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ABSTRACT

It is necessary to improve transport properties of concrete for lengthening the durability of concrete,
therefore it is very important to measure the pore structure of hardened cement paste precisely in
understanding mass transport properties. Measurement in electric conductivity by the AC impedance
method is suggested as simple and easy technique to understand it, and the usefulness is reported in the
case of hardened cement paste used with ordinary Portland cement. However, this technique has not been
applied for hardened cement paste mixed with fly ash and blast furnace slag that has very high resistance
to chloride ingress. In this study, chloride ingress and microstructure of the fly ash cement paste (FAC)
and blast furnace slag cement paste (BFSC) was investigated by the electric conductivity measurement.
For measuring the electric conductivity the AC impedance method was applied, and backscattered
electron image analysis and mercury intrusion method was used for measuring pore structure in FAC and
BFSC. The relationship between porosity and the electric conductivity was expressed by the Archie’s law
that is expressed with exponential function, and very high correlation was shown in chloride diffusion
coefficient and electric conductivity regardless of fly ash and blast furnace slag replacement ratio.

INTRODUCTION

The durability of concrete is strongly influenced by the transport properties of the concrete, which may be
described by its permeability and diffusion characteristics. Therefore, it is very important to be able to
predict the transport properties of a concrete, and also to control the transport properties, in order to
improve the characteristics, and to achieve this, reduction of the water to cement ratio, production of
concrete with supplementary materials such as fly ash and blast furnace slag have been attempted.
However, tests of the diffusion coefficient and water permeability to establish the transport properties of
concrete are time consuming, especially case of blended cement concrete. It is known that the transport
properties strongly depend on the pore structure, and that the diffusion coefficient is related to the
porosity, tortuosity, and pore connectivity, and numerous methods for measurement of the pore structure
have been suggested. A mercury intrusion method is widely used for measuring the pore structure.
Backscattered electron image analysis (BEI) has also been performed to evaluate the pore structure at the
submicron level in recent years [Scrivener 2004]. This technique could measure the quantity of pores in
two-dimensional sections of samples, the quantity measured can be considered similar to that in three
dimensions by performing a statistical analysis. However, it is impossible to evaluate the connectivity of
the pores by BEI.



To evaluate the connectivity of pores, electrochemical methods such as DC impedance or AC impedance
measurements are conducted. About AC impedance measurements, it is possible to measure the electric
conductivity from the bulk electric resistance of cementitious materials, and Christensen reported an
investigation with the technique based on theory and experiments [Christensen 1994]. Numerous studies
based on this technique were reported, and the effectiveness of measuring these properties of concrete has
been shown [McCarter 1990; Keddam 1997; Ping 1993; Cabeza 2002; Sato 2011; Scuderi, 1991]. For the
relationship between electric conductivity and properties of cement based materials, McCarter showed a
good correlation between electric conductivity and permeability and the diffusion coefficient of mortar
[McCarter 2000]. In addition, there are many studies connecting the electric conductivity between the
properties of concrete [Andrade 1993; Streicher 1995; Sanchez 2011; Ortega 2012; Meilun 1999; Diaz
2006; Mercado 2012; Buenfeld 1987; Shane 2000; Vedalakshmi 2008; Narayanan 2010; Minagawa
2010]. However, most studies investigated limited ranges of water to cement ratios (W/C 0.4-0.6), the
relationship between porosity and conductivity of mortar or concrete that includes the effect of the
interfacial transition zone (ITZ) was established as shown in Table 1. Recently, high-strength concrete
and high performance concrete that display a smaller effect of ITZ have been widely utilized
[Vivekanandam 1997; Chen2004]. High strength concrete contains much cement matrix, and the
performance of the cement matrix has a marked influence on the performance of the concrete. Therefore it
is necessary to investigate hardened cement paste as cement matrix where there is no effect of ITZ.
However, there are a few studies on hardened cement paste with a strong emphasis on the properties of
concrete and mortar.

In this study, we measured the pore connectivity of hardened cement paste by the AC impedance method,
the pore structure was measured by mercury intrusion porosimetry (MIP), and the purpose of this study is
to clarify the relations among these. In addition, the relationship between the electric conductivity and the
diffusion coefficient of the chloride ions in hardened cement paste with fly ash and blast furnace slag was
also established. We evaluated the diffusivity of the chloride ions in hardened cement paste by evaluating
the potential of the ability for mass transfer with an AC impedance method which is able to measure this
parameter rapidly by a simple and easy setup. It is considered that this study is useful to understand the
blended cement regarding pore structure.

DIFFUSION AND ELECTRIC CONDUCTIVITY

The diffusion flux of ion specie in porous media is expressed by the Nernst-Planck equation [Andrade
1993; Diaz 2006; Mercado 2012; Minagawa 2010],
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Ji: the flux of an ion species i, D.: the effective diffusion coefficient of the ion species, C: the
concentration of the ion, z: the valence number of the ion species, R: the gas constant, F: Faraday’s
constant, T: the temperature, ¢: the electrical field, and x: the position of medium. When there is no
concentration gradient in a porous medium and the external potential is sufficiently large, equation (1) can
be simplified as,
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Now, the bulk electric conductivity ¢ can be expressed by the following equation,
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This shows that the electric conductivity is proportional to the effective diffusion coefficient and the

concentration of ions from equation (5). The effective diffusion coefficient D and intrinsic diffusion
coefficient Do are related as
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where &: the porosity, S:saturation (moisture condition), m: a constant, and t: the tortuosity. Showing that

the electric conductivity is also proportional to the porosity, saturation and tortuosity.
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EXPERIMENTAL INVESTIGATION

Materials. Ordinary Portland cement (OPC) produced in Japan was used. Blast furnace slag (BFS) and
fly ash (FA) were used for supplementaly materials. The water/cement ratios (0.3, 0.4, 0.5, 0.6, and 0.7)
were used to produce a variety of microstructures in the hardened cement pastes for OPC. BFS
repleacement ratio is 0.3, 0.5 and 0.7 for W/B 0.4, 0.5 for W/B 0.3 and 0.5, and FA replacement ratio is
0.15 and 0.3 for W/B 0.4 specimens. Specimens with high water to cement ratio were mixed every
30minute until bleeding water disappeared in order to avoid the effect of bleeding. The specimens were
cast in 40*40*40mm cubic molds for the electric conductivity measurements, and as 50 mm long 50mm
diameter cylinders for the chloride diffusion measurements. The specimens were demolded after 24 h, and
cured at 20 °C and RH.98% until prescribed age.

The electric conductivity. The size of specimens for the electric conductivity measurements was
40*40*40mm, the stainless electrodes (40*30*0.3mm) were placed 30 mm apart on the specimen. The
effective area of the electrode is 30*30mm, and the AC impedance of the specimens is measured in the
range of 4Hz to 5MHz with an impedance analyzer (HIOKI IM3570). After the measurements a Nyquist
plot was established from the acquired data, and the bulk resistivity was determined from the point where
the electrode resistivity (straight line) and an arc crossed.
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where, pt: the bulk resistivity of specimen, Ra: the measured resistance, L: the distance between
electrodes, A: the effective area of the electrode, and o: the conductivity. The electric conductivity of
hardened cement paste depends on the porosity, pore connectivity, and conductivity of pore solution in
the hardened cement paste.

Chloride ingress depth measurement

We measured the ingress depth of the chloride ions by an electron probe micro analyzer (EPMA: JEOL
JXA-8900M). The specimens were ¢ 50*S0mm (curing ages 28 and 91days) immersed in NaCl 0.5mol/l
solution for 2weeks, after that, the distribution of elements (Ca, Si, and CI) was determined by EPMA and
the ingress depth of chloride was established. And apparent diffusion coefficient was determined by the



following equation, with the concentration C(x,t) derived from Fick’s second law (initial and boundary
conditions: C=Cy at x=0, t>0; C=0 at x>0, t=0 ; C=0 at x=00, t=0),
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with erf: an error function, x: the distance from the exposed face, t: the exposure time, Co: the bulk
concentration, and D.: the apparent diffusion coefficient.
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Mercury intrusion porosimetry. Mercury intrusion porosimetry (MIP) was used for masurement of pore
size distribution. Crushed samples under 5mm sieve was used for MIP measurement.

RESULTS AND DISCUSSIONS

The electric conductivity. The results of electric conductivity measurements of the hardened cement
pastes with various water to cement ratios, various replacement ratio of fly ash and BFSC are shown in
figure 1. The electric conductivity of the specimens with different W/C specimens (figure 1(a)) became
lower value with decreasing water to cement ratios, and the conductivity of all specimens became very
similar after 7 days of curing. The electric conductivity of specimens mixed with BFS and FA decreased
for a long term, the conductivity of blended cement paste were lower than that of OPC of the same water
to binder ratio.
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Figure 1. Electric conductivity of hardened cement pastes (a) OPC, (b) BFSC, (c) FAC.



The electric conductivity, diffusion and pore structure. The effects of the pore volume measured
by MIP on the conductivity of hardened cement pastes is shown in figure 2. The conductivity decreased
with a reduction of porosity by the MIP in all specimens. This relation was generally obeyed by the
Archie’s law, but the correlation coefficient of this relation was low in this study. In particular, for
hardened cement pastes mixed with FA and BFS, a different tendency was shown. The effects of the pore
volume measured by MIP on the apparent diffusion coefficient of hardened cement pastes is shown in
figure 3. The diffusion coefficient of OPC pastes decreaseed with a reduction of porosity. However, the
diffusivity of FAC and BFSC pastes did not decrease by a decrease in porosity. It was shown that other
factors such as chloride adsorption or tortuosity shown in eqation.(6) influenced diffusivity as well as
porosity.
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Figure 2. The effects of the pore volume measured by MIP on the conductivity of hardened
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Figure 3. The effects of the pore volume measured by MIP on the apparent diffusion
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Chloride ingress and electric conductivity. The relationship between conductivity and apparent
diffusion coefficient of chloride ions at 2weeks immersion is shown in figure 4. There is a very strong
correlation between the electric conductivity and the diffusion coefficient of chloride ions in all of the
specimens as shown in previous report [Atkinson 1984]. This result corresponds to the results of the
concrete and mortar relationship between conductivity and diffusion coefficients in previous reports
[Vedalakshmi 2008; Neithalath 2010; Minagawa 2010]. Although, it was shown that both the pore
structure of the hardened cement paste and the composition of the pore solution influence the chloride
ingress as shown in Eq.(6), the diffusion of ions is more strongly influenced by the pore structure. The
effective diffusion coefficient has been shown to be associated with the apparent diffusion coefficient in
other experiments [Yang 2005; Chiang 2007]. In summary it may be concluded that it is possible to
predict the chloride ingress by measurement of the electric conductivity from these relations, and it is also
possible to predict the durability of a new concrete structure, and evaluate the durability of existing
concrete structures. However, it is necessary to consider the effect of the composition of pore solution and
water content (moisture condition) in the concrete as shown in eq.(6) when the electric conductivity
measurements are applied to evaluate the performance of in-situ concrete structures[Saleem 1996; Shi
2004; Kurumisawa 2013]. Therefore it is necessary to measure a moisture content in concrete before
measuring an accurate electric conductivity on site.
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Figure 4. Plot of electric conductivity and apprent diffusion coefficient

CONCLUSION

The electric conductivity and microstructure of hardened cement paste with a range of water to cement
ratios, different replacement ratio of fly ash and blast furnace slag was investigated in this study.

e The electric conductivity of hardened cement pastes depends on the porosity. These relations can be
expressed by Archie’s law in all specimens regardless of water to cement ratio, curing age, different
replacement ratio of FA and BFS. However, the correlation between porosity and apparent diffusion
coefficient was low.

o Finally, relations between the electric conductivity and the diffusion coefficient of chloride ions in
hardened cement paste were established, and it was shown that it is possible to predict the chloride
ingress by measurements of the electric conductivity.
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