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The rapid chloride transport parameters such as the rapid chloride permeability (RCP) and non-steady state
migration coefficient are related to the material microstructural parameters in this paper. Electrical
impedance spectroscopy and associated equivalent circuit modeling are used to extract the microstructural
features of the plain concrete as well as concretes modified with varying amounts of Class F fly ash or silica
fume. A methodology is developed in this paper that utilizes the ratios of RCP values and the ratios of
effective conductivities to pore solution conductivities of plain and modified concretes, to quantify the
relative influence of pore solution conductivity and pore structure on the RCP values. The resistance
attributable to the connected pores is extracted from an equivalent circuit model for the impedance spectra
of concretes, which is found to relate well to the rapid chloride transport parameters as well as the
microstructural parameters. Based on the experimental results and electrical circuit models, it is shown that
a reduction in pore connectivity has a higher impact on the rapid chloride transport parameters than a
reduction in the porosity, and reduction in pore sizes is more consequential than porosity reduction in
reducing pore connectivity.
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1. Introduction

Chloride induced corrosion of reinforcing steel is one of the major
deterioration mechanisms in reinforced concrete that has been
receiving significant attention worldwide because of its widespread
occurrence and the costs associated with repairing and maintaining
damaged structures. A number of mechanisms are responsible for the
transport of chloride ions in concrete including absorption due to
capillary action, diffusion (movement of the ions under a concentra-
tion gradient, or strictly under a chemical potential), migration in an
electric field, or permeation driven by pressure gradients. However, it
is accepted that diffusion is the primary means by which chlorides are
transported to the level of reinforcing steel in saturated concretes in
the absence of an electric field [1].

Chloride transport through concrete is influenced by the pore
structure and the interaction between the ions and the pore walls [2].
The results of any chloride transport test method usually provide a
value that is representative of the combination of both these effects.
The pore structure depends on the water-to-cement ratio, the
presence of supplementary cementing materials, and the age of the
concrete. The influence of supplementary cementing materials in
densifying the pore structure and affecting the mobility of chloride
ions has been well documented [3–5]. The interaction between the
chloride ions and the pore walls could be chemical (chloride binding
predominantly by the aluminate phases [6–8]) or physical (surface
forces binding the chlorides to pore walls).

The measurement of chloride transport parameters has been a
topic of much interest, with a variety of methods being used in
practice. ASTM has standardized three test methods: (i) C 1202, rapid
chloride penetration test (RCPT), (ii) C 1443, 90 day ponding test, and
(iii) C 1556, bulk diffusion test based on NT Build 443. RCPT is one of
the most commonly employed chloride transport test methods
because of its ease of use, even though there are serious limitations
to this test, which are well recorded [9–11]. Other commonly used
rapid tests that provide an indication of the chloride transport
resistance of concretes are an electrical migration based test (NT Build
492[12]), and a steady state chloride conduction test [13]. The
transport parameters determined from different test methods cannot
be directly compared [14,15] even though indirect relationships
might exist between some of them. An example is the relationship
between the non-steady state migration coefficient from NT Build 492
test method and the diffusion coefficient from the ASTM C 1443 salt
ponding test [16].

Electrical impedance spectroscopy (EIS), which is a powerful
method to characterize the microstructure of cement based materials
[17–19], has also been used to evaluate the chloride diffusivity in
concrete [20,21]. A few studies [22,23] have used electrical impedance
to monitor the microstructural changes that occur during and after
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chloride penetration. This paper uses EIS on concrete specimens
before and after the rapid chloride transport tests to extract the
pertinent features of the microstructure that are relevant to chloride
transport.

The major objectives of this work are threefold: (i) to relate the
effective electrical conductivity determined using EIS before the
chloride ingress to the rapid chloride transport parameters of plain
and fly ash or silica fume modified concretes, (ii) to quantify the
relative influence of pore solution conductivity and pore structure
refinement on the measured RCP values of fly ash and silica fume
modified concretes, and (iii) to establish pore size–porosity–pore
connectivity relationships and understand the relative influence of
these pore structure features on rapid chloride transport parameters.

2. Experimental program

2.1. Materials and mixtures

A Type I Ordinary portland cement conforming to ASTM C 150, a
Class F fly ash (FA) conforming to ASTM C 618, and a dry densified
silica fume (SF) were used as the cementing materials in this study.
The physical and chemical characteristics of these materials are
shown in Table 1. Concrete mixtures having a water-to-cementing
materials ratio (w/cm) of 0.40 were proportioned using natural sand
and 12.5 mm nominal maximum size coarse aggregates. In addition to
a control concrete, two mixtures were made with each of the cement
replacement materials — either 10% or 20% of cement being replaced
by fly ash, or 6% or 9% replaced by silica fume, by mass. The
cementitious materials content was maintained at 430 kg/m3 for all
the mixtures. The high range water reducing admixture dosage was
adjusted to produce slumps of 150±15 mm. After mixing, the
concrete was cast in 100 mm×200 mm cylindrical molds and cured
for either 28, 56, or 90 days in a moist environment before they were
prepared for the chloride transport tests or porosity determination.

2.2. Test methods

Three different test methods were employed to evaluate chloride
transport in the concrete mixtures. In addition, electrical impedance
spectroscopy (EIS) measurements were carried out on concrete
specimens. Porosity of concrete specimens was also determined
using a vacuum saturation method at chosen ages of curing. The
following sub-sections explain all the tests used.

2.2.1. Chloride transport test methods
Rapid chloride permeability test (RCPT), as per ASTM C 1202 was

carried out on 50 mm thick discs cut from 200 mm long cylindrical
specimens after 28, 56, and 90 days of moist curing. The specimens
were vacuum saturated in water before subjecting them to the RCP
test. This test provides an indication of the penetrability of chloride
ions through concrete under a potential difference of 60 V. Though
Table 1
Chemical composition and physical properties of the binders used in this study.

Composition (% by mass)/property Cement Silica fume Fly ash

Silica (SiO2) 20.2 93.4 50.24
Alumina (Al2O3) 4.7 0.42 28.78
Iron oxide (Fe2O3) 3.0 0.52 5.72
Calcium oxide (CaO) 61.9 1.91 5.86
Magnesium oxide (MgO) 2.6 – 1.74
Sodium oxide (Na2O) 0.19 0.25 0.20
Potassium oxide (K2O) 0.82 0.79 0.84
Sulfur trioxide (SO3) 3.9 0.34 0.51
Loss on ignition 1.9 2.3 2.8
Median particle size (μm) 13 b1a 20
Density (kg/m3) 3150 2200 2400

a Agglomerates can be even coarser than the cement particles.
this test has been shown to have numerous disadvantages, it is still
being widely used as a quality control measure, primarily because of
its ease of use.

Non-steady state migration (NSSM) test was carried out on 50 mm
thick concrete discs after the respective curing durations, in
accordance with NT Build 492 [12]. The specimens were precondi-
tioned by vacuum saturating with calcium hydroxide solution. The
catholyte and anolyte solutions used were 2 N NaCl and 0.3 N NaOH
respectively. An initial voltage of 30 V was applied, and initial current
recorded. The applied voltage and test duration were chosen based on
the initial current. For all the specimens tested in this study, the
applied voltage was between 30 V and 60 V. For the silica fume
modified concretes, the denser matrix necessitated a higher voltage
because of the lower initial currents. The test duration was
maintained at 24 h for all the cases. After the test duration, the
specimens were axially split and sprayed with a 0.1 M silver nitrate
solution, and the depth of chloride penetration was measured based
on the precipitation of white silver chloride. The non-steady state
migration coefficient (Dnssm) in m2/s is given as:

Dnssm =
RT
zFE

xd−α
ffiffiffiffiffi
xd

p
t

ð1Þ

α = 2

ffiffiffiffiffiffiffiffi
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where E=(U−2)/L, U is the absolute voltage (V), L is the specimen
thickness in m, z is the valence of the chloride ion, F is the Faraday
constant, R is the molar gas constant, T is the average value of initial
and final temperatures in K, xd is the average value of the penetration
depth inm, t is the test duration in s, cd is the chloride concentration at
which silver nitrate changes to silver chloride (0.07 N), and c0 is the
chloride concentration of the catholyte solution (2 N).

Steady state chloride conduction tests (SSC) were also carried out
on 25 mm thick concrete disc specimens based on the procedure
described in [13]. The specimens were oven dried at 50 °C prior to the
test to ensure complete saturation with a 5 M NaCl solution under
vacuum. A voltage of 10 V was applied between a steel cathode and a
graphite anode immersed in 5 M NaCl, and the potential across the
specimen was measured using copper–copper sulfate half cells. The
steady state conductivity (σSSC) was calculated based on the current
(i), sample thickness (L), cross-sectional area (A), and the potential
difference (V) as:

σSSC =
iL
VA

ð3Þ

2.2.2. Electrical impedance spectroscopy
Electrical impedance spectroscopy (EIS) was employed on speci-

mens similar to that used for the RCP test. The RCP cell with the
50 mm thick specimens and the anolyte and catholyte (0.3 N NaOH
and 3% NaCl) in place was used. 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. The
frequency of the EIS measurements ranged from 10 Hz to 1 MHz using
a 250 mV AC signal, with 10 measurements per decade. The effective
specimen conductivity (σeff) was determined from the bulk resistance
(Rb) obtained from EIS (abscissa of the intersection of the bulk and
electrode arcs in a Nyquist plot) as:

σeff =
L

RbA
ð4Þ

where L and A are the specimen length and cross-sectional area
respectively.
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In the RCP cell, there is typically a gap of about 2–3 mm between
the electrode mesh and the specimen, which is filled with the anolyte
or the catholyte. From the conductivities of 3% NaCl and 0.3 N NaOH
(4.4 and 5.7 S/m respectively), and the geometry of the RCP cell, the
resistances of the solutions in these gaps were calculated to be less
than 1 Ω, which can be neglected when compared to the Rb values of
concrete which are 500 to 1000 times higher. Similar observations are
reported in [24] also.

2.2.3. Measurement of concrete porosities
The porosities of hardened concretes were determined using a

vacuum saturation method described in RILEM CPC 11.3 [25]. 50 mm
thick discs were cut from 100 mm×200 mm concrete cylinders, and
oven dried at 100 °C for 24 h to remove all the evaporable water. The
masses of the specimensweremeasured after allowing them to return
to room temperature. The specimens were then subjected to vacuum
saturation for 3 h, water was then allowed into the vacuum chamber
while vacuum was maintained, and the vacuuming continued for an
additional 1 h. The specimens were then left undisturbed in water for
12 more hours. The masses of the specimens were then recorded. The
difference in the masses, converted into volume, represents the
volume of capillary pores. Two specimens were used for each mixture
at each age, and the average values of porosities were used for the
analysis.

3. Rapid chloride transport and conductivity

3.1. RCP values and non-steady state migration coefficients

Fig. 1(a) shows the results of the RCP test on the plain and
modified concretes after 28, 56, and 90 days of curing. The influence of
silica fume in reducing the RCP values is immediately evident from
this figure, whereas fly ash at early ages show RCP values similar to
that of the plain concrete. However, the influence of pozzolanic
reaction of fly ash is evident at later ages. Concretes with higher silica
fume content show lower RCP values, as expected. Since the use of
silica fume as a cement replacement material is known to reduce the
pore solution conductivity [26] in addition to densifying the
microstructure, the observed reduction in RCP values can be assumed
to be a result of the combination of both the effects. In a later section
of this paper, quantification of the relative effects of the reduction in
pore solution conductivity and microstructure densification on the
observed RCP values is detailed. The non-steady state migration
coefficients (Dnssm) for the plain and modified concretes at all ages
determined using Eqs. (1) and (2) are shown in Fig. 1(b). The
influence of silica fume in significantly reducing the migration
Fig. 1. (a) Rapid chloride permeability, and (b) non-steady sta
coefficients at all ages, and that of fly ash in moderately reducing
the Dnssm values at later ages are evident from this figure.

3.2. Relating conductivities to RCP and Dnssm values

The relationship between the initial conductivities of concretes
(just before the RCP or NSSM tests were started) determined using EIS
from Eq. (4), and the RCP and Dnssm values are presented in Fig. 2(a)
and (b) respectively. From Fig. 2(a), it is clearly seen that the initial
conductivities before the start of the RCP test and the RCP values are
linearly correlatedwith a very high coefficient of correlation. This is an
indication that RCP is essentially a conductivity (or resistivity) test, as
mentioned by several authors [9,27]. The relationship between the
initial conductivities and the Dnssm values is shown in Fig. 2(b). The
correlation, though good, is weaker than that between the conduc-
tivities and RCP values. The specimens that deviate conspicuously
from linearity (i.e. lower Dnssm for the same initial conductivity) are
the fly ash modified mixtures. One probable reason for this
observation could be the increased amounts of aluminates in fly ash
modifiedmixtures that result in some amount of chloride binding. The
higher chloride concentration in the catholyte solution (2 M) during
the NSSM test has been shown to result in the formation of some
amounts of Friedel's salt in fly ash modified mixtures [28].

The steady state conductivity (σSSC) test is easier to perform,
making it a viable alternative to the RCP test to study chloride
transport. Since the specimens were saturated with a chloride
solution of high concentration (5 M NaCl), the effects of pore solution
conductivity are minimized when different specimens are compared.
However, the exposure to a chloride solution of very high concentra-
tion might potentially result in the formation of chloride binding
products even before the start of the test and thus alter the
microstructure. Fig. 3(a) depicts the relationship between σSSC and
the initial conductivity from EIS before the RCP test (σEIS), which
shows a linear trend. The σSSC values are almost a magnitude higher
than σEIS because of the conductivity of the 5 M NaCl solution
(experimentally determined as 31 S/m) used to saturate the SSC test
specimens. Using the values of σSSC, the steady state diffusion
coefficient (DSSC) can be calculated using Nernst–Einstein equation as:

σSSC

σ0
=

DSSC

D0
ð5Þ

whereσ0 is the conductivity of the5 MNaCl solutionused to saturate the
specimen before the SSC test (31 S/m), and D0 is the diffusivity of
chloride ions in pore solution. The value ofD0 is taken as 1.1×10−9 m2/s,
by extrapolation from the data provided in [29] (where D0 values
te migration coefficients for plain and modified concretes.



Fig. 2. Relationship between concrete conductivities from EIS and: (a) Rapid chloride permeability values, and (b) Non-steady state migration coefficients.
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for Cl− in NaCl solutions of 0.1 M to 4 M are given, which follows a
linear trend). Fig. 3(b) shows the steady state diffusivities plotted
against the non-steady state migration coefficients. In general,
Dnssm is found to be higher than DSSC, in line with the results
reported in [30].

4. Quantification of the dependence of RCP values on pore
solution conductivity and pore structure

It is well known that in the RCP test, the pore solution conductivity
influences the measured results. Silica fume modified concrete
mixtures typically contain pore solution of much lower conductivity
than that of plain concrete because of the strong absorption of the
alkali ions by the pozzolanic hydration products. Thus it would be
incorrect to assume that silica fume modified concretes are “x” times
better than plain concrete in reducing chloride permeability, where
“x” is the ratio of the RCP values of plain concrete to those of the silica
fumemodified concretes. This section looks at the relative influence of
the pore solution conductivity (σpore) and pore structure on the RCP
values. Since the RCP test is effectively a conductivity test, a modified
parallel model for effective conductivity (σeff) is used, which can be
expressed as:

σeff = σpore ϕβð Þ ð6Þ
Fig. 3. Relationship between: (a) conductivities from EIS and the steady state conductivities
where (ϕβ) is a lumped pore structure parameter, which is the
product of porosity (ϕ) and pore connectivity factor (β). This
expression assumes that the material under consideration is a porous
medium with a single conducting phase (the pore phase). Though ϕ
and β have been determined separately later in this paper, the lumped
term ϕβ is used in this section in order to represent the features of the
pore phase in a single term.

The pore solution conductivities (σpore) of the plain and modified
concretes were obtained from the equivalent ionic conductivities of
the highly conductive species in the pore solution (OH−, Na+, and K+),
the ionic concentrations, and the species valences [31]. The ionic
concentration was obtained from the cement and the replacement
materials content, w/c (or w/p), and the degrees of hydration of cement
pastes. A methodology to predict the alkali ion concentrations in pore
solutions has been detailed in [32]. Data on degrees of hydration of
cementpastes containing the chosendosages offly ash or silica fume are
reported in [33,34]. Limited validation on the use of this method to
determine the conductivity of simulated pore solutions is reported in
[31]. A recent study [35] has shown that there is good agreement
between the early age values of the measured (from extracted pore
solutions) and predicted pore solution conductivities of cement pastes
made using different w/c. Fig. 4 shows the σpore values of the plain and
modified pastes from 14 days until 90 days of curing. The plain and fly
ashmodified concretes have similarσpore values at all ages, whereas the
, and (b) steady state diffusion coefficients and non-steady state migration coefficients.
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silica fume modified concretes have lower σpore values than the other
mixtures. Increase in cement replacement level by silica fume results in
decrease in σpore.

Based on the measured effective conductivities and predicted pore
solution conductivities, two conductivity ratios are defined as follows:

σ4
eff =

σeffð Þmodified�concrete

σeffð Þplain�concrete
ð7aÞ

σ4
pore =

σpore

� �
modified�concrete

σpore

� �
plain�concrete

: ð7bÞ

The parameters of these equations are self explanatory. Using
Eq. (6) for σeff in Eq. (7a), and dividing Eq. (7b) by Eq. (7a) gives

σ4
pore

σ4
eff

=
ϕβð Þplain�concrete

ϕβð Þmodified�concrete
= ϕβð Þ4: ð8Þ

Table 2 shows the (ϕβ)* values before and after the RCP test for all
the mixtures studied, at 28 and 90 days of curing. The (ϕβ)* values
before the test were obtained by using the effective conductivities
(σeff) and the pore solution conductivities (σpore) of specimens before
they were subjected to chloride ion ingress. In order to determine the
(ϕβ)* values after the RCP test, the effective conductivities of all the
specimens were measured after the end of the 6 h duration of the RCP
test. The ohmic heating during the RCP test causes an increase in the
pore solution conductivity. It has been stated that for every 1 °C
increase in temperature due to the RCP test, a 2% increase in σpore can
be reasonably assumed [36]. The pore solution conductivities shown
in Fig. 4 were modified based on the recorded increase in
temperature, and the (ϕβ)* values after the RCP test determined.
The temperature increase ranged from 10 °C to 15 °C for the plain
concrete, 6 °C to 12 °C for the fly ash modified concretes, and 3 °C to
6 °C for the silica fume modified concretes.

If the pore structure of the plain and modified concretes are very
similar (i.e., if ϕβ for the plain andmodifiedmixtures are close to each
other), then the ratio as determined from Eq. (8) should be equal to or
very close to 1.0. As can be seen from Table 2, this indeed is the case
for fly ash modified concretes at early ages, where microstructural
changes would not have occurred yet because of the delayed
pozzolanic reaction. A higher value of (ϕβ)*, which implies a lower
value of ϕβ for the modified concretes, whether before or after the
RCP test, implies better refinement of the pore structure. For the fly
ash modified concretes at later ages, and silica fume modified
Fig. 4. Change in pore solution conductivity for the plain and modified concretes as a
function of time.
concretes at all ages, the values of (ϕβ)* before the test are greater
than 1.0, indicating pore structure refinement as compared to the
control concrete. When the (ϕβ)* values before and after the RCP test
are compared, it can be seen that there is a reduction in (ϕβ)* values
after the test, indicating that the material microstructure is being
changed as a result of the RCP test. Hence the forthcoming discussion
is centered on (ϕβ)* before the test because it reflects the state of the
pore structure unaltered by the conditions of the RCP test.

Table 2 also shows the ratios of RCP values (RCP value of the plain
concrete divided by that of the modified mixture — denoted as “x” at
the start of this section). The ratio of RCP values for the fly ash
modified concretes is also close to 1.0 at early ages, similar to the
values of (ϕβ)*. At later ages for fly ash modified concretes, and at all
ages for silica fumemodified concretes, the “x” values are greater than
(ϕβ)*. While the “x” values denote the combined influence of pore
solution conductivity and pore structure (including the effects of
temperature rise as a result of RCP test) on the measured RCP values,
the σpore

* /σeff
* or (ϕβ)* values shown in Table 2 reflect the influence of

pore structure refinement on RCP values, compared to those of plain
concretes.

If the values of both the ratios shown in Table 2 (x and (ϕβ)* before
the test) for a particular mixture at a certain age are close to each
other, it shows that the reduction in RCP values as compared to the
plain concrete is attributable almost entirely to the pore structure
changes. This is the case for fly ash modified concretes. For the silica
fume modified concretes, the ratios of RCP values (x) are greater than
(ϕβ)*. This shows that the reduction in RCP values of these mixtures
as compared to the plain concrete is due to a combination of reduced
pore solution conductivity as well as a refined pore structure. When
(ϕβ)* (before the test) is divided by the ratio of RCP values, the silica
fume modified mixtures show values between 0.66 and 0.75 while fly
ashmodified concretes showvalues above 0.90. Thismeans that 66–75%
of the reduction in RCP values of the chosen silica fume modified
mixtures, and more than 90% for the fly ash modified mixtures as
compared to the plain concrete (depending on the curing duration and
the replacement material content) can be attributed to pore structure
refinement brought about by the incorporation of these replacement
materials. The methodology described here provides an easy and
concise means to quantify the relative effects of pore solution
conductivity and pore structure refinement on the change in RCP values
as a result of the use of cement replacement materials. The only
measurement needed in addition to the charge passed from RCPT is the
conductivity of the specimens before the RCP test is started, which can
be easily obtained from the initial current (at time zero) when the RCP
test is started. The pore solution conductivity can be obtained using the
methodology described in [31],which is provided in an easy-to-useweb
interface [36]. If the temperature increase fromRCP test is also recorded,
an indication of the change in pore structure due to the test ((ϕβ)* after
the test) can also be obtained.
5. Porosity–pore connectivity–pore size relationships and their
relative influence on chloride transport parameters

5.1. Porosity, pore connectivity and their relationships

The porosities (ϕ) of the plain andmodified concretes at all ages, as
determined by the vacuum saturation procedure described earlier, are
shown in Table 3. Using the values of σeff and σpore as obtained in the
previous section along with the values of ϕ, the values of pore
connectivity (β) were extracted for all the mixtures at all ages using
Eq. (6), and are plotted in Fig. 5. The plain concrete expectedly has the
highest β values at all ages, followed by the fly ash modified mixtures,
with the silica fume modified mixtures showing the least β values. A
linear trend is observed between β and both RCP and Dnssm values as
can be observed in Fig. 6(a) and (b) respectively, establishing pore



Table 2
Ratios of RCP values and (ϕβ)⁎ of modified and plain concretes.

Mixture
ID

28 days 90 days

RCPplain÷RCPmodified

(x)
(ϕβ)⁎ (ϕβ)⁎/x RCPplain÷RCPmodified

(x)
(ϕβ)⁎ (ϕβ)⁎/x

Before After Before After Before After Before After

Plain 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
FA10 1.07 1.00 0.92 0.93 0.86 1.18 1.12 1.03 0.95 0.87
FA20 1.03 1.01 1.01 0.98 0.98 1.77 1.60 1.28 0.90 0.72
SF6 2.45 1.85 1.70 0.75 0.69 2.55 1.76 1.40 0.69 0.55
SF9 3.78 2.65 2.55 0.70 0.67 4.99 3.30 3.08 0.66 0.62

(ϕβ)⁎=(ϕβ)plain-concrete/(ϕβ)modified-concrete.
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connectivity as an important pore structure feature that can be related
to both these rapid chloride transport parameters.

Though it is known that reduction in porosity and pore
connectivity is critical to achieving reduced chloride transport, it is
instructive to examine the relationship between β and ϕ for mixtures
that are compositionally different. A cursory look at Eq. (6) shows that
the pore volume fraction and the pore geometry (or connectivity) are
expressed as separate terms, and thus might lead to the observation
that they are inherently independent. But it needs to be remembered
that the reduction in both the overall pore volume and the
connectivity of the pore network in cement pastes or concretes is a
consequence of the hydration of the cement (and cement replacement
materials, if any). Therefore, even when the mathematical expression
shows inherent independence, β and ϕ can be considered as related
through the hydration process of the cementing materials.

Fig. 7 shows the relationship between porosity and pore
connectivity factor for all the mixtures used in this study, at all ages.
In general, a reduction in porosity results in a reduction in pore
connectivity. Two different trends are immediately discernible — one
with a flatter slope for plain and fly ash modified mixtures, and one
with a steeper slope for the silica fume modified mixtures. The plot
area is divided into a 3×3 square grid, with porosity increments of
1.1%, and pore connectivity increments of 0.006. The grid A-1
corresponds to the lowest values of ϕ and β (very high pore structure
refinement), and grid C-3 corresponds to the highest values of ϕ and β
(low or negligible pore refinement). Moving horizontally from right to
left in the plot area indicates reduction in porosity, and moving
vertically from top to bottom indicates reduction in pore connectivity.
The plain concrete mixture lies in the grid C-2 at early ages and in grid
B-2 at later ages, demonstrating a lower degree of pore refinement.
The fly ash modified mixtures at early age lie in grid C-3 where as at
later ages they are placed in grid B-1, indicating significant reductions
in both ϕ and β. The silica fumemodifiedmixturesmove from grid B-2
to A-2 with increase in age and silica fume content. There is a large
reduction in β for these mixtures. When the values of the transport
parameters as shown in the table below Fig. 7 are observed, significant
reductions in the values of RCP and Dnssm are seenwhenmoving along
the C–B–A path rather than the 3–2–1 path in the plot. In other words,
a reduction in pore connectivity is found to be much more efficient in
reducing chloride transport than porosity reduction.
Table 3
Porosities of the plain and modified concretes.

Mixture
ID

Porosity (%)

28 days 56 days 90 days

Plain 7.20 6.75 6.37
FA10 7.84 6.91 5.99
FA20 7.55 6.50 5.20
SF6 7.10 6.79 6.33
SF9 6.95 6.62 6.14
5.2. Equivalent electrical circuit model parameters for concrete
microstructure

The discussions in the previous section have focused on the inter-
relationship between the two microstructural features (porosity and
pore connectivity) extracted from the experimentally measured
conductivities, as well as their relationshipwith the chloride transport
parameters. In this section, an equivalent circuit model is used for the
electrical impedance spectra of concretes before they were subjected
to chloride transport with an aim to relate the characteristic features
of this model to the chloride transport parameters.

5.2.1. Equivalent circuit model for EIS spectra of concretes
Various equivalent electrical circuitmodels have been presented in

the literature to model the electrical impedance spectra of concretes
[37–39]. These models invariably consist of combinations of resistors,
capacitors, and constant-phase elements. As mentioned earlier, EIS
studies were conducted on concretes placed in the RCPT cells with the
anolyte and catholyte in place. A circuit model that has been shown to
represent the bulk arc in the impedance spectra fairly accurately
[21,23] is used, which is shown in Fig. 8(a). In the model, Re
corresponds to the resistance of the electrolyte in between the
specimen and the electrode, Rc is the resistance attributed to the ionic
motion in pores that are connected from one end of the sample to the
other (or percolating pores), Ruc is the resistance attributed to the
ionic motion in the unconnected pores, and Ri is the resistance
associated with the electrolyte–concrete interface. The capacitances
Cs, Cp, and Ci are associated with the solid fraction in the specimen, the
pore walls, and the electrolyte–concrete interface respectively.

The overall frequency-dependent impedance of the model, Z(ω), is
given as:

Z ωð Þ = Re +
Z1Z2

Z1 + Z2
+ Z3: ð9Þ
Fig. 5. Pore connectivity factors for the plain and modified concrete mixtures.



Fig. 6. Pore connectivity factor and its relationship to: (a) rapid chloride permeability, and (b) non-steady state migration values.
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Z1, Z2, and Z3 are the impedances of the element groups in the circuit.
Z1 and Z2 correspond to the bulk of the specimen. The impedances Z1
and Z2 are in parallel as shown in Fig. 8(a), with Z1 representing the
impedance of the combination of Rc and Cs, and Z2 representing the
impedance of the combination of Ruc and Cp. Z1 and Z2 are given as:

Z1 =
Rc

1 + jωRcCsð Þα ð10aÞ

Z2 = Ruc 1 + jωRucCp

� �−βh i
: ð10bÞ

The terms α and β are the dispersion factors. The equivalent circuit
model parameters were extracted from the impedance spectra using
ZView™ software. Fig. 8(b) shows representative experimental imped-
ance spectra (symbols) and the bulk arc fitted using the model described
by Eq. (9) (solid lines).
Fig. 7. Porosity–pore connectivity relationships for the modifie
Percolating pores in concrete dominate the transport properties.
Hence, in this paper, the resistance of the connected pores (Rc) obtained
from the equivalent circuit model is considered to be an important
parameter that can be related to the chloride transport, and further
discussions are limited to Rc. Fig. 9(a) and (b) shows the variation in RCP
and Dnssm values with the resistance of connected pores (Rc) obtained
from the equivalent circuitmodel.With increasing values of Rc, both the
RCP aswell asDnssm values are found to decrease, as expected. However,
a pattern emerges from both these figures — the reduction in RCP and
Dnssm values is rapid for Rc values up to about 750 Ω, denoted by the
vertical lines in these figures. Beyond that, the drop in RCP and Dnssm

values is very gradual and minimal even though the Rc values increase
significantly. In both thesefigures, the points lying in the zoneof gradual
decline of the transport parameters (to the right of the vertical line)
correspond to silica fume modified concretes at 56 and 90 days of
curing.When the pore connectivity factor (β) values are plotted against
the Rc values as shown in Fig. 9(c), a trend similar to those in Fig. 9(a)
and (b) is observed, indicating that the change in β for the specimens to
d concretes and their influence on transport parameters.



Fig. 8. (a) Equivalent electrical circuit model for the concretes, and (b) representative fits of the bulk arc of the Nyquist plots using the model.
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the right of the vertical line at 750 Ω in Fig. 9(a) and (b) is not very high.
The similarity of Fig. 9(c) to (a) and (b) again shows that the transport
parameters are verymuchdependent on the pore connectivity, which is
adequately captured by the modeled resistance of the connected pores.
The large increase in Rc observed for the silica fume modified mixtures
without a drastic reduction in pore connectivity could be attributed to a
Fig. 9. Relationship between the resistance of connected pores and: (a) RCP
reduction in the sizes of the pores. Since resistance is inversely
proportional to the square of the pore size, even a moderate reduction
in the size will result in a large increase in the resistance, as observed in
these figures. Quantification of the pore size reduction accomplished by
the incorporation of silica fume or fly ash is provided in the following
section using an idealized equivalent pore model.
values, (b) non-steady state migration values, and (c) pore connectivity.



Fig. 10. (a) Predicted idealized equivalent pore diameters from the circuit model.
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In Fig. 9(c), the relationship between pore connectivity and Rc is
plotted using different symbols for all the five different mixtures (instead
of different symbols for three different ages as shown in the other two
figures) in order to bring out the point that plain and fly ash modified
mixtures behave similarly, and they differ considerably from the silica
fumemodified mixtures as far as the Rc values are concerned. This might
be construed as an indication of the similarities in the pore structure
between plain and fly ash concretes, and their considerable differences
with the pore structure of silica fume modified concretes, which is the
subject of the following analysis.

5.2.2. Equivalent pore sizes and pore size reduction efficiency derived
from Rc

Rc as described in the previous section is effectively the resistance
attributable to all the connected pores in the system filled with the
pore solution. If the connected pore system in the material can be
idealized into one single pore that retains the entire features of the
combined pore system, Rc can be expressed as:

Rc =
Lconn

σconnAconn
: ð11Þ

Lconn is the length, σconn is the conductivity, and Aconn is the area
respectively of the idealized connected pore. Since the only conduct-
ing element in a pore is the pore solution, σconn can be taken to be
approximately equal to the pore solution conductivity, σpore. This is
strictly not correct because the conductivity of the pore will also
depend on its geometry, and will likely be lower than the conductivity
of the solution that fills it. If τ is the tortuosity of the idealized
connected pore, then Lconn=Lτ, where L is the length of the sample
(50 mm in the case of RCP and NSSM test specimens). The tortuosity
can be expressed as a function of the porosity and formation factor
(ratio of pore solution conductivity to effective conductivity of the
sample) as [40]:

τ2 =
σpore

σeff
ϕ: ð12Þ

Combining Eq. (6) for effective conductivity, and Eq. (12), it
follows that the tortuosity (τ) and the pore connectivity factor (β) are
related as:

τ = β−1=2
: ð13Þ

Substituting these values in Eq. (11), and simplifying gives the
equivalent diameter of the idealized connected pore (dconn) as:

dð Þconn = 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lβ−1=2

πRcσpore

s
: ð14Þ

The values of σpore and β can be obtained from Figs. 4 and 5
respectively. TheequivalentporediameterspredictedusingEq. (14) for all
the mixtures at different ages are shown in Fig. 10. It must be noted that
large values of equivalent pore diameters (in the range of 6 mm–11 mm)
are obtained from the model because it is assumed in the model
formulation that all connected pores in the material under consideration
are idealized into one single pore. The trends in this figure show that the
pore sizes in plain and fly ashmodified concretes are similar, especially at
early ages, but they are considerablydifferent fromthose of the silica fume
modified concreteswhich aremuch lower. At later ages, though the effect
of pore size refinement is evident in fly ashmodified concretes, it is not as
significant as compared to silica fume modified concretes.

Fig. 11(a) shows the relationship between the idealized pore
diameters derived from the model using Rc and the pore connectivity
factor (β) for all the mixtures. The pore connectivity factors are found
to decrease with decreasing pore sizes. Two separate relationships
could be identified from this figure — one for the plain and fly ash
modified mixtures, and the other for silica fume modified mixtures.
The silica fume modified mixtures show lower pore connectivity factors
for the same pore size, and the higher the silica fume content in the
mixture, the lower the pore connectivity. Fig. 11(b) is the representation
of the porosity of all the concreteswhenplotted against the idealized pore
diameters. Both these figures facilitate a comparative model-based
evaluation of how porosity and pore connectivity are related to the pore
sizes.While a reduction in either porosity or the equivalent pore diameter
indicates a general reduction in the other, two separate relationships are
observed in this figure too— one for the plain and fly ash concretes, and
the other for silica fume modified concretes. Smaller pore sizes seem to
suggest lower porosities for the plain and fly ash modified concretes,
whereas theporosity reductions for the silica fumemodified concretes are
not as pronounced, as was observed from the experimental results earlier
in this paper as well as other studies [34,41]. Fig. 11(a) shows that pore
size reduction is vital to pore connectivity reductionwhile Fig. 11(b) does
not present a compelling evidence of porosity reduction in silica fume
modified concretes with reducing pore sizes. However, the chloride
transport parameters are found to be consistently lower for the silica fume
modified concretes. This leads to the conclusion that although porosity
reduction does play a role in reducing pore connectivity as seen from
Fig. 7, it is the lowerpore sizes that contribute significantly to lowering the
pore connectivity, and thus towards beneficial transport properties.

6. Conclusions

This study has provided relationships between the rapid chloride
transport parameters of concretes modified with fly ash or silica fume
and some of the important microstructural parameters derived using
electrical impedance basedmethods on these concretes either directly
or through the use of models. The following conclusions are arrived at
based on this study.

(i) The modified concretes were found to exhibit lower RCP and
NSSM coefficients (Dnssm), with the silica fume modified
concretes showing the lowest values, as expected. The RCP
values were found to be very well related to the initial
conductivity values obtained from electrical impedance where-
as the Dnssm values had a slightly weaker relationship with
initial conductivity, possibly because of the microstructural
changes occurring in the specimenwhile being subjected to the
longer duration of the NSSM test. The Dnssm values were found
to be much higher than the steady state diffusivities (DSSC).

(ii) A methodology was detailed in this paper that quantifies the
influence of pore solution conductivity and pore structure
refinement on the RCP values of modified concretes, relative to



Fig. 11. (a) Relationships between equivalent pore size and: (a) pore connectivity, and (b) porosity of concretes.
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that of plain concrete. This method utilized the ratio of the RCP
values of the plain and modified concretes, as well as the ratios
of effective conductivities and pore solution conductivities of
plain and modified concretes. For the silica fume modified
concretes used in this study, for various ages, this method
predicted that 66–75% of the reduction in RCP values with
respect to plain concrete can be attributed to pore structure
refinement while the corresponding value was more than 90%
for fly ash modified mixtures. This is consistent with the
understanding that a reduction in pore solution conductivity is
partly responsible for lower RCP values of silica fume modified
concretes.

(iii) The pore connectivity factor was found to be linearly related to
both RCP and Dnssm values, establishing pore connectivity as an
important microstructural feature in dictating chloride trans-
port. When the porosity–pore connectivity relationships were
explored, it was observed that in general, a reduction in
porosity resulted in a reduction in pore connectivity. When the
changes in rapid chloride transport parameters were compared
to the changes in porosity and pore connectivity, it was seen
that a reduction in pore connectivity impacts the transport
parameters much more than a reduction in porosity.

(iv) An electrical circuit model was used along with the impedance
spectra of concretes in order to extract pertinent features of the
microstructure that can be related to transport properties.
Since the percolating pores are most influential in transport,
the resistance of the connected pores (Rc) was used as the
electrical property that characterizes the pore structure. The
relationship of Rc with RCP,Dnssm, and the pore connectivity (β)
values were found to be similar. For the plain and fly ash
modified mixtures, the increase in Rc that resulted in a
reduction of RCP, Dnssm or β was lower as compared to the
increase in Rc for silica fume modified mixtures.

(v) The values of Rc obtained from the circuit model were used to
determine the equivalent size of an idealized connected pore
that retains all the features of the pore system in the concrete.
Reduced pore sizes were invariably found to result in lower
pore connectivities but the same could not be stated about the
porosity, especially for silica fume modified concretes. Since
silica fume modified concretes showed reduced chloride
transport parameters, this lead to the conclusion that pore
size reduction contributed more significantly than porosity
reduction towards reducing the pore connectivity, which
ultimately results in beneficial transport properties.
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