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Utilization of SCMs is one of the most promising to improve durability of concrete structures. This
research studies the reactivity of SCMs and chloride resistance of SCMs blended cement paste. A
probability model for assessing corrosion failure of concrete structures was developed for
engineers.

This_research studied the dissolution rate of SCMs through synthetized
aluminosilicate glass. The dissolution rate of aluminosilicate glass depends on 1ts chemical
composition and quasi-crystalline nanodomains of glass phases. The chloride resistance of blended
cement paste depends on the microstructure and the electrostatic interaction between the chloride
ions in the pore solution and the chemical bound chloride. A probability model was finally proposed,
which considers the coupled effect of loading action, chloride ingression, crack development and
corrosion initiation and progression. The analyses results show that SCMs could improve the
durability of concrete structures. This probability model provides a powerful tool for civil
engineer to design concrete structure under marine environment.
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1. Background

Reinforcement corrosion is one of most dangerous threats to reinforced concrete (RC).
An enormous amount of money is spent each year to maintain RC structures. The Japan
Society of Corrosion Engineering has estimated that the economic loss induced by
reinforcement corrosion of RC structures rose to 207 billion yen from 1996 to 1998. The
ingression of environmental chloride from de-icing salt or sea-water is one of the most
dominant factors contributing to corrosion. Therefore, engineers have attempted to
improve the chloride residence of concrete. Among the various measures being explored,
the use of SCMs is one of the most promising. In addition to improving the casting quality,
SCMs also enhance the microstructure of cement paste and mitigate chloride attack from
the environment. Thomas et al. studied chloride concentration profiles at different ages in
fly ash concrete exposed in a marine tidal zone for up to 10 years. The chloride content
barely increased beyond the initial 28-day period for the concrete with 30% fly ash.
Unfortunately, the application of SCMs is still hindered by their significant variability.
Therefore, engineering practice demands a unified and comprehensive method to
characterise the chloride resistance of blended concrete and design SCM blended concrete

structure.

2. Purpose

This research aims to characterize of the reactivity of SCMs through synthesised glass;
study the underlying mechanisms of chloride resistance of SCMs blended cement paste;
and develop a comprehensive chloride transport model. A probability model for assessing
corrosion failure of concrete structures was further developed. This probability model
facilitates the development of a comprehensively whole-life designed approach of

concrete structure under marine environments.

3. Research methods

This research studied the reactivity variations of SCMs through synthesised glass with
various Ca/Si ratios and Al/Si ratios. The effects of chemical composition and quasi-
nanodomains of glass phase on the dissolution rate of SCMs was discussed. The chloride-
resistance of blended-cement paste were studied by steady-diffusion test. The effect of
Ca/Si and Al/Si ratio was studied by mixing various mass fractions of nano SiO> and
ALO; powder. Based on these experimental results, a probability model for assessing
corrosion failure of concrete structures was finally developed, which considers the
coupled effect of loading action, chloride ingression, crack development and corrosion

initiation and progression.



4. Research results

4.1 Dissolution rate of aluminosilicate glass

Aluminosilicate glass with various Al/Si ratios were synthetized. All samples were
prepared using reagent-grade Al>,O3, Si0,, CaCO3, Na;CO3 and MgO. The mixtures with
different Al/Si ratio were designed according to chemical composition of low-calcium
SCMs. The samples were then heated to 1600 °C and maintained at that temperature for
4 h to ensure that the powders completely and homogeneously melted. The molten
mixtures were then removed and quenched in deionised water. A model glass-mullite
mixture (Fig. 1a) was synthesized using the sample mixture of G6 but quenched in air to

allow crystallization of mullite.
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(a) Glass-mullite intermixture found from fly ash (b) Dissolution rate of aluminosilicate glass
Fig. 1 Synthesized Aluminosilicate glass and dissolution rate result

The long-term dissolution rates of aluminosilicate glass were determined under
alkaline conditions by measuring dissolved element concentrations (Fig. 1b).
Experimental results show that the dissolution rate of aluminosilicate glass depends on
its Al/Si ratio due to the non-bridging oxygen increasing and phase separation.
Experimental results also show that the dissolution rate of glass-mullite intermixture is
significantly smaller than the aluminosilicate glass with same chemical composition. That
is because the Al/Si ratio of glass phase of glass-mullite decreases and quasi-crystalline

nanodomains form in the glass phase.

4.2 Steady chloride diffusion test

Several blended cement pastes were prepared by white cement and nano SiO; and Al,0O3
with a water-binder ratio of 0.55 and a replacement ratio of 10%. The mass fractions of
nano SiO and Al,O3 were adjusted according to the chemical composition of silica fume,
fly ash and metakaolin. The cement pastes were cured at RH 99% for 120 days. The
pozzolanic reaction were believed to be completed because nano powders were used.
After curing, all cement pastes were polished to 3mm height and installed on a customized
experiment setup of steady chloride diffusion (Fig. 2a). The chloride concentrations of

bottom tank were 0.5mol/L, 1.0mol/L and 2.0mol/L. The chloride concentrations of upper



tank due to diffusion were measured by ion meter.

Experimental results shows that the diffusion coefficient of blended cement paste is
significantly smaller than the one of cement paste. That is because the microstructure of
blended cement paste is enhanced due to the pozzolanic reaction and the formation of
Friedel’s salt. It should be noted that the chloride concentration of upper tank does not
proportionally increases with the one of bottom tank. That is because the electrostatic
interaction between the chloride ions in the pore solution and the chemical bound chloride
on the surface of C-(A)-S-H gel, which so called electrical double layer (EDL). A more
comprehensive chloride transport model of blended cement paste is developing based on
Al/Si ratio and Ca/Si ratio. This model considers the microstructure of blended cement

paste and the effect of chloride binding and EDL.
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(a) Experiment setup of steady chloride diffusion (b) steady chloride diffusion results

Fig. 2 Experiment setup of steady chloride diffusion and chloride diffusion results

4.3 Cement chemistry analyses of blended cement paste

Reliable cement chemistry analysis approaches are required to characterize the chloride
resistance of blended cement paste. This research developed a modified tangential method
for thermogravimetric analysis test. This method provides a reliable estimation of calcium
hydroxide content and chemical water content of blended cement paste. This research
also developed a method to measure the Ca/Si and Al/Si ratio of blended cement paste

based on SEM-EDS. Fig.3 shows these two developed methods.

Several advanced chemical analysis approaches for cement paste have been developed.

(a) Modified tangential method for TGA test, which accurately estimate the mass of carbonation phase (b) A new SEM-EDS approach to determine the Ca-A1-Si distribution of cement paste
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Fig. 3 Advanced chemical analyses approach for blended cement paste.

4.4 Probability assessment of corrosion failure time of concrete structure



A rapid approach of time-dependent chloride diffusion of two-layer material was
developed. This approach could be used to simulate the chloride diffusion process of
cracked concrete, which considers the crack development and time-dependency of
chloride diffusion coefficient and surface chloride content. The reliability of this approach
was verified through comparison with finite element method. It should be noted that the
solution speed of this approach is very fast, only 0.2 sec for one case. It facilitates the
probability assessment of corrosion failure of concrete structures.

Coupling with rapid two-layer diffusion approach, a probability model for assessing
corrosion failure of concrete structures was finally developed, which considers the
coupled effect of loading action, chloride ingression, crack development and corrosion
initiation and progression. Based on the experimental result of steady chloride diffusion
test, probability analyses of estimating corrosion failure time of cracked concrete beam

were conducted using Monte-Carlo simulation. The designed details of concrete beam
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Fig. 4 Designed details of concrete beam
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Fig. 7 Probability analyses results
It is assumed that the beam subjected 175kN, which is around 65% of the flexural
capacity of the beam. The surface chloride content gradually increases from 2% to 5%
(mass fraction of concrete powder). The DuCOM corrosion model was adopted. The
concrete beam is assumed to be failed if the reinforcement stress is higher than yielding
stress. The sample cases is 5x10°. Fig. 5 shows the analyses result. It shows that flexural
failure of OPC concrete beam appears after 20 year. The failure probability increases to
65% after 100 year. SCMs significantly improves the durability of concrete beam. The

failure probability decreases to 43% and 20% when we use fly ash and metakaolin.
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