (smaller pore
sizes, and high pore constriction) are not the same as a
hydraulically efficient material (open porosity, large pore sizes,
and low pore constriction). Though these two parameters may
seem to be inversely related, it was found that there are certain
mixtures (blended aggregates) in which the effective pore sizes
and pore connectivity created by blending the aggregates result
in a system that can be made effective for both acoustic and
hydraulic performance.
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