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The chloride transport resistance of alkali silicate powder activated slag concretes is evaluated. Two dif-
ferent Na,O-to-source material ratios (n) and two SiO,-to-Na,O ratios of the activator (Ms) are used on
concretes proportioned using two slag contents (300 kg/m> and 400 kg/m?). Rapid chloride permeability
(RCP) and non-steady state migration (NSSM) tests are used to evaluate the chloride transport behavior.
Alkali silicate powder activated concretes demonstrate comparable or better chloride transport resis-
tance than OPC concretes when evaluated using RCP and NSSM tests. The relationships between the acti-
vator parameter, n-Ms, and the critical pore sizes (d.) or the RCP and NSSM values demonstrate similar
trends showing the influence of d. in determining the ionic transport response. Electrical impedance
spectroscopy (EIS) is used to relate the material response before and after the transport tests, and equiv-
alent circuit models are used to extract the parameters that relate to the pore structure. EIS coupled with
circuit modeling clearly brings out the differences between the RCP and NSSM test on their influences in
the microstructure of alkali activated slag concretes.
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1. Introduction

The need to reduce the consumption of portland cement be-
cause of its adverse environmental and energy-related impacts
necessitates measures to develop alternate binding materials for
concrete production. This has resulted in a variety of methodolo-
gies that either minimize or eliminate the use of ordinary portland
cement (OPC) in concretes. The use of cement replacement materi-
als such as fly ash and ground granulated blast furnace slag in high
volumes in portland cement concrete has been established, as is
the use of binders that do not contain any portland cement [1-
3]. The latter category of binders is typically produced by activa-
tion of waste/by-product materials such as fly ash or slag by alka-
line hydroxides or silicates.

Alkali activation of slag has been a subject of several reported
studies [4-9]. The activating agent used typically is a sodium sili-
cate-based solution (Na,SiO3-xH,0 + NaOH). It is well known that
alkali activation of slag produces C-S-H gel as the main reaction
product. The influence of several parameters relating to the source
material and the activator that can potentially influence the reac-
tion kinetics as well as the mechanical and durability properties
of the final product has been reported [1,10-15]. A majority of
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the studies on alkali activated slags have been carried out using
waterglass solution as the activator. This presents issues with han-
dling because of the caustic nature of the alkalis. Hence, in this
study, powder sodium silicate and sodium hydroxide are used as
activating agents. This is also expected to help in the development
of blended binder-activator systems which can be handled easily,
and will develop its properties just by the addition of water. While
the strength of such binder systems is generally lower than those
activated by waterglass solutions, by proper proportioning proce-
dures, compressive strengths in the range of 30-35 MPa can be
achieved [16], which is sufficient for most of the common concrete
applications. Detailed studies on the reaction kinetics and product
formation in alkali silicate powder activated systems have been re-
ported recently by the authors [16,17].

The pore structure of alkali activated slag concretes have been
studied [18,19] and it is reported that these concretes have benefi-
cial pore structure features when compared to OPC concretes.
However, the use of a highly alkaline activating agent results in a
higher pore solution conductivity. A combination of these two fac-
tors influence the transport of ionic species such as chlorides
through alkali activated slag concretes. This paper investigates
the chloride ion transport in alkali silicate powder activated slag
concretes using two common accelerated chloride transport tests
- the rapid chloride permeability (RCP; conforming to ASTM C
1202) and non-steady state migration (NSSM; conforming to NT
Build 492) tests. The influence of pore structure on chloride ion
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transport is quantified, and the changes in pore structure as a re-
sult of these accelerated chloride transport tests are estimated
through the use of electrical impedance spectroscopy and associ-
ated equivalent electrical circuit modeling.

2. Experimental program
2.1. Materials and mixture proportions

Type 100 ground granulated blast furnace slag conforming to
ASTM C 989 was used as the binding material in this study. The
chemical composition of slag is shown in Table 1. The particle size
distribution of slag is such that 95% is finer than 35 pm and the dsq
is ~10 um. Combinations of anhydrous sodium silicate powder
(>99% sodium silicate and < 1% crystalline silica) having a SiO,-
to-Na,O0 ratio (or the modulus, M;) of 1.95, and analytic reagent-
grade sodium hydroxide (NaOH) beads are used as the activating
agents in this study. The sodium silicate powder has a median par-
ticle size of 25 pm and a pH of 12.6 (for a 50% w/v slurry in water).
NaOH addition facilitated changing the activator Ms to lower val-
ues in order to obtain 28-day compressive strengths in the range
of 20-30 MPa. The M; (mass-based) values thus chosen are 0.60
and 1.50, and the corresponding molar-based M values are 0.62
and 1.55. The n values (NayO-to-slag ratio) used are 0.05 and
0.15. An example of the activator quantity determination is pro-
vided below. If a mixture with an n value of 0.05 and a mass-based
M; of 1.5 is required, for every 1000 g of slag, 50 g of Na,0 and 75 g
of SiO, is required. Since sodium silicate powder is the only source
of silica from the activator, 75 g of SiO, can be obtained from 114 g
of sodium silicate powder which has an M; of 1.95. The sodium sil-
icate powder would also provide 39 g of Na,0. The remaining 11 g
of Na,O (50-39 g) is then obtained by the addition of NaOH.

Several activated slag concretes were proportioned as part of
this study. Concretes containing two different slag contents
(300 kg/m? and 400 kg/m?) were proportioned and activated using
powder sodium silicate and NaOH. The effective water-to-powder
ratio for the mixtures was maintained at 0.40. The powder consists
of the slag, powder sodium silicate and NaOH. River sand was used
as the fine aggregate and pea gravel with a nominal maximum size
of 9.5 mm was used as the coarse aggregate. The moisture absorp-
tion of the aggregates was accounted for in the mixture propor-
tioning. The mixture proportions are shown in Table 2. The
specimens made using these mixture proportions were used for
compressive strength and chloride transport studies after specified
durations of curing in a moist chamber. Activated mortar samples
with a paste volume fraction of 50% were used for the compressive
strength tests and paste specimens were proportioned for the
microstructural tests using the same water-to-powder ratio as
used for the concretes. All the paste, mortar, and concrete speci-
mens were removed from the molds after 24 h and moist cured
in a humidity chamber (>97%RH) until the time of testing.

2.2. Test methods

The experimental technqiues used include the methods for
accelerated determination of chloride transport paramertes, elec-
trical impedance spectroscopy (EIS) before and after the chloride
transport tests, and pore structure determination using mercury
intrusion porosimetry (MIP). In addition, compressive strength of
mortar specimens determined in accordance with ASTM C 109,

Table 1
Chemical composition of slag.

Sio, Al,0; CaO Fe,03  MgO Na,0 KyO SOs LOI
36.0%4 10.5% 39.8% 0.67% 7.93% 027% 080% 2.1% 3.0%

and Fourier Transform Infrared (FTIR) Spectroscopy were used to
bring out the difference in the properties and reaction products
when powder or liquid forms of sodium silictae were used as
activators.

2.2.1. Chloride transport test methods

Rapid chloride permeability (RCP) test in accordance with ASTM
C 1202 and non-steady state migration (NSSM) test in accordance
with NT Build 492 were carried out on 50 mm thick discs cut from
200 mm long cylindrical concrete specimens. For the RCP test, the
specimens were conditioned by vacuum saturation, and enclosed
in a cell flanked by reservoirs that contain 0.3 N NaOH solution
on one side and 3% NaCl solution on the other. A 60 V potential dif-
ference was applied between the electrodes placed on both faces of
the specimen, for a duration of 6 h. The total charge passed (in cou-
lombs) at the end of 6 h of testing is reported as the RCP value. For
the NSSM test, the specimens were preconditioned by vacuum sat-
uration with Ca(OH), 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 volt-
age and test duration were chosen based on the initial current. The
test duration was maintained at 24 h and the voltage at 30 V for all
the cases. After the test duration, the specimens were axially split
and sprayed with a 0.1 M silver nitrate solution. The depth of chlo-
ride penetration was measured based on the precipitation of white
silver chloride. The non-steady state migration coefficient (Dyssm)
in m?/s is given as:

M %=ty (1)
ZFE t

RT .4 2¢y

o= 2\/2%61’f <1 - C—O) 2)
E = (U-2)/L, where 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, x4 is the average value of the penetra-
tion depth in m, t is the test duration in seconds, c, is the chloride
concentration at which silver nitrate changes to silver chloride
(0.07 N), and ¢y is the chloride concentration of the catholyte solu-
tion (2 N). The value of ¢4 chosen for this study is the one generally
used for OPC concretes. However, the calculations for D,ssm, Were re-
peated with ¢4 values of 0.05 and 0.1, but this resulted in insignifi-
cant changes to the D¢, Value. Hence a ¢4 of 0.07 itself is used in
this study. While the use of RCP test for alkali activated slag con-
cretes have been reported [20,21], the use of NSSM test for these
systems is not reported, and further studies are needed to ascertain
if the values of the constants used for OPC systems can be applied to
alkali activated concretes also. This assumes more significance gi-
ven our understanding of the limitations of the RCP test. In this pa-
per, the NSSM coefficients are used as relative indicators of the
transport properties of different mixtures, and hence the methodol-
ogy adopted is considered to be adequate.

D nssm —

2.2.2. Electrical impedance spectroscopy (EIS)

Electrical impedance spectroscopy (EIS) was employed on spec-
imens before and after they were subjected to the RCP and NSSM
tests. EIS measurements were conducted in this study using a
Solartron 1260™ impedance/gain-phase analyzer that was inter-
faced with a personal computer for data acquisition. The test set
up is shown in Fig. 1a. The frequency of the EIS measurements ran-
ged from 10 Hz to 1 MHz using a 250 mV AC signal, with 10 mea-
surements per decade. The effective specimen conductivity (ges)
was determined from the bulk resistance (R,) obtained from EIS.
A typical Nyquist plot, which relates the real and imaginary imped-
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Table 2
Mixture proportions for low slag and high slag content mixtures.
Slag Sodium silicate NaOH Water Coarse agg. Fine agg.

Slag content n M (kg/m?3)
Low 0.05 0.6 300 133 133 130.6 1079.3 719.5
Low 0.05 15 300 341 43 1354 1057.3 704.9
Low 0.15 0.6 300 40.9 40.9 152.7 1000.7 667.1
Low 0.15 1.5 300 102.4 12.9 166.1 937.5 625.0
High 0.05 0.6 400 18.2 17.7 1744 958.4 638.9
High 0.05 1.5 400 45.6 5.7 180.5 929.6 619.8
High 0.15 0.6 400 54.6 533 203.2 855.7 570.4
High 0.15 1.5 400 136.6 17.2 2215 769.9 513.3
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Fig. 1. (a) Electrical impedance spectroscopy test set up for the accelerated chloride transport test specimens, and (b) a typical Nyquist plot from EIS.

ance at different frequencies [22], is shown in Fig. 1b. The abscissa
of the intersection of the bulk and electrode arcs in a Nyquist plot
is the bulk resistance, from which the effective conductivity (ges)
can be calculated as:

L
Oe = RA 3)

where L and A are the specimen length and cross-sectional area
respectively. The Nyquist plot is used in conjunction with electrical
circuit models for the microstructure to analyze the influence of
chloride ingress on the microstructure as will be explained in a later
section.

2.2.3. Pore structure using mercury intrusion porosimetry (MIP)

Mercury intrusion porosimetry (MIP) is a commonly used
method to evaluate the pore structure in cementitious materials
[23,24]. The applied pressure during the intrusion of mercury
and the pore diameter are related through the Washburn equation
[23]. MIP was carried out on small samples of oven-dried alkali
activated pastes using a porosimeter that can generate a maximum
pressure of 414 MPa and evaluate a minimum pore diameter of
0.003 pm. The test was performed in two steps - the low pressure
step evacuates the gases, fills the sample holder with mercury, and
carries out the test up to 345 kPa, and the high pressure step
reaches pressures of up to 414 MPa. A contact angle of 130" and
a surface tension of 0.485 N/m were used in the analysis.

3. Results and discussions

3.1. Activation of slag using powder and liquid sodium silicate: a
comparison

Liquid sodium silicate (waterglass) of desired silica modulus
(M) is commonly used as the activating agent to produce alkali

activated binder systems. Powder sodium silicate is used in this
study to activate slag because of its benefits in storage and han-
dling. The mechanism of activation using powder sodium silicate
and waterglass are different as has been recently elucidated by
the authors using isothermal calorimetric and reaction product
studies [16,17]. The difference in activation efficiency, in part, is
due to the limits of silicate solubility in water at ambient temper-
atures, as has been demonstrated using FTIR spectra of the activa-
tor solution [16]. This results in different mechanical and transport
properties for the liquid and powder activated concretes. Fig. 2a
and b present a comparison of the compressive strength develop-
ment of powder and liquid sodium silicate activated slag mortars,
where the effectiveness of waterglass in activation can be dis-
tinctly noticed, the reasons for which have been elaborated earlier
[16]. The differences in reaction products, demonstrated through a
change in the wavenumber attributed to Si-O-Si stretching vibra-
tion are shown in Fig. 3. The wavenumbers for the waterglass acti-
vated pastes (around 975cm™!') confirm the presence of a
conventional C-S-H gel whereas the presence of sodium silicate
gel in addition to C-S-H [17] results in a higher wavenumber
(1010-1025 cm™!) for the powder sodium silicate activated pastes.
The foregoing discussion provides a short summary of the con-
trasts in mechanical properties and reaction products of alkali sil-
icate powder and liquid activation of slag, while [25] presents the
contrasts in chloride ion transport responses of these systems. In
this paper, the focus however is on the chloride ion transport prop-
erties of alkali silicate powder activated slag mixtures, and the use
of electrical impedance to characterize the transport response and
the microstructure.

3.2. Rapid chloride permeability (RCP) values of activated slag
concretes and relationship with electrical response

Rapid chloride permeability test (RCPT), conforming to ASTM C
1202 is one of the common durability tests that is used as a quality
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Fig. 2. Compressive strength development of: (a) alkali silicate powder activated slag mortars, and (b) waterglass activated slag mortars [16]. The standard deviations in
compressive strength measurements range between 0.5 MPa at early ages to 5 MPa at later ages.
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Fig. 3. FTIR spectra of alkali silicate powder (a and b) and waterglass (¢ and d)
activated slag pastes [25].

control measure and acceptance criteria for OPC concretes.
Fundamentally, RCP test measures the electrical resistance or
conductivity of concretes. Conductivity of porous materials satu-
rated with a conducting fluid (such as the pore solution in con-
cretes) is greatly influenced by the conductivity of the saturating
medium in addition to the pore structure parameters like the
overall pore volume and its geometry. Thus this test does not
adequately represent the pore structure characteristics of the
material that are crucial in ionic transport. This aspect has been
reported elsewhere in detail [26-28]. However, its ease of use
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Fig. 4. Relationships the activator parameter (n-Ms) and RCP values for activated
concretes with slag contents of: (a) 300 kg/m?>, and (b) 400 kg/m>.

and documented relationships with other performance
characteristics of concrete has made this test widely accepted in
practice.

3.2.1. RCP values of high and low slag content activated concretes
Fig. 4a and b show the RCP values of the low slag content
(300 kg/m?>) and high slag content (400 kg/m>) mixtures after 28
and 56 days of curing in moist environment. The RCP values are
plotted as a function of the product of the Na,O-to-slag ratio
(n) and the SiO,-to-Na,O ratio (M) of the blended activator pow-
der. This effectively is the ratio of the SiO, content of the activa-
tor to the total slag content. This parameter is significant because
it has been shown that the later-age (14 days and beyond) com-
pressive strengths of alkali silicate powder activated slag con-
cretes is proportional to the SiO, content of the activator [17].
In general, it can be seen that the RCP values at all the ages con-
sidered, decrease with increase in n-M;s (or the silica content in
the activator) initially, and beyond a n-M; of about 0.10, there is
essentially no change in the RCP values. This value of n-Ms can
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be considered as a limiting value, beyond which any increase in
silica content of the activator is not beneficial in changing any
of the microstructural features that influence ionic transport as
measured by the RCP test. Between 28 and 56 days, there is not
much difference in RCP values, indicating that the later age reac-
tions so common in OPC concretes with cement replacement
materials are absent in the alkali silicate powder activated slag
concretes.

The RCP values range between 2000 and 1300 Coulombs for the
low slag content mixtures (28 and 56 days), and between 1700 and
1000 Coulombs for the high slag content mixtures. These values
are lower than the RCP values of conventional concretes used in
practice. The RCP values of solid sodium silicate activated slag con-
cretes evaluated in this study are also lower than those of the alkali
silicate liquid (waterglass) activated concretes reported recently by
the authors [25] and are comparable to the RCP values of water-
glass activated slag concretes reported in [20]. It needs to be noted
that the alkalinity adopted for activation in both the above-refer-
enced studies are different, resulting in the observed difference
in RCP values. The differences in the RCP values as a function of
slag content (300 kg/m> or 400 kg/m?; see Table 1) can also be dis-
cerned from Fig. 4a and b. To put the obtained RCP values into per-
spective, a typical OPC concrete with a water-to-cement ratio (w/c)
of 0.40 has a RCP value of about 3000 Coulombs after 56 days of
curing, where as a mixture with 20% fly ash as cement replacement
typically shows RCP values of about 2000 Coulombs after 56 days
[27]. Concrete with 5% silica fume as cement replacement shows
a RCP value of about 800 Coulombs after 56 days, but in this case
the drastically reduced pore solution conductivity contributes to
a part of the observed reduction in the RCP values [27]. Thus it
can be noticed that the RCP values of alkali activated slag mixtures
reported in this research are much lower than those of plain OPC
concretes, but comparable to those of OPC concretes containing ce-
ment replacement materials such as silica fume or fly ash. This is
notwithstanding a pore solution that is likely to be electrically
more conductive due to the higher concentrations of Na* and
OH™ ions [20]. The increased amounts of Na ions in the pore solu-
tion, especially in mixtures with high n-M; values can be expected
to lead to increased charge values because the Na* ions will coun-
ter-diffuse as the Cl~ ions are driven into the material through the
application of electrical potential gradient. The fact that the RCP
values remain low even under these circumstances can be consid-
ered as an indicator of the better chloride transport resistance of
these concretes. The similarity of RCP values of the alkali silicate
powder activated slag concretes to those of OPC concretes with a
refined pore structure (due to the incorporation of fly ash or silica
fume) point to the likely similarities in their pore structure fea-
tures, which will be examined later in this paper.
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3.2.2. Relationship between RCP values and electrical properties

Fig. 5a shows the relationship between the RCP values and the
bulk resistance obtained from EIS. In general, there is a good rela-
tionship between the bulk resistance (or the conductivity extracted
from bulk resistance using Eq. (3)) and the RCP values. However
the relationship is not as good as the conductivity-RCP relation-
ships generally observed for OPC concretes [27]. This could be
attributed to a variety of reasons including the differences in pore
structure (pore sizes and tortuosity) with changes in activator alka-
linity, formation of sodium silicate gel in addition to C-S-H gel
[17], and the presence of C-S-H with lower Ca/Si molar ratios
where some of the Si is substituted by Al, and Na playing either
a charge balancing role or being sorbed into the C-S-H structure.
The conductivity of the solid phases in alkali activated solid sys-
tems could also greatly vary based on the activator alkalinity and
the means through with the alkalis are incorporated into the reac-
tion products. This changes the effective electrical properties of the
system, in contrast to OPC systems where the solid phase can be
reasonably estimated to have similar conductivities (of the order
of 0.001-0.005 S/m) [29].

The changes occurring in the specimen as a result of chloride in-
gress during the RCP test can be ascertained by measuring the elec-
trical conductivities of the specimens before and after the test.
RCPT induces Joule heating in the specimens because of the higher
voltage (60V) applied for a 6 h duration [28]. Conductivity is
dependent on the temperature, and hence the measurements after
the RCP test were carried out after allowing the specimens to re-
turn to the ambient temperature. Fig. 5b shows the relationship
between the effective conductivities before and after the RCP test
for the alkali powder activated slag concretes proportioned using
all the n and M; values shown in Table 2. While a very good linear
relationship is noticed between the conductivities before and after
the test, the effective conductivities are higher by 14-19% after the
RCP test. This can be plausibly attributed to: (i) the ingress of CI°
ions into the concrete and the fact that there is no removal of other
ions from the specimen during the RCPT duration, and (ii) micro-
structural damage induced by the higher applied voltage and the
associated temperature increase.

3.3. Non-steady state migration (NSSM) coefficients of activated slag
concretes and relationship with electrical response

The NSSM test avoids some of the drawbacks of the RCP test by
using a lower applied potential (typically 30 V) and a longer test
duration (24 h). The catholyte solution used is 10% NaCl, thereby
ensuring that the catholyte concentration does not undergo large
changes during the duration of the test.
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Fig. 5. Relationships between: (a) the bulk resistance (R,) from EIS and the RCP values, and (b) effective specimen conductivities before and after the RCP test.
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Fig. 6. Relationships the activator parameter (n-M;) and NSSM coefficients for
activated concretes with slag contents of: (a) 300 kg/m>, and (b) 400 kg/m>.

3.3.1. NSSM coefficients of high and low slag content activated
concretes

Fig. 6a and b depict the NSSM coefficients (Dpssm) of low slag
and high slag content activated concretes cured for 28 or 56 days,
as a function of the parameter n-M;. The general trend in the vari-
ation of Dygsy With n-Ms is similar to that of the RCP values, with a
reduction in D,y with increasing n-Ms (or silica content of the
activator) until the limiting n-Ms value of 0.10. Beyond that there
is no appreciable change in Dy, the reasons for which were ex-
plained in a previous section. As observed from Fig. 6a and b, Dyssm,
of the alkali activated slag mixtures range between 3 x 1072 m?/s
and 8 x 10~'2 m?/s. The higher slag content mixtures demonstrate
lower Dyssm as expected. As a point of reference, a typical 56-day
moist cured OPC concrete made using a w/c of 0.40 has a Dyssm
of 8 x 10712 m?/s, while concretes where 20% or 5% of cement by
mass is replaced with either fly ash or silica fume show Dy, val-
ues of 5 x 107> m?/s and 3 x 10~'2 m?|s respectively [27]. There
are some similarities and contrasts that need to be brought out
when the trends in the RCP and NSSM values of these mixtures
are compared. They are summarized as follows: (i) the RCP values
of alkali silicate powder activated slag concretes are lower than
those of plain OPC concretes, (ii) the RCP values of activated slag
concretes, irrespective of the n-M; values, are comparable to those
of OPC concretes modified with fly ash or silica fume, (iii) the NSSM
coefficients of activated slag concretes of lower n-Ms values are
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comparable to those of plain OPC concretes, and (iv) the NSSM
coefficients of activated slag concretes of higher n-Ms values are
comparable to those of OPC concretes modified with fly ash or sil-
ica fume. Microstructural evaluation (overall pore volume and pore
size distribution measurements) are carried out as described in a
forthcoming section to shed more light into these observations.

3.3.2. Relationship between NSSM coefficients and electrical properties

When the NSSM coefficients are plotted as a function of the bulk
resistances of the specimens before the test, the scatter is much
more as observed in Fig. 7a, than that in the R,-RCP relationship
depicted in Fig. 5a. This is because RCP test is essentially a conduc-
tivity/resistivity test, and the factors influencing the RCP test are
more or less the same as those influencing an electrical conductiv-
ity test. On the other hand, the NSSM coefficient (Dyssy,) is obtained
through considerations of ionic movement under an electric field.
Under a potential difference, the ionic movement occurs through
migration and diffusion. At applied voltages of more than 10-
15V, the diffusive component can be neglected, and the transport
can be considered as solely through migration. The Nernst-Plank
equation applies for the migration case, which is solved to obtain
Dhnssm- Thus it is not surprising that there is no direct correlation be-
tween the bulk resistance of the specimens and Djs,,. The effective
electrical conductivity of the specimens before and after the NSSM
test is compared in Fig. 7b. There is a very good correlation be-
tween these conductivities. However, it is observed that the con-
ductivities after the NSSM test are 4-5% lower than those before
the test. This is in contrast to the RCP test where the conductivities
were 14-19% higher after the test. One reason could be the
replacement of the Na* and OH™ ions having higher equivalent
conductivities with Cl™ ions in the pore solution. This could also
be due to microstructural changes that are induced by the NSSM
process, which is the subject of a following section.

3.4. Pore structure and its effects on transport characteristics

The influence of the pore structure on the mechanical and dura-
bility properties of concretes is well-established. It is therefore
important to evaluate the influence of pore structure features of al-
kali silicate powder activated concretes on the RCP and NSSM val-
ues in order to obtain a better understanding of the similarities and
contrasts in the trends of these values. Mercury intrusion porosi-
metry (MIP) on 28-day moist cured paste specimens is used for
pore structure characterization. The use of MIP as an indicator of
the total pore volume is well-accepted, but its use for pore size
determination is questioned [30,31] because of the presence of
“pore-throats” in cement pastes. Mercury cannot intrude into
some of the larger pores until the applied pressure is large enough
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Fig. 7. Relationships between: (a) the bulk resistance (R,) from EIS and the NSSM values, and (b) effective specimen conductivities before and after the NSSM test.
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to saturate the pore throats. However, an indication of the thresh-
old pore diameter, ideally not as an absolute value, but as a param-
eter to facilitate comparison between specimens, can be obtained
from the differential pore volume-pore diameter relationships
[32,33]. Fig. 8a and b depict the cumulative pore volume intruded
by mercury and the differential pore volume (dV/dlogD) for the al-
kali silicate powder activated slag pastes proportioned using n val-
ues of 0.05 and 0.15 respectively and cured for 28 days. The
cumulative pore volumes for all these cases are very similar
(around 0.165 cm3/g), showing that changing the n and M; values
within the range studied here does not influence the total pore vol-
ume in alkali silicate activated slag mixtures. However the RCP and
NSSM values of the activated slag concretes are different for differ-
ent activator parameters (n and M), necessitating the need to
investigate the critical pore sizes.

The critical pore sizes or the threshold pore sizes are taken as the
sizes corresponding to the maximum in the pore diameter (D) - dV/
dlogD relationships. It is the size below which the pore system is
depercolated, and hence is crucial in determining the transport
properties. A comparison of the threshold pore sizes (d.) of the alka-
li silicate powder activated slag pastes shown in Fig. 8a and b indi-
cate that they are different between mixtures made using different
n and M values irrespective of the similarities in the overall pore
volumes. Higher n value mixtures show markedly lower critical
pore sizes. The total pore volume and critical pore size for a plain
cement paste of similar water-to-cement ratio (w/c) are also shown
in Fig. 8c, which are found to be comparable to that of the water-
glass activated paste. When compared to those of the OPC and
waterglass activated paste (n=0.05, Ms=2.0) shown in Fig. 8c,
the critical pore sizes of alkali silicate powder activated pastes are
much lower even though the total pore volume is higher for the
powder activated pastes. The fundamental differences in the pore
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structure between the solid and liquid alkali silicate activated mix-
tures can be understood from Fig. 8. The total pore volume is more
influential in determining the compressive strength of the material,
as shown by the much higher strengths for the waterglass activated
pastes depicted in Fig. 2 and elsewhere [16], whereas the critical
pore size is more influential in the transport properties as observed
from the higher RCP and NSSM values for the waterglass activated
pastes as compared to the powder sodium silicate activated pastes
[25]. A detailed treatment of this behavior and the proof for the
dominance of pore sizes on the pore connectivity and thus the ionic
transport properties in plain and modified concretes, based on elec-
trical impedance spectroscopy and model analysis, have been pro-
vided in an earlier publication [27].

The critical pore sizes obtained from MIP are related to the
parameter n-M;s in Fig. 9, as was shown for the RCP and NSSM val-
ues in Figs. 4 and 6, and a very similar relationship emerge. The
critical pore sizes are found to decrease with increase in n-Ms (or
the silica content in the activator), and beyond an n-M; of about
0.10, the critical pore sizes are independent of n-M,. The same
was found to be true for the RCP and NSSM values. This once again
goes onto show that there is a limiting value of n-M; beyond which
further reaction product formation and refinement of the pore
structure does not happen. This result therefore can be used in
the material design of alkali silicate powder activated slag
mixtures.

3.5. Microstructural modeling using electrical impedance circuits and
associated parameters

3.5.1. Electrical circuit model and associated parameters
The Nyquist plots obtained from EIS contains several features of
the material microstructure that are otherwise difficult to deter-
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mine. Different types of equivalent electrical circuit models have
been used to represent the Nyquist plots of cement-based materi-
als. Equivalent electrical circuits are a combination of resistors,
capacitors, and/or constant-phase elements, which when assem-
bled in certain configurations, provide reliable representations of
the pore structure of the material. Among several equivalent elec-
trical circuits used in the study of cement-based materials, the one
depicted in Fig. 10a has been shown to adequately capture the
material structure [27,34-36], and hence is used in this study. This
model accounts for only the bulk arc in a typical Nyquist plot. The
resistance R, in the circuit denotes the resistance of electrolytes
between the electrodes and the concrete sample in the NSSM test
set up. The resistance R. is associated with the connected pores in
the concrete (percolating pores), while R, is the resistance of the
unconnected or isolated pores in the material structure. C; is the
dielectric capacitance related to the solid phase in the concrete
(paste and the aggregates), and C, is the capacitance associated
with the double layer present between the pore walls and the pore
solution. R; and C3 denote the resistance and capacitance of the
specimen-electrode interface. The total frequency dependent
impedance Z(w) of the system can be represented as:

212,
Z1+27Z,

Z(w) =R, + +25 4)

(a)

Z1, Z5, and Z3 are the impedances of the element groups in the
circuit. The impedances Z; and Z,, belonging to the R~C; and
R,—C; combinations respectively (bulk part of the system) are de-
noted as:

R
T Ry o
Zy = Ruc[1 + (joR,Ca) ") (5b)

The terms « and g are the dispersion factors. The equivalent cir-
cuit model parameters were extracted from the impedance spectra
using ZView™ software. Fig. 10b shows the EIS spectra and repre-
sentative fits obtained from the equivalent electrical circuit for the
bulk arc for two selected activated slag concretes. It can be seen
that the fits are in good agreement with the measured impedance
spectra.

3.5.2. Inferring the changes in material microstructure through circuit
model parameters

The variation in electrical circuit parameters as described above
can also provide indications of the microstructural changes in con-
cretes as a result of chloride ion transport. The resistance of the
connected pores is one of the most important model parameters
that relate to the microstructure because the transport is domi-
nated by the connected (percolating) pores. This parameter relates
very well to the bulk resistance (Rp) as shown in Fig. 11. It was
shown in the earlier section that the conductivities after the RCP
test were higher by about 14-19% and those after the NSSM test
were lower by about 4-5% than the values before the test. Using
the microstructural parameters derived from the circuit model,
this section evaluates the reasons for the changes in the electrical
properties before and after the RCP and NSSM tests.

Fig. 12a shows the relationship between resistances from the
circuit model (R. and R, the resistances of the connected and
unconnected pores respectively) before and after the RCP test.
There is about a 5-10% decrease in both the R. and R, values after
the test, which corresponds well with the increase in conductivity
after RCP test shown in Fig. 5b. Ideally, the unconnected pore resis-
tance should remain unchanged because they do not participate in
transport to a large extent. The change in the modeled pore resis-
tances after the RCP test can be regarded as an indication of the
damage in material microstructure imposed by the higher voltages
and associated temperature increase during the RCP test as has
been reported elsewhere [28]. Fig. 12b depicts the relationship be-
tween R, and R, from the circuit model before and after the NSSM
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Fig. 10. (a) Equivalent circuit model for electrical impedance response, and (b) a fit of the model to typical Nyquist plots.
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Fig. 11. Relationship between the bulk resistance and the resistance of the
connected pores.

test. There is a small increase in the resistance of the connected
pores (as opposed to the decrease in resistance observed after
the RCP test), but the resistance of unconnected pores remain prac-
tically unchanged, in contrast to the observations for the RCP test.
Since the unconnected pores do not participate in transport, this is
expected. The increase in resistance of the connected pores may be
an indication of the formation of new solid products aided by the
ingress of chloride ions or the replacement of highly conductive
OH ions by the less conductive Cl~ ions. However, in the non-stea-
dy state test time interval, it is less likely that the OH™ ions are re-
moved from the specimen [37,38]. The increase in bulk resistances
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and the resistance of the connected pores after the NSSM test
therefore could be construed as an indication of the formation of
new solid products either within the pores or as electrochemical
double layers along the pore walls [39]. Large changes in porosity
are not expected, and it has been shown experimentally [40] that
the porosity changes slightly only in the anolyte side during a
NSSM test. Thus the microstructural parameter that changes as a
result of non-steady state chloride migration is likely the pore con-
nectivity factor (because effective conductivity, geg= go¢, where
0, is the pore solution conductivity, ¢ is the porosity, and g is
the pore connectivity factor [27]).

The relationships between the capacitance representing the so-
lid phase in the concrete (C;), and that associated with the double
layer between the pore walls and the pore solution (C;) before and
after the transport tests shed more light on the changes induced by
the accelerated chloride transport tests on the material microstruc-
ture of alkali silicate powder activated slag concretes. Fig. 13a and
b show the relationships between the capacitances (C; and C;) be-
fore and after the RCP and NSSM tests respectively. For the RCP test
(Fig. 13a), the capacitance attributed to the solid phase (C;) does
not change at all because of the test, whereas for the NSSM test
(Fig. 13b), there is a slight increase in C;, which is similar in mag-
nitude to the increase in R, shown in Fig. 12b. This is an indication
of slight changes in the solid phase microstructure due to the
migration test; potentially a minimal reduction in porosity. How-
ever, when the pore wall-pore solution interfacial capacitance
(G,) is considered, there is a slight increase after the RCP test, but
a much higher increase after the NSSM test as observed from com-
parisons between Fig. 13a and b. This likely denotes the formation
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Fig. 12. Relationships between the resistances of the connected (R.) and unconnected (R,) pores extracted from the circuit model before and after the: (a) RCP test, and (b)
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of reaction products along the pore walls as a result of binding of
chloride ions in the longer duration NSSM test. The binding prod-
uct formation along the pore walls increases the surface area of
the pores [35,36], consequently influencing the transport lengths.
Thus the pore tortuosity (which is proportional to the inverse of
the square root of pore connectivity [27]) of the pore system in al-
kali activated concretes is impacted by the NSSM test, confirming
the inference arrived at based on the changes in resistances in
the previous paragraph. While the amount of bound chlorides in
non-steady state migration and natural diffusion experiments have
been reported to be similar in OPC concretes provided that the
external chloride concentrations are high enough (>1 M) [41], the
presence of higher alkalinity in the pore solution (which can be ex-
pected for alkali activated concretes) reduces the formation of
chloride binding products in the C-S-H [42]. A quantification of
chloride binding has not been attempted in this paper. A compar-
ison with a recent study that dealt with EIS circuit modeling of OPC
concretes subjected to NSSM tests [34] showed that the increase in
interfacial capacitance after the NSSM test for the alkali activated
concretes studied in this paper is only about 60% of that for OPC
concretes. This substantiates the fact that a higher alkalinity re-
duces the binding of chloride ions in C-S-H gel.

4. Conclusions

This paper has presented a thorough investigation of chloride
transport in alkali silicate powder activated slag concretes evalu-
ated using accelerated test methods and electrical impedance
spectroscopy. The influence of the pore structure on the transport
properties and the changes in pore structure as a result of acceler-
ated ionic transport has been brought out.

The RCP values of the alkali silicate powder activated slag con-
cretes were found to be generally lower than those of OPC con-
cretes or waterglass activated slag concretes, but their NSSM
coefficients were similar to those of OPC and waterglass activated
slag concretes. It could therefore be safely stated that sodium sili-
cate powder activated slag concretes have comparable chloride
transport resistance as that of OPC or waterglass activated slag
concretes. It was observed that both the 28- and 56-day RCP and
NSSM values decrease with increase in the activator parameter
n-M; (corresponding to the silica content in the activator), with a
limiting value of 0.10 for n-M; beyond which the chloride transport
parameters are insensitive to the activator parameter. When the
electrical conductivities of the specimens before and after the
transport tests were compared, the RCP test was found to result
in a higher specimen conductivity after the test, possibly contrib-
uted by the ingress of chloride ions and the damage in material
microstructure as a result of higher voltages and associated tem-
perature increase. The specimen conductivities were found to re-
duce slightly after the NSSM test, pointing to the potential
formation of binding products.

While it was observed that the cumulative pore volumes in-
truded by mercury are similar for the alkali silicate powder acti-
vated slag pastes irrespective n-Ms, the critical pore sizes (d.)
were found to be very different. The relationship between n-M;
and d. was found to be similar to the relationships between n-M;
and RCP or NSSM values. It was also shown that the critical pore
size is more influential than porosity in determining the chloride
transport properties of concretes.

The resistances and capacitances extracted from the fits of the
circuit models to the Nyquist plot revealed important features of
the pore structure as related to accelerated chloride transport.
The resistance of the connected pores (R.) obtained from the circuit
model was found to be very similar to the bulk resistance of the
specimens (Ry). R. decreases after the RCP test whereas it increases

after the NSSM test. This might be considered as an indication of
microstructural damage after the RCP test, and the formation of
additional chloride binding products after the NSSM test. Capaci-
tances derived from the circuit models provided more details on
this response. While the pore wall-pore solution interfacial capac-
itance showed only a marginal change for the specimens after the
RCP test, a much higher increase was noticed after the NSSM test,
denoting the microstructural changes along the pore walls. The
pore tortuosity and the transport lengths were found to be influ-
enced much more than the porosity (as observed from negligible
changes in the solid phase capacitance C;) by the NSSM test. EIS
combined with electrical circuit modeling was shown to be effi-
cient non-invasive strategy to understand the influence of acceler-
ated test methods on the material microstructure.
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