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E XECUTIVE SUMMARY
Prior to this work, Caltrans saw the need for research to validate the corrosion mitigation design
assumptions in order to better define the strategies used to design concrete structures with
adequate corrosion mitigation measures and thus a “maintenance-free” service life. Additional
research was also considered necessary to establish standard, reliable, and rapid test methods for
determining chloride diffusion coefficients and chloride thresholds.
In this work, various laboratory tests were conducted to investigate the properties of mortar and
concrete samples with cement partially replaced by various minerals (class F and class N fly ash
[FA], ultra-fine fly ash [UFFA], silica fume [SF], metakaolin [MK] and ground granulated blastfurnace slag [GGBFS]). The key findings are provided as follows. These include: the
compressive strength, Young's modulus, and modulus of toughness of mortar samples at 1-d, 7-d
and 28-d; the compressive strength and porosity of concrete samples at 90-d; the chloride
diffusivity and EIS measurements of hardened mortar and concrete samples; the natural diffusion
of chloride into select concrete samples; the freeze-thaw resistance of mortars in the presence of
chloride deicers; and the effect of mineral admixtures on the chloride binding and chemistry of
the pore solution in mortar.
The accelerated chloride migration test of hardened concrete specimens found them to feature
unusually low chloride diffusivity (D s values in the order of 10-13 m2/s vs. the commonly reported
10-12 m2/s), corresponding to very high compressive strength. The research findings imply that
these high-quality concrete samples tested likely had little or no interfacial transitional zone (ITZ)
in them. The chloride diffusivity in high-strength concretes was largely determined by the use of
coarse aggregates whereas the effect of mineral admixtures was relatively small.
Some detailed findings from the laboratory investigation are provided as follows.
1.

The partial replacement of cement by 20% class F FA and 5% SF, by 20% class F FA
and 5% MK, or by 25% class F FA alone greatly reduced the 1-day compressive strength
of mortar samples, whereas the partial replacement of cement by 10% MK, 10% SF, 10%
UFFA, 50% GGBFS, or 25% class N FA improved the 1-day strength to various degrees.

2.

The combined addition of class F and MK dramatically reduced the 7-day compressive
strength of mortar samples, followed by the use of GGBFS or SF, whereas the addition of
most other minerals (except MK) also decreased the 7-day strength to various degrees.

3.

The combined addition of class F and MK increased the 28-day compressive strength of
mortar samples, whereas the addition of most other minerals (except GGBFS) decreased
the 28-day strength to various degrees.

4.

All the SCMs dramatically reduced the 1-day Young's modulus of mortar samples, but
they showed mixed effect on the 7-day and 28-day Young's modulus. All the SCMs
dramatically reduced the 7-day and 28-day modulus of toughness, but they showed mixed
effect on the 1-day modulus of toughness. The reduction in the moduli of concrete is
beneficial as it renders the concrete less prone to shrinkage cracking, which in turn,
reduces the risk of rapid chloride ingress.

5.

According to the EIS measurements after the ACMT using 90-day old mortar samples, all
the SCMs dramatically increased the electrical resistivity of the mortar samples in the
electrolyte while most SCMs (except GGBFS) decreased the electrical capacitance of the
mortar to various degrees.
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6.

The effect of partially replacing cement with SCMs on the steady-state diffusion
coefficient (D s ) obtained from the ACMT was evaluated using 90-day old mortar
samples. The results indicate that the use of 20% class F FA and 5% SF as cement
replacement significantly increased the chloride diffusivity in mortar and the use of 10%
MK or 50% GGBFS significantly decreased it, whereas other SCMs decreased the D s to
various degrees. Note that the D s values were all very low (in the order of 10-13 m2/s), and
the chloride diffusivity differences between these highly impermeable concrete samples
could be related to the workability and construction practices of the fresh concrete mixes.

7.

There is no clear trend related to the effect of SCMs on the 90-day compressive strength
of concrete or the chloride diffusivity in the 360-day concrete samples. Nonetheless, the
chloride diffusivity is much lower in the concrete mixes than in their corresponding
mortar mixes, with the D s values in the order of 10-13 m2/s in concrete and of 10-11 m2/s in
mortar. This highlights the important role of coarse aggregates in slowing down the
chloride ingress into concrete.

8.

All the mortar mixes had a 28-day compressive strength above 4,000 psi (27.6 MPa)
whereas the non-air-entrained concrete mixes at 90 days on average featured twice as
high a compressive strength. Such extremely high strength values suggest that the
hardened concrete had outstanding microstructure, which is consistent with their
extremely low D s values indicative of chloride diffusivity. The compressive strength of
air-entrained concrete was consistently lower than that of their non-air-entrained
counterpart, yet the differences in their chloride diffusivity were not as appreciable.

9.

The natural diffusion results indirectly confirmed the order of magnitude of D s values of
concrete specimens obtained from the ACMT.

10.

Generally speaking, the lower D s values corresponded to the higher compressive strength
values, as both indicate high quality of the mortar or concrete. The lower D s values in
mortar corresponded to the lower D s values in the non-air-entrained concrete, indicating
that chloride diffusion in the mortar phase contributed to the overall chloride diffusion in
the concrete.

11.

There is a strong proportional correlation between the transformed mortar strength and
the concrete strength, suggesting that the mortar phase is an integral component of the
heterogeneous concrete matrix and greatly contributes to its compressive strength.

12.

The chloride diffusivity generally increases with the volume of permeable voids in
concrete.

13.

The cumulative charge generally increases with chloride diffusion coefficients.

14.

The electrical resistivity of concrete generally decreased after the electro-migration test
whereas its electrical capacitance generally increased.

15.

Mix design 9 (20% class F FA + 5% MK) and mix design 11 (10% SF) had the lowest
binding capacity, whereas mix designs 1 (100% cement), 7 (10% UFFA) and 9 (50%
GGBFS) had generally high chloride binding capacity relative to other mixes.

16.

The pH data suggest that all the mineral admixtures reduced the alkalinity of the pore
solution in the mortar samples, regardless of their type and amount.

17.

The weight loss of mortar specimens was the greatest in the presence of diluted NaCl
solution, followed by the diluted CaCl 2 , and then by the diluted MgCl 2 solution, whereas
the mortar deterioration in the de-ionized water was negligible. In the presence of diluted
NaCl solution, the mix designs, the mix designs 13 (10% MK), 15 (10% UFFA) and
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particularly 17 (50% GGBFS) showed less weight loss relative to the control, whereas
other SCMs exacerbated the freeze-thaw damage with the mix designs 5 (25% class N
FA) and particularly 7 (20% class F FA + 5% SF) being the worst. In the presence of
diluted CaCl 2 and MgCl 2 solutions, the effect of mineral admixtures on the freeze-thaw
resistance of mortar followed a trend similar to that seen in the presence of diluted NaCl
solution, yet with the mix designs 5 (25% class N FA) and 7 (20% class F FA + 5% SF)
being the worst respectively. In summary, the partial replacement of cement by 50%
GGBFS is most beneficial for the freeze-thaw resistance of mortar, followed by the 10%
UFFA or 10% MK replacement; whereas the use of ordinary fly ash and silica fume
seems to undermine the freeze-thaw resistance of mortar in the presence of various
diluted chloride solutions.
A two-dimensional finite-element-method (FEM) model, coupled with the stochastic technique,
was developed to study the service life of reinforced concrete as a function of various influential
factors. The FEM model stochastically sampled its inputs. Specifically, the surface chloride
concentrations and concrete cover depth follow the normal distribution, whereas the diffusion
coefficients and the chloride threshold follow the gamma distribution and the triangular
distribution respectively. The nonlinear partial differential equations (PDEs) to characterize the
spatial and temporal evolution of ionic species were numerically solved. The key findings are
provided as follows.
1.

All concrete mixes investigated had a 50%-probability service life of 114 years or longer
(with a surface chloride concentration of 6 kg/m3 and concrete cover of 50 mm), which
highlights the great potential of reinforced concrete as a construction material when the
concrete is made using the best practices of construction and curing and is free of
cracking. The modeling also suggest that when the concrete is made using the best
practices, partially replacing cement with class F FA, SF, MK, or GGBFS tends to
decrease the service life of reinforced concrete or at least show little benefits to its service
life. This trend contradicts what have been generally reported in published literature, and
is likely attributable to the fact that the Portland cement concrete (PCC) made without
any mineral admixtures (mixes 1 and 2) featured unusually low chloride diffusion
coefficients in the order of 10-13 m2/s. Finally, for all these high-quality concrete mixes,
the effects of air entrainment on the chloride diffusivity in concrete and the service life of
reinforced concrete were not dramatic and do not show a clear trend.

2.

Based on the modeling results, chloride inward-diffusion with the lowest surface chloride
concentration is the most sluggish process. With the surface chloride concentration
increasing, the service life decreases significantly.

3.

The service life of reinforced concrete decreases as the cracking level of the concrete
increases. When the crack density is over 200 m-2, the service life shows no significant
dependence on further increase on crack density, which is attributable to the forming of
continuous net-like configuration in the concrete domain.

4.

Assuming negligible diffusion of chloride ions in coarse aggregates and absence of
interfacial transition zone (ITZ), the chloride diffusion rate in concrete was found to be
quite different from its corresponding homogeneous medium. The overall flux decreases
as the volume fraction of aggregates increases.

5.

For all the mineral concrete mixes investigated, as the concrete cover depth increases, the
time to corrosion initiation of rebar in concrete is predicted to increase exponentially,
highlighting the importance of cover depth in extending the service life of reinforced
concrete exposed to external chlorides. According to the model calculations, it would
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take more than 100 years for the chloride ions in an aggressive environment (with surface
chloride content of 8 kg/m3) to reach the threshold level at a depth of 60 mm. It should be
cautioned that the chloride diffusivity data used for the model were measured using
specimens cored from the center of a large concrete sample. In field construction, the top
layer of the concrete cover is likely to have much higher chloride diffusivity than the
interior of the concrete, in light of the possible defects derived from bleeding and water
evaporation etc. at the top layer. Furthermore, the field construction is unlikely to achieve
the same level of detailed quality assurance as implemented in the laboratory study and
cracking cannot be fully eliminated for the service life prediction considerations. In this
context, a thicker-than-predicted concrete cover is needed for the target service life of
concrete structures in the field environment and the importance of good construction and
curing practices can not be overemphasized.
6.

The technique developed in this work (e.g., multi-species transport model) was found to
be very effective in predicting chloride migration and generating statistical conclusions
about the service life of reinforced concrete, which allows the civil engineers to estimate
the rate of chloride ingress and associated deterioration risk of reinforced concrete.
Future improvements could be made to the model so that it takes into account the timedependency of transport properties of concrete, the corrosion propagation, the chloride
penetration mechanisms other than diffusion (e.g., wicking), the structure geometry, the
environmental humidity and temperature fluctuations and the decay of structures under
coupled physical, chemical, and mechanical deterioration processes etc.

Recommendations for Implementation
1.

The accelerated chloride migration test (ACMT) used in this work should be considered
by the Caltrans corrosion technology branch for implementation. When testing the
concrete with unusually low chloride diffusivity (D s values in the order of 10-13 m2/s), the
test could last up to 2 months using a 30-V applied voltage and a 25-mm thick disc
specimen. Nonetheless, for most concrete mixes prepared in the field construction, the
chloride diffusivity is expected to be much higher and the test typically would last no
more than 2 weeks. An unusually high compressive strength can serve as a warning sign
that the concrete may be highly impermeable. In general, the ACMT is anticipated to help
Caltrans and other departments of transportation (DOTs) to make the transition from
prescriptive specifications of concrete mixes to more performance-based specifications,
which then would allow more innovation and flexibility in the materials selection of
concrete and likely facilitate the paradigm shift from conventional PCC to EFCs.

2.

If coupled the ACMT with the model developed in this work or the simplistic Life-365
software, this would provide a rapid, reliable method for determining the amount of
concrete cover needed, based on the amount of chlorides present in the service
environment and the required design life. With further improvements on the service life
model, it could also be used for life cycle costing and for the timing of repair or
rehabilitation strategies.

3.

Caltrans should consider additional research phases for this work, such as the
development and field evaluation of various types of high performance corrosionresistant concretes. The research findings from such work should be shared with the DOT
Design Engineers, as it may lead to improvements to the current Bridge Design
Specifications in mitigating chloride-induced corrosion and deterioration.
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4.

The research findings imply that the chloride diffusivity in high-strength concretes
largely determined by the use of coarse aggregates instead of the mineral admixtures. As
such, the role of coarse aggregates in concrete durability should be further explored. The
existing ASTM standard on the proportioning of aggregates may be further optimized for
conventional and unconventional concrete mixes, in light of their important role in
dramatically slowing down chloride ingress. Similarly, how the preparation of aggregates
affects the durability of concrete merit further investigation, as it may benefit the internal
curing of concrete and minimize its early-age cracking.

5.

The processes and procedures used in the new construction should be closely supervised
under a systematic quality assurance program, in order to achieve the great potential of
reinforced concrete as a construction material and to manage corrosion risks pro-actively.
The importance of good construction and curing practices can not be overemphasized, as
they greatly reduce the risk of rebar corrosion in concrete.

6.

Continued research is needed to explore the effect of partially replacing cement with
mineral admixtures on the durability of concrete. The results from this study imply that
for concrete with ordinary quality, the mineral admixtures may have great potential in
increasing its electric resistivity, enhancing its chloride binding (e.g., the use of 10%
UFFA or 50% GGBFS), reducing its chloride diffusivity (e.g., the use of 10% MK or
50% GGBFS), and improving its resistance to freeze-thaw in the presence of diluted
deicers (e.g., the use of 50% GGBFS, 10% UFFA, or 10% MK). The use of fly ash and
slag etc. may translate to cost savings and reduced energy use, greenhouse gas emissions
and landfill waste, without sacrificing quality and long-term performance of the concrete.
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C HAPTER 1. I NTRODUCTION
1.1. Problem Statement
Concrete is the most widely used man-made building material in the world, owing to its
versatility and relatively low cost. Concrete has also become the material of choice for
the construction of structures exposed to extreme conditions [1]. Furthermore,
sustainability has become an increasingly important characteristic for concrete
infrastructure, as the production of Portland cement (the most common binder in
concrete) is an energy-intensive process that accounts for a significant portion of global
carbon dioxide emissions and other greenhouse gases [2,3]. As such, even slight
improvements in the design, production, construction, maintenance, and materials
performance of concrete can have enormous social, economic and environmental
impacts.
In this context, there are a variety of approaches to enhance the sustainability of concrete
and reduce its environmental footprint. One attractive approach is to enhance the
durability of concrete infrastructure, since durability is a key cornerstone for
sustainability. According to the ASCE 2009 Report Card for America’s Infrastructure,
$2.2 trillion needs to be invested over five years to ‘bring the nation’s infrastructure to a
good condition” [4], which highlights the urgent need for research devoted to longerlasting and “maintenance-free” concrete materials.
There is general agreement that the most effective improvement in concrete durability
can be achieved at the design and materials selection stage of a project by using adequate
concrete cover and high-quality concrete. Usually, an increase in the thickness of the
concrete cover leads to beneficial effects, because it increases the barrier to the various
aggressive species moving towards the reinforcement and increases the time for corrosion
to initiate. In reality, however, the cover thickness cannot exceed certain limits, for
mechanical and practical reasons [5]. The Florida Department of Transportation (DOT)
adheres to the following specifications for concrete bridge substructures within the 0-12
foot elevation range relative to mean high tide: 1) adequate cover (4 inches for cast-inplace members and 3 inches for prestressed components), and 2) low water-tocementitious material (w/c) ratio concrete with pozzolanic (fly ash or silica fume) or
corrosion inhibiting admixtures [12]. In light of advances in concrete technology and
requirements of the AASHTO Load and Resistance Factor Design (LRFD) for a 75-year
design life, the California Department of Transportation (Caltrans) made significant
changes to its Bridge Design Specifications (BDS) Article 8.22 in 2000 and adopted the
approach of using the chloride diffusivity through concrete to determine the concrete
cover requirements for structures subjected to chloride-bearing environments. The
current BDS Article 8.22 provides guidance to the Design Engineer in determining the
required cement type, minimum required concrete cover, etc. for corrosion protection of
various bridge members [6]. For instance, for bridge members exposed to corrosive soil
or water (containing more than 500 ppm of chlorides), the maximum w/c ratio shall not
exceed 0.40. Mineral admixtures conforming to ASTM Designation C 618 Type F or N
(e.g., fly ash) are required for all exposure conditions, except for ‘non-corrosive’
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exposure conditions. For such bridge members as precast piles and pile extensions
exposed to corrosive conditions, mineral admixtures conforming to ASTM Designation C
1240 (e.g., silica fume) may be required. The minimum concrete cover required for
bridge members ranges from 1 to 5 inches, dependent on the bridge member type and
exposure condition [6].
Recent years have seen increasing interest in environmentally-friendly concretes (EFCs),
which utilize industrial byproducts or waste materials and thus benefit the environment.
Among them, mineral admixtures such as fly ash, silica fume, and slag – have been used
to partially replace cement in concrete while shown to enhance concrete durability and
improve resistance to chloride diffusion. They are also known as supplementary
cementitious materials, or SCMs. Like other state DOTs, Caltrans has developed concrete
mixes for corrosion mitigation of structures with the aid of such SCMs. However, the
work to date has been based on diffusion coefficient data for low permeability, mineral
admixture concretes selected from available literature, which may not represent the
materials and exposure conditions seen in California. Additional research is thus needed
to validate the corrosion mitigation design assumptions by Caltrans in order to better
define the strategies used to design concrete structures with adequate corrosion mitigation
measures and thus a “maintenance-free” service life.
Furthermore, a significant amount of variability exists in determining chloride diffusion
coefficients as an indicator of concrete durability. First, values of chloride diffusion
coefficient usually vary from 10-13 m2/s to 10-10m2/s in relation to the concrete properties
and the exposure conditions. In particular, these values depend on the concrete pore
structure and on all the factors that determine it, such as: mix design parameters (w/c
ratio, type and proportion of mineral admixtures and cement, compaction, curing, etc.)
and presence of cracks. The chloride diffusion coefficient is also a function of chloride
exposure condition (submerged, splash, atmosphere, etc.) and the length of exposure,
partly due to hydration of slowly reacting cement constituents such as blast furnace slag
or fly ash [5]. When the chloride diffusion coefficient is used to evaluate the risk for
reinforcement corrosion and to forecast the service life of concrete structures, chloride
threshold is a very important parameter, the value of which is still a subject of
controversy. In reality, the determination of chloride diffusion coefficient and chloride
threshold is often affected by the method of chloride analysis. Second, existing chloride
permeability tests are either very time-consuming for high-quality concrete mixes or too
biased to provide reliable chloride diffusion coefficients. Additional research is thus
needed to establish standard, reliable, and rapid test methods for determining chloride
diffusion coefficients and chloride thresholds. Such methods are anticipated to help
Caltrans and other DOTs to make the transition from prescriptive specifications of
concrete mixes to more performance-based specifications, which then would allow more
innovation and flexibility in the materials selection of concrete and likely facilitate the
paradigm shift from conventional Portland cement concrete (PCC) to EFCs.
1.2. Background
1.2.1. Chloride-Induced Corrosion of Steel Rebar in Concrete
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Concrete normally provides both chemical and physical protection for the steel
reinforcement embedded in concrete. The cement hydration leads to the highly alkaline
(pH 13 or higher) pore solution of concrete, which promotes the formation of an
oxide/hydroxide film at the steel surface, a passive film of about 10 nanometers thick [7].
This protective film effectively insulates the steel and electrolytes so that the corrosion
rate is negligible. In addition, the concrete cover prevents or at least retards the ingress of
aggressive substances. While the chloride ion (Cl-) has only a small influence on pore
water pH, concentrations as low as 0.6 kilograms per cubic meter (kg/m3 by weight of
concrete) have been projected to compromise steel passivity [7]. Furthermore, the
protection of steel by concrete is compromised by the gradual ingress of atmospheric
carbon dioxide into the concrete, a process known as carbonation, which reduces the
pore solution pH of carbonated concrete to the range of 8 to 9. The corrosion due to
carbonation progresses at a much lower rate that that due to chloride ingress [8]. Concrete
exposure to acids, sulfates and freeze-thaw cycles may also compromise the protection of
steel rebar.
Chloride ingress is one of the major forms of environmental attack to reinforced concrete
[9], which leads to corrosion of the reinforcing steel and a subsequent reduction in the
strength, serviceability, and aesthetics of the structure. For reinforced concrete structures
such as highway bridges, the chloride-induced corrosion of rebar has been a major
problem with serious economic and safety implications. Chloride, often originated from
marine environments or deicing applications, can initiate rebar corrosion once its
concentration at the embedded rebar depth reaches a certain threshold. The local
disruption of the passive film initiates corrosion cells between the active corrosion zones
(anode) and the surrounding areas that are still passive (cathode) [7,10], as shown in
Figure 1-1.

FIGURE 1-1 A typical corrosion cell in a salt-contaminated reinforced concrete
For stable pit growth to be sustained, the relative concentrations of aggressive Cl- and
inhibitive OH- should be above a certain ratio, otherwise re-passivation will occur [11].
The accumulation of corrosion products (oxides/hydroxides) in the concrete pore space
8

near the rebar then builds up hoop stresses around steel and results in cracking or spalling
of the concrete, which in turn facilitates the ingress of moisture, oxygen, and chlorides to
the embedded rebar and accelerates the corrosion of steel [12].
Corrosive agents, liquid or gaseous, may penetrate the concrete through capillary
absorption, hydrostatic pressure, or diffusion. The ingress of gases, water or ions in
aqueous solutions into concrete takes place through pore spaces in the cement paste
matrix and paste-aggregate interfaces or microcracks. For the durability of concrete,
permeability is believed to be the most important characteristic [13], which is related to
its microstructural properties, such as the size, distribution, and interconnection of pores
and microcracks [14]. For reinforced concrete structures exposed to salt-laden
environments, the chloride permeability of concrete has been recognized as a critical
intrinsic property of the concrete [15].
1.2.2. Role of Mineral Admixtures in Concrete Durability
Mineral admixtures, generally pozzolanic materials, are mainly glassy siliceous materials
that may contain aluminous compounds [5]. The reaction of such materials with
Portlandite (i.e., calcium hydroxide) and water generates hydration products similar to
those of Portland cement, i.e., calcium silicate hydrates (C-S-H), a rigid gel composed of
extremely small particles with a layer structure:
pozzolan + water + Ca(OH) 2 → C-S-H
This reaction can also be generally represented as:
H 4 SiO 4 + Ca(OH) 2 —> H 2 SiO 4 2- + Ca2+ + 2 H 2 O —> CaH 2 SiO 4 · 2 H 2 O
whereas the actual stoichiometry of the reaction may vary as a function of the Ca/Si ratio,
available water molecules, etc., resulting in various C-S-H that may deviate from the
general formula (CaH 2 SiO 4 · 2 H 2 O).
The use of mineral admixtures such as fly ash, silica fume, slag and metakaolin has been
shown to enhance concrete durability [16-18], by increasing chloride binding [19],
decreasing chloride permeability [18, 20], elevating threshold chloride content [21],
and/or improving the distribution of pore size and shape of concrete matrix [22]. Since
some of these materials are cheaper than Portland cement, there is also an economic
advantage to wider use. Dhir and Jones [24] used the low-lime fly ash to develop
concrete mixes with improved chloride resistance, by improving the pore structure and
binding capacity of the concrete. They found that ternary blends (cement and fly ash
blended with silica fume or metakaolin) showed the highest chloride resistance. Hossain
et al. [25] found that the incorporation of ultra-fine fly ash (UFFA) improved the strength
and chloride penetration resistance of concrete, and the incorporation of silica fume had
even more pronounced benefits. They also found that the silica fume addition led to low
slump and high early-age shrinkage whereas the UFFA addition mitigated these two
issues. As such, a ternary blend (with cement, silica fume and UFFA) was developed to
feature high early-age strength, improved durability, low slump and low free shrinkage.
9

Thomas et al. [26] investigated the synergy between silica fume and fly ash, as silica
fume compensates for the low early-strength pertinent to fly ash addition while fly ash
compensates for the workability issues pertinent to silica fume addition. The
combinations of low dosage (3% to 6%) of silica fume and moderate dosage (20% to
30%) of fly ash (despite its high lime content) were found very effective in reducing
expansion due to alkali-silica reaction (ASR) and in mitigating sulfate attack. The ternary
blends showed significant improvements in reducing chloride penetration and such
reduction in diffusivity continued to increase with age. Thomas and Bamforth [20]
modeled the chloride diffusion in concrete using data from long-term field and laboratory
studies and showed that the incorporation of fly ash and slag may have little influence on
the early-age chloride resistance but dramatic benefits after a few years of exposure.
Mangat et al. [27] investigated the partial replacement of cement by pulverised fuel ash,
slag, and microsilica and showed microsilica to be the most effective in enhancing the
corrosion resistance of rebar in concrete. The microsilica addition was found to greatly
increase the pore volume in cement paste yet greatly decrease the chloride penetration.
Güneyisi et al. [28] investigated the rebar corrosion in concrete made of blended cements
which contained various proportions of Portland cement clinker, blast furnace slag,
natural pozzolans, and limestone powder. Relative to the plain cement concrete, the
specimens with blended cements showed superior corrosion performance and generally
longer time to corrosion cracking, which correlated very well with the splitting tensile
strength data.
There is existing research demonstrating the use of mineral admixtures to improve other
aspects of concrete durability, such as effectively mitigating the ASR-induced damage in
concrete [29-32]. Papadakis [33] found that replacing aggregates with SCMs (silica fume,
low- and high-lime fly ashes) improves the resistance of concrete to carbonation whereas
replacing cement with SCMs increases the carbonation depth. In both cases, however, the
incorporation of SCMs significantly lowered the total chloride content in concrete at all
depths other than the very external surface layer. Mineral admixtures may slow the rate
of strength gain in concrete, but do not adversely affect the long-term concrete strength
[34] or even improve its strength properties [27, 35, 36]. Concrete mixes with highvolume fly ash or high-volume fly ash and ground slag demonstrate good workability,
high compressive strength, and excellent durability (negligible carbonation and very low
chloride penetration) [37].
Fly ash (FA) is a byproduct of coal combustion in the generation of electricity, i.e., a
finely segregated residue captured from the flue gas at coal-fired power plants. Most FA
particles are spherical and amorphous, ranging in size between 10 and 100 microns. With
increasing energy costs and heightened concerns about the impact of concrete
construction and maintenance activities on the environment, there has been an attendant
increase in interest and research activity on the use of FA and other recycled materials in
concrete, including those targeting ASR prevention [38-40]. The effectiveness of FA in
mitigating mortar bar expansion induced by potassium-acetate-based deicer solution was
found to depend on the lime content of FA and its dosage level [41].
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The use of FA as a supplemental binder in concrete is common: 15 of the 72 million tons
of fly ash produced in the U.S. in 2006 were used for this purpose [42] and many states
have allowed the use of performance-specified (ASTM C 1157) cements that contain FA.
The efficacy of a particular FA in this regard however is difficult to predict and no single
index value or combination of values is an infallible predictor of its performance in
concrete [43]. Following the provisions of ASTM C 618, fly ashes can be divided into
two primary classes, F and C, based on their chemical composition resulting from the
type of the coal burned. Normally Class F FA is produced from anthracite or bituminous
coals, whereas Class C FA is produced from lignite or sub-bituminous coals [44]. ASTM
C 618 also specifies another class, N, typically for natural pozzolans. This classification
system, based on the silica, alumina, and iron oxide content of the ash (as shown in
Appendix E1), only indirectly indicates how the ash will behave as an ingredient in
concrete. Additional characteristics of importance include the calcium oxide content,
fineness, crystalline structure, and loss on ignition (LOI, an indicator of carbon content)
of the ash.
There are numerous studies on the effect of FA addition on the durability of concrete.
Hedegaard and Hansen [45] argued that replacing cement with FA is likely degrade the
water-tightness of concrete, as they found that 1 kg of cement would have to be replaced
by 3 kg of FA in order to maintain the same level of water permeability of hardened
concrete (at 28 days and 56 days). Wong et al. [46] tested notched mortar specimens and
concluded that a 15% cement replacement by class F FA enhanced the bond strength of
mortar-aggregate interface and fracture toughness. At high replacement levels (45% and
55%) the FA addition reduced the interfacial bond strength and fracture toughness at 28
days but such reductions were recovered at 90 days. The FA replacement at all levels was
found to increase the interfacial fracture energy. Gebler and Klieger [47] found that the
use of certain fly ashes degraded the freeze-thaw resistance of air-entrained concrete
when cured at low temperature and showed no significant influence for other conditions.
The incorporation of FA in concrete generally reduced the resistance of air-entrained
concrete to deicing scaling and showed little benefit on its resistance to chloride
penetration.
In general, FA addition in concrete is considered an effective measure to mitigate
chloride-induced corrosion of rebar in concrete. For instance, using FA blended cement is
known to reduce chloride permeability and improve sulfate resistance of concrete [48].
Dhir et al. [49] used the equilibrium method and found that the chloride binding capacity
of cement paste increased with the increase in FA replacement level up to 50% and then
declined at 67%. In the case of admixed chloride, the increase in chloride binding due to
the replacement of FA was also found [50-53]. An increase in chloride binding may be
mainly ascribed to the high alumina content in FA [24, 51], which results in the
formation of more Friedel’s salt [54]. The increase in chloride binding could also be
ascribed to the production of more gel during hydration, which results in better physical
adsorption of chloride [55]. Other researchers [50, 51, 54] also found that partial
replacement of cement with FA has a positive effect on the chloride binding when the
cement paste was exposed to a chloride environment. However, Nagataki et al. [56]
found that the 30% replacement of cement with FA reduced the chloride binding capacity
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of cementitious material in the case of external chlorides. Ampadu et al. [57] found the
partial replacement of cement by FA only showed significant benefits in reducing the
chloride diffusivity in cement paste at later ages of curing and a 40% replacement level
was the best. Thomas [58] reported that chloride threshold decreased with increasing of
FA content in marine exposure. These threshold values obtained were 0.7%, 0.65%, 0.5%
and 0.2% acid soluble chloride (by mass of cementitious material) for concrete with 0,
15%, 30% and 50% FA, respectively. Despite of these lower threshold values, FA
concrete was found to provide better corrosion protection to steel rebar due to of its
higher resistance to chloride penetration. Oh et al. [59] also reported lower chloride
threshold values with increasing addition of FA, whereas Schiessl and Breit [60] and
Alonso et al. [61] reported higher or similar threshold values respectively when replacing
cement with FA. For a concrete mix with water-to-cementitious-materials (w/cm) ratio of
0.37, the addition of FA (35% cement replacement) and silica fume (27% cement
replacement) reduced the chloride diffusion coefficient from 3.48×10-12 m2/s to 7.35×1013 2
m /s and 1.01×10-12 m2/s, but also reduced the pore water pH from 13.84 to 13.39 and
13.47, respectively [12]. Other researchers [62, 63] also reported the reduction of pH in
the pore solution as a result of FA addition. The reduction of pore water pH may explain
the research finding that the chloride threshold decreased with increasing FA content in
concrete, whereas the improved resistance to chloride diffusion may explain the enhanced
protection of embedded steel by the FA admixed concrete [23]. Saraswathy and Wong
[64] investigated the effect of admixing activated FA on the corrosion resistance of
concrete and found that the FA addition significantly improved the corrosion
performance of concrete up to a critical moderate replacement level (20% to 30%) and
the chemical activation of FA worked the best.
Ultra-fine fly ash (UFFA) is a relatively new pozzolanic admixture and there are a limited
number of studies on the effect of its addition on the durability of concrete. It is
processed from ordinary FA to obtain finer particles (as shown in Appendix E5). UFFA
has been shown to feature higher pozzolanic activity than ordinary fly ashes, to greatly
reduce the water demand and air content of concrete, and to produce concrete of higher
strength and lower porosity [65, 66]. Hossain et al. [67] found that the restrained mortars
containing UFFA or ordinary class F fly ash had lower residual stress levels, less free
shrinkage, increased cracking age, and decreased creep effect, relative to the control. The
UFFA addition led to more pronounced delay in the age of cracking and in the reduction
in creep effect, relative to the ordinary fly ash. Subramaniam et al. [68] observed “a
significant reduction in the autogenous shrinkage and an increase in the age of restrained
shrinkage cracking” in the concrete admixed with UFFA, relative to the control and the
concrete admixed with silica fume. An “increase in the age of restrained shrinkage
cracking and a significant increase in the compressive strength” were reported with
increasing UFFA addition or decreasing w/cm ratio.
Silica fume (SF) is typically a byproduct of manufacturing silicon and ferrosilicon alloys,
i.e., a finely segregated residue captured from the oxidized vapor on top of the electric arc
furnaces. Most SF particles are amorphous and ultra-fine in size, averaging from 0.1 to
0.5 microns, or approximately one hundredth the size of the average cement particle.
Owing to its extreme fineness, large surface area and high silica content, SF is a
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chemically reactive pozzolan and its use in cementitious systems has been specified by
ASTM C 1240 (as shown in Appendix E3). Partial replacement of cement by SF up to
10% did not reduce the workability of fresh concrete, but slump loss with time was
observed to increase with replacement level at low w/cm ratios [69]. As such, the SF
addition is often accompanied by the use of a superplasticizer, i.e., high-range water
reducer. Cong et al. [70] reported the partial replacement of cement by SF coupled with
the superplasticizer addition to increase the compressive strength of concrete, which was
largely attributed to the improved strength of its cement paste.
SF is known to considerably reduce the permeability of concrete by refining its
microstructure via both chemical and physical pathways, and thus greatly reduce the risk
of rebar corrosion in concrete. Selvaraj et al. [71] recently reviewed the influence of silica
fume on the factors relevant to the corrosion of reinforcement in concrete, including
chloride diffusion, carbonation, oxygen diffusion, pore solution pH, and electrical
resistivity of concrete. The partial replacement of cement by silica fume has been
reported to reduce the alkalinity of the pore solution and the chloride binding capacity of
hardened cement paste [72]. The reduction in pore solution pH is mainly due to the
pozzolanic reaction between silicon dioxide and the Portlandite [73]. The reduction in
chloride binding capacity by silica fume addition has been reported by other researchers
[51, 72, 74], as silica fume reduces the amount of aluminate phases in concrete that are
able to chemically bind chlorides and produces C-S-H that seem to have lower chloride
sorption than C-S-H generated from cement hydration [74]. These mechanisms can lead
to dramatic increase in the Cl-/OH- ratio in the pore solution and may be responsible for
the reduction in the chloride threshold value of steel in concrete [21, 75]. Dotto et al. [76]
observed that the silica fume addition led to significant improvements in the corrosion
performance of the concrete as well as in the compressive strength of concrete, whereas
Page and Havdahl [77] observed slightly higher corrosion rates of steel in cement paste
containing silica fume.
Ground granulated blast-furnace slag (GGBFS) is a byproduct of making iron and steel,
i.e., a fine powder grounded from the glassy, granular material that forms when molten
iron blast furnace slag is air quenched with water or steam. GGBFS features a fineness
similar to cement particles and contains very limited amount of crystals. GGBFS is
highly cementitious in nature and its use in mortar and concrete has been specified by
ASTM C 989. Partial replacement of cement by GGBFS up to 80% was observed to
reduce the compressive strength of concrete during the first 28 days while the later-age
strength increased with the slag replacement up to 60% [78]. Partial replacement of
cement by GGBFS up to 80% has demonstrated to improve the corrosion performance of
concrete and the 50% replacement level in concrete imparted the best corrosion
resistance, which featured the corrosion initiation time of steel rebar 3.2 to 3.8 times as
long as the control (depending on the tricalcium aluminate [C 3 A] content in cement) [79].
The effect of GGBFS addition on the sulfate resistance of concrete was more complex,
depending on the replacement level and the cement composition [79]. GGBFS was found
to considerably improve the pore structure of concrete, increase its chloride binding
capacity (by forming more Friedel’s salt), and reduce its chloride diffusivity [80, 81].
While the slag addition improves both chemical and physical binding of chloride [51, 79,
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83], it decreases the pH of the pore solution [81]. The effect of partial cement
replacement by slag on the chloride threshold value is still controversial, as Gouda and
Halaka [82] reported lower threshold values for slag concrete whereas Schiessl and Breit
[60] and Oh et al. [59] reported higher or similar threshold values respectively when
replacing cement with slag. Cheng et al. [81] investigated the corrosion behavior of
reinforced concrete prismatic beams subjected to sustained loadings (37% and 75% of the
ultimate load) and 3.5% NaCl solution and found the slag concrete to exhibit lower
corrosion rate for a given reduction percentage in flexural rigidity (relative to the
control). The partial replacement of cement by GGBFS reduced the electrical charge
passing through the concrete (during the rapid chloride penetration test) and the water
permeability of concrete. This was the result of GGBFS reacting with water and
Portlandite to form extra C-S-H gel and more refined microstructure. A study of slag
concrete after 25 years of exposure in a marine tidal zone [84] confirmed the beneficial
role of slag in dramatically reducing the chloride ion penetration, especially at relatively
high replacement levels (45% to 65%) and low w/cm ratio (0.40).
Metakaolin (MK) is a material obtained by calcining clay mineral kaolinite between 500800°C in an externally fired rotary kiln so that it loses water through dehydroxilization
(i.e., removal of chemically bonded hydroxyl ions). MK generally has particle size finer
than cement but not as fine as silica fume and features a two-dimensional order in crystal
structure (as shown in Appendix E4). MK is a highly reactive aluminosilicate pozzolan
and its use in cementitious systems has been specified by ASTM C 618. The partial
replacement of cement by MK up to 20% was observed to greatly reduce the water
absorption of concrete by capillary action but slightly increase the water absorption of
concrete by total immersion [85]. The MK addition was found to increase early-age (1-3
days) flexural strength of concrete by as much as 60%; and the finer MK (with surface
area 25.4 vs. 11.1 m2/g) showed higher reactivity and led to greater strength especially
for compressive strength of concrete with low w/cm ratio (0.40). The MKs were found to
consume Portlandite via their pozzolanic reactivity and produce more refined pore
structure in concrete [86]. The sulfate resistance of both non-air-entrained and airentrained concrete was found to increase with the MK replacement level (from 5% to
10% and 15%), by measuring expansion of concrete prisms and compressive strength
reduction of concrete tubes [87]. The replacement of cement or sand by MK (10% or
20% by weight of cement) can greatly reduce the chloride permeability, gas permeability
and sorptivity of concrete, by decreasing the mean pore size and improving uniformity of
the pore size distribution [88]. Both steady- and non-steady-state chloride diffusion tests
showed that the MK addition in Portland cement mortar tends to enhance the resistance to
chloride transport through both the hydrated cement matrix and the paste-aggregate
interfacial transition zone [89]. The MK addition was also found to compensate for the
low early-age compressive strength of concrete containing GGBFS [78].

1.2.3. Measuring the Chloride Ingress into Concrete
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The chloride ingress into concrete and other cementitious materials is a complex
phenomenon involving multiple mechanisms. As such, a wide array of tests have been
developed and used to evaluate the resistance of chloride ion penetration into concrete. In
1997, Stanish et al. [90] conducted a literature review to synthesis the state of the art
pertinent to testing the chloride penetration resistance of concrete (Table 1-1). And since
then, there have been new advances in improving the test methods.
TABLE 1-1 Summary of Chloride Penetration Test Methods [90]

There are two types of natural penetration experiments generally used to measure the
chloride diffusion coefficients of concrete. One is the steady-state diffusion tests, such as
the Diffusion Cell Test in which a concrete specimen is used to separate a chloride
solution from a chloride-free solution and periodical measurements of the chloride ion
content are conducted until a steady state condition is achieved. The other is from nonsteady state tests that involve the ponding or immersion of concrete specimen for a
specific duration before measuring the chloride penetration depth or profile, such as the
Salt Ponding Test [14]. The diffusion coefficients obtained are known as effective (D eff )
and steady-state (D s ), or apparent (D app ) and non-steady-state (D ns ) diffusion coefficient,
respectively [91, 92]. The ponding test has been standardized as AASHTO T 259 and
ASTM C 1543, involving the laborious analysis of chloride content at various depths of
the sample after 90 days of ponding, which apparently is not sufficient time for highquality concrete to produce meaningful chloride concentration profile.
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Natural penetration tests (based on ASTM standards) are very time-consuming,
especially for measuring the chloride diffusivity in high-quality concrete mixes. The
diffusion tests often take a minimum of 1 to 3 years of exposure in simulated weathering
conditions before any service life modeling can be conducted [93]. One way to accelerate
the ingress of chloride into concrete is to apply a pressure. There is little research on this
method, which exposes one face of the concrete to the chloride solution under pressure
and drives the chlorides into the concrete under both convection and diffusion [94].
Recently, there has been an increasing demand for rapid, reliable methods for testing the
chloride ion penetration resistance in a particular type of concrete and for testing the
corrosion risk of rebar in a particular environment.
In the last decades, electric field migration tests have become very popular as they can
greatly accelerate the chloride ingress into concrete. Rapid Migration Test (RMT) is a
method to measure the electrical migration of chloride from one compartment with a
chloride solution to the other that is chloride-free [95]. The average depth of chloride
penetration is obtained by spraying a colorimetric indicator on the sample, and the value
is then divided by the product of the applied voltage and migration time to rate the
concrete permeability. Castellote et al. [92] developed a method to derive both D ns and
D s from the migration test by monitoring the conductivity of the solution in the anodic
compartment (destination solution that was initially distilled water). In our opinion,
however, this method may produce misleading results when used to test high-quality
concrete over a long time period, since the anolyte conductivity is very sensitive to
chemical changes induced by the electrochemical reactions at the anode and the leachates
from the test specimen.
Rapid Chloride Permeability Test (RCPT) is a method that records the amount of charge
passed through a concrete sample in order to evaluate its permeability [96]. By
introducing the concept of ion mobility, the similarity between diffusion and migration
enables the determination of an ion diffusion coefficient from the migration tests. For
PCC and mortar with no or little minerals admixed, it has been shown that the total
charge passed is strongly correlated with the integral chloride content of ponding test [97]
and with the chloride diffusion coefficient obtained from an accelerated chloride
migration test [98, 99]. The RCPT has been standardized as AASHTO T 277 and ASTM
C 1202, involving the classification of chloride permeability of concrete based on the
charge in the first 6 hours, which again is not sufficient time to differentiate high-quality
concrete mixes. Furthermore, the electrical charge passed in the test is related to all ions
in the pore solution, not just chloride ions [90]. In addition, RCPT is not suitable for
evaluating the chloride permeability of concrete with supplementary cementing materials
[15, 100, 101], since the results may be significantly biased due to the change in the
chemical composition of the pore solution [91, 102].
Accelerated Chloride Migration Test (ACMT) can be considered a modified version of
RMT and RCPT, which periodically measures the accumulative chloride ion
concentration in the destination compartment either by the potentiometric titration
method [103] or using a chloride sensor [98, 99]. The test lasts until significant chloride
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ion concentration is detected in the destination compartment, which could be hours, days,
or weeks depending on the thickness and quality of the test specimen and the applied
voltage. Cho and Chiang [103] investigated the chloride diffusivity in concrete specimens
with various w/c ratio (0.35 to 0.65) and slag content (0% to 70%). They found good and
very poor correlation between the charge passed and the non-steady-state diffusion
coefficient (D ns ) obtained from the ponding test, for concrete with and without slag
respectively. For both types of concrete, there was a linear correlation between the
steady-state diffusion coefficient (D s ) obtained from the ACMT and the D ns obtained
from the ponding test, suggesting the ACMT to be a reliable accelerated test method. If
the applied voltage is too high (e.g., 60 V), the Joule effect may lead to a higher value of
electrical charge passed during RCPT or a higher D s value during ACMT, i.e., the
temperature increase of the test solutions [96], which can be mitigated by significantly
increasing the volume of test solutions (e.g., from 250 mL to 4.5 L) [103]. Furthermore,
the geometric shape of the test cell and the resistivity of the concrete specimen could
affect the test results [104, 105]. Vivas et al. [106] investigated the chloride diffusivity in
19 concrete mixes prepared with materials typically used in construction in the state of
Florida. They found that the RMT test (NordTest NTBuild 492) results had similar or
better correlation with the 364-day bulk diffusion test (NordTest NTBuild 443) than those
from the RCPT (ASTM C 1202) or the surface resistivity test (FM 5-578) and were less
affected by the presence of SCMs in concrete.
1.3. Challenges in Assessing Concrete Durability from Its Chloride Diffusivity
The length of the corrosion propagation stage in concrete is usually found to be relatively
short, typically a few years. As a result, much of the emphasis on achieving concrete
durability of 75 years or longer is put on achieving a long corrosion initiation stage [107],
which is a function of the chloride transport properties of concrete (usually the diffusion
coefficient), the surface chloride content dictated by the environment, the concrete cover
thickness, and the chloride threshold concentration determining the onset of active
corrosion. Note that Pettersson [108] argued that the propagation period could be as long
as 50 years or more for high performance concrete featuring high electric resistivity and
very limited oxygen availability.
Both the chloride ingress into concrete and the subsequent corrosion initiation of rebar in
concrete are complex processes, which are influenced by numerous factors. Therefore,
challenges are inherent in assessing concrete durability from its chloride diffusivity,
mainly pertinent to the determination of chloride threshold and the quantification of
chloride binding effect.
1.3.1. Chloride Threshold
Chloride threshold of rebar in concrete, Cl th , can be defined as the content of chloride at
the depth of the rebar that is necessary to sustain localized breakdown of its passive film
and hence initiate its active corrosion [109]. The time it takes for chloride ions from
external sources (marine environments or deicing salt applications) to reach Cl th at the
rebar depth is defined as time-to-corrosion, T i . The Cl th is an important parameter in
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modeling and predicting the T i and subsequently in assessing the service life of
reinforced concrete in chloride-laden environments [81, 110].
The Cl th data in published literature scatter over a wide range of values [111-113]. One
possible reason is that the chloride threshold has different definitions and measurement
methods [114-116]. The chloride-to-hydroxyl ionic concentration ratio ([Cl-]/[OH-]) has
been traditionally considered to be a more reliable indicator than the chloride
concentration (often expressed as total chloride content by the weight of cement or
concrete or free chloride concentration in concrete pore solution), considering that the
competition between aggressive Cl- and inhibitive OH- governs the pitting and
repassivation of steel. Research in aqueous solutions has indicated that for chloridecontaminated concrete the pitting corrosion occurs only above a critical [Cl-]/[OH-] ratio
[115]. Through a probability simulation model, the threshold [Cl-]/[OH-] for corrosion of
bare steel rods in high pH solutions was once predicted to be 0.66 in the presence of
oxygen bubbles attached to the steel and 1.4 in the case of air. Such result agreed
favorably with experimental data. In the same model, it was concluded that the threshold
ratio should be about 1.4 for typical reinforced concrete and in excess of 3 for highquality concrete with minimal air voids [10]. A number of studies [61, 117-120] exposed
reinforcing steel bars to simulated concrete pore solutions and revealed that the threshold
[Cl-]/[OH-] ratio increased with increasing pH. The threshold Cl/OH ratio in mortars has
reported higher results (1.17-3.98) than that found in synthetic pore solution (0.25-0.8)
[112]. Recently, Ann and Song [115] argued that the ratio of total chloride content to acid
neutralization capacity, [Cl-]/[H+], best presents the chloride threshold level since it takes
into account “all potentially important inhibitive (cement hydration products) and
aggressive (total chloride) factors”. The different methods used to assess the chloride
content or its profile in concrete contributed to the variability in reported Cl th values.
Traditionally, the coring method is commonly used, which involves acquisition of one or
more cores from sound concrete between reinforcements at the time of active corrosion
initiation. The cores are sliced and analyzed for their chloride content, and the chloride
content in the slice near the rebar depth is defined as Cl th . Recently, both experimental
[131] and modeling [125, 130, 132, 133] studies unraveled that chloride content at the top
of the rebar trace was higher than that at the same depth away from the rebar, owing to
the relatively low content of coarse aggregates in the vicinity of the rebar [128] and the
rebar serving as a physical barrier to chloride migration. Thus, it is more reasonable to
express Cl th with the chloride content on the top of rebar trace than that acquired from the
core sample.
The lack of universally accepted chloride threshold value is also attributable to the
numerous factors that affect steel corrosion in concrete, such as: the pH of concrete pore
solution, the electrochemical potential of the steel, and the physical condition of the
steel/concrete interface. The pH of concrete pore solution mainly depends on the type of
cement and additions and the carbonation level of concrete [121-124]. The potential of
the steel is not only related to the steel type and surface condition (e.g., roughness) but
also the oxygen availability at the steel surface; the latter is affected by the moisture
content of concrete [61, 119, 125]. The physical condition of the steel/concrete interface
(especially entrapped air void content) was found to be more dominant in the Cl th than
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chloride binding or buffering capacity of cement matrix or binders [115]. Voids that can
be normally found in real structures due to incomplete compaction may weaken the layer
of cement hydration products deposited at the steel/concrete interface and thus may favor
local acidification required for sustained propagation of pits. The presence of air voids, as
well as crevices and microcracks, may decrease the chloride threshold [126-129]. In
addition, the presence of sulfate ions, the temperature and the concrete mix proportions
and quality may affect the chloride threshold [113, 114, 120, 129]. Li and Sagüés [120]
listed a wide array of internal and external factors defining the Cl th , such as: the
composition, surface condition, and configuration of rebar; the concrete chemistry (type
and amount of cement and admixtures, type and porosity of aggregates, w/c ratio, degree
of hydration, etc.); the type and source of chloride; and the service environment
(humidity, temperature, cracking of concrete, etc.). Angst et al. [114] summarized the
state of the art in the Cl th research in a recent review.
Furthermore, it has been argued that the Cl th (and T i ) should be treated as a distributed
parameter represented by a probability function, in light of the statistical nature of the
processes involved (e.g., chloride ingress and pitting initiation) and the inherent
heterogeneities of the concrete matrix [120, 128, 129]. Li and Sagüés [120] suggested the
incorporation of a Cl th variability term in the service life prediction procedures and
durability models. Hartt and Nam [121] reported a range of values for Cl th and T i with
seemingly identical slabs and the same exposure condition, as variability was introduced
by micro-structural factors such as the size and distribution of entrapped air voids, and
the arrangement of aggregates which can significantly affect the tortuosity of chloride
ingress path. Currently, there is limited research on the probabilistic nature of how mix
design and other factors impact corrosion initiation (as indicated by Cl th and T i ) [121,
125, 130].
1.3.2. Chloride Binding
In concrete, chlorides can exist either in the pore solution, chemically bound with
concrete C 3 A (tricalcium aluminate) or C 4 AF phases (e.g., Friedel’s salt,
3CaO•Al 2 O 3 •CaCl 2 •10H 2 O), or physically held to the surface of hydration products
(e.g., adsorption on C-S-H) [134-136]. Chloride binding removes chloride ions from the
pore solution, and slows down the rate of penetration [137]. With water-soluble and
acid-soluble chlorides referred to as free and total chlorides respectively, the total
chloride diffusivity was found to be near three times the free chloride diffusivity [19].
In a Florida DOT study, the relationship between bound and free chlorides was found to
follow the Langmuir adsorption isotherm [12]. While previous studies [36, 138] suggest
that only free chloride ions in the pore solution are responsible for initiating corrosion
of the steel, Glass et al. [111, 139, 140] indicated that bound chlorides may also present
a significant risk to steel. One possible reason is that a large part of bound chlorides are
released as soon as the pH drops to values below 12 [5].
Chloride binding further complicates the determination of the threshold [Cl-]/[OH-] to
initiate corrosion of steel in concrete [141], and the chloride binding and pH of pore
solution are two inter-related parameters. It has been observed that the pH of NaCl19

containing alkaline solution increases as the chloride binding increases [135]. Reducing
the pH in concrete may destabilize the chloroaluminate and thus reduce the percent of
bound chloride [5, 115], and carbonation of concrete can reduce the chloride binding
capacity [116, 142] and facilitate the chloride intrusion [143]. Chloride binding
evidently decreases with increasing OH- above pH 12.6 and a decrease in pH can thus
result in decreasing [Cl-]/[OH-] [144].
The chloride binding capacity is affected by numerous factors, such as the C 3 A and
alkali contents of cement [145], use of mineral admixtures [19, 49-56, 71, 73, 78, 79],
cation of the chloride salt [146], temperature, and degree of hydration [137].
1.4. Chloride Transport in Concrete and Service Life of Reinforced Concrete – A
Modeling Perspective
This work started with a comprehensive literature review on topics relevant to this study.
As detailed in Appendix A, the information on existing research was synthesized
pertaining to the computational models to simulate the transport of species in aqueous
solution, water-unsaturated and water-saturated cementitious materials, and the service
life modeling of reinforced concrete in chloride-laden environments.
1.5. A Phenomenological Model for the Chloride Threshold of Pitting Corrosion of
Steel in Simulated Concrete Pore Solutions
As detailed in Appendix B, a systematic study was also conducted to provide quantitative
understanding of the fundamental factors that influence the chloride threshold of pitting
corrosion of steel in concrete, by conducting a set of laboratory tests to assess the
corrosion potential (E corr ) and pitting potential (E pit ) of steel coupons in simulated
concrete pore solutions. With the aid of artificial neural network (ANN), the laboratory
data were then used to establish a phenomenological model correlating the influential
factors (total chloride concentration, chloride binding, solution pH, and dissolved oxygen
concentration) with the pitting risk (characterized by E corr - E pit ). Three-dimensional
response surfaces were then constructed to illustrate such predicted correlations and to
shed light on the complex interactions between various influential factors. The results
indicate that the threshold [Cl-]/[OH-] of steel rebar in simulated concrete pore solutions
is a function of dissolved oxygen concentration, pH and chloride binding, instead of a
unique value. The limitations and practical implications of the research findings were
also discussed.
1.6. Modeling Cathodic Prevention for Unconventional Concrete in Salt-laden
Environment
As detailed in Appendix C, numerical studies were conducted to provide a modeling
perspective relevant to the use of cathodic protection (CPre) for SCMs-containing
concrete in salt-laden environment. Based on the experimentally obtained concrete
resistivity and chloride diffusion coefficient data, the Nernst-Planck equations were used
to investigate the influence of applied voltage (magnitude, direction, and interruption),
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surface chloride concentration, and concrete mix design on the effectiveness of cathodic
prevention and the distribution of ionic species in protected concrete. The modeling
results revealed that the direction of applied electric voltage has significant effect on the
distributions of electrical potential and hydroxyl ions in the reinforced concrete,
confirming the benefits of cathodic prevention in significantly increasing hydroxyl
concentration near rebar and in slowing down the ingress of chloride ingress into
concrete. The performance of intermittent CPre was found to be constrained by the
variations in concrete resistance from the anode to the cathode. The model was also
useful in illustrating the temporal and spatial evolutions on rebar surface in terms of
oxygen, hydroxyl and chloride concentrations on and electrical potential of top rebar as
well as such evolutions in concrete domain in terms of concrete resistivity and current
density for each mix design. The results shed light on the fundamental processes defining
the performance of CPre for new unconventional concrete in salt-laden environment.
1.7. Study Objectives
The objectives of this research are to validate chloride diffusion coefficients of mineral
admixture concrete mix designs currently developed by the Caltrans for corrosion
mitigation, and to verify the adequacy of existing measures to mitigate corrosion caused
by exposure to marine environments and deicing salt applications. To this end, this
research includes a comprehensive literature review on relevant topics, a laboratory
investigation and a modeling effort. The laboratory investigation examines the
compressive strength of and chloride diffusivity in mortar and concrete samples with
cement partially replaced by various minerals (class F and class N FA, UFFA, SF, MK
and GGBFS), the porosity of mineral concretes, the freeze-thaw resistance of mineral
mortars in the presence of deicers, the effect of SCMs on the chloride binding and
chemistry of the pore solution in mortar, as well as the pitting risk of steel rebar in
simulated pore solutions with various chloride concentration, chloride binding, pH and
dissolved oxygen concentration. The modeling effort explores the important features of
ionic transport in concrete and develops a two-dimensional finite-element-method (FEM)
model coupled with the stochastic technique. The numerical model is then used to
examine the service life of reinforced concrete as a function of mix design (i.e., partial
replacement of cement by mineral admixtures), concrete cover depth, surface chloride
concentrations, and presence of cracks and coarse aggregates.
1.8. How This Report Is Organized
The following chapter will present the methodology, results and discussion pertinent to
the laboratory investigation of mortar and concrete samples. Chapter 3 presents the
methodology, results and discussion pertinent to the modeling effort. Finally, Chapter 4
summarizes the key findings from both the laboratory and modeling components of this
work, followed by suggestions and recommendations for implementation by the Caltrans.
Appendices conclude this report.
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C HAPTER 2. L ABORATORY I NVESTIGATION
This chapter presents the methodology, results and discussion pertinent to the laboratory
investigation of mortar and concrete samples. Various laboratory tests were conducted to
investigate the compressive strength of and chloride diffusivity in mortar and concrete
samples with cement partially replaced by various minerals (class F and class N FA,
UFFA, SF, MK and GGBFS), the porosity of mineral concretes, the freeze-thaw
resistance of mineral mortars in the presence of deicers, and the effect of SCMs on the
chloride binding and chemistry of the pore solution in mortar.
2.1. Experimental
2.1.1. Sample Preparation
In light of the representative concrete mixes and chloride exposure conditions in
California, a preliminary design for the laboratory investigation was developed, in the
form of a matrix of 18 concrete mix designs that need to be evaluated (see Table 2-2). All
these concrete mix designs feature a w/cm ratio of 0.40. The concrete mix design without
any mineral admixtures is used as a control. These mix designs were determined in close
consultation with the Caltrans Corrosion Technology Branch staff. On the basis of Table
2-2, multiple trials were conducted in order to achieve reasonable workability of fresh
concrete (slump) for each mix design. For this study, an ASTM specification C150-07
Type I/II low-alkali Portland cement from the Ash Grove Montana City Plant (Clancy,
MT) was used and its chemical composition and physical properties are provided in
Appendix E7. The properties of the mineral admixtures used are provided in Appendices
E1-E6. Coarse aggregates (with maximum size of 3/4″ or 19 mm) and fine aggregates
(clean, natural silica sand) were purchased from the JTLGroup (Belgrade, MT). Glenium
3030TM and Micro-AirTM were used as the ASTM C 494 Type A/F water reducing agent
and the ASTM C 260 air-entraining agent respectively and at the dosage per the
instructions.
After the trials, the two Class N fly ash designs (at 25% replacement level) were excluded
from further investigation with approval of the Caltrans technical panel, since these two
mixes could not achieve desired slump and air content with the specified w/cm ratio of
0.4 even with the excessive amounts of multiple water-reducers. This left 16 concrete
mixes for the study as shown in Table 2-3. These concrete mixes had a coarse-aggregateto-cementitious-materials ratio varying between 2.17 and 2.86 and a coarse-to-fineaggregates ratio between 1.51 and 1.54. Such variations were necessary in order to
achieve reasonable slump and air content, similar to the field construction scenarios
during batching operations. Note that the actual air content achieved deviated from the
target air content in Table 2-2 in spite of the multiple trials for each mix design. It was
also noticed that concrete made using a smaller lab mixer with same formulation usually
had lower air content than using a larger lab mixer.
For each mix design, at least three replicate 12 ″ by 6 ″ (diameter 305 mm × height 152
mm) concrete cylinders and at least three replicate 4″ by 8″ (diameter 102 mm × height
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203 mm) compression cylinders were prepared. The coarse aggregates and fine
aggregates were oven-dried and then potable water was added in the amount twice as
much as their absorption capacity (e.g., 1.8%). The aggregates were then soaked for 24
hours to ensure that they had fully absorbed moisture and had moisture in excess of the
surface-saturated-dry (SSD) condition. The saturated aggregates and the excessive water
were used in the mix, taking into account the excessive water when calculating the w/c
ratio. The fine and coarse aggregates were added to the 2-cubic-feet (57-L) mixer and
mixed until a homogeneous mixture was obtained. Then the cement was added and mixed
again until a homogeneous mixture was obtained. Next, water was added from a
graduated cylinder and mixed until the concrete is homogeneous and of the desired
consistency. The batch was remixed periodically during the casting of the test specimens
and the mix container was covered to prevent evaporation. Slump and air content
measurements were performed by the ASTM C 143 and C 173 methods respectively, to
check the workability and quality of the freshly mixed concrete; and the data are shown
in Table 2-3. Fresh concrete was cast into hollow poly(vinyl chloride) piping cylinders
and then carefully compacted to minimize the amount of entrapped air. The cylindrical
samples were demolded after curing for 24 hours with over 90% relative humidity. After
demolding, the samples were cured in the moist cure room (with over 90% relative
humidity) for another 359 days before the accelerated chloride migration test. For testing
of chloride diffusivity, slice specimens with diameter of 2″ (51 mm) and thickness of 1″
(25 mm) were cored from the center of cured cylinders to minimize possible effects of
surface evaporation and air entrapment on the permeability of slice specimen. Cores were
removed from the concrete according to the ASTM C42/C 42 M (2004) Standard Test
Method of Obtaining and Testing Drilled Cores and Sawed Beams of Concrete. The
specimen thickness was chosen based on two considerations. It is thick enough to
reasonably represent the heterogeneity nature of the concrete and to consider the
maximum aggregate size (3/4″). It is no too thick so that the accelerated chloride
migration test can be completed in reasonable time frame.
Furthermore, nine mortar mixes were prepared, i.e., mixes 1, 3, 5, 7, 9, 11, 13, 15, and 17
in Table 2-3 without any coarse aggregates, water-reducer, or air-entraining agent. The
w/cm ratio of the mortar samples was set at 0.45 instead of 0.40, in light of workability
concerns. For each mix design, at least three replicate 2 ″ by 4 ″ (diameter 51 mm ×
length 102 mm) cylinders for diffusivity testing, at least sixteen replicate 1⅞″ by 1½ ″
(height 48 mm × diameter 38 mm) cylinders for freeze-thaw testing, and at least nine
replicate 2″ by 4″ (diameter 51 mm × length 102 mm) compression cylinders were
prepared. This aims to shed light on the role of coarse aggregates and to better interpret
the chloride diffusion data in concrete containing various types and amounts of mineral
admixtures. For mortar samples, cement is mixed with water at a low speed hand mixer
for 5 minutes. Subsequently, fine aggregates, with a maximum size of 1.18 mm in
diameter, were added, after which the slurries were stirred for 3 minutes. The fine
aggregates were prepared to SSD condition in advance. All the slurries were cast into
hollow poly(vinyl chloride) piping cylinders and then carefully compacted to minimize
the amount of entrapped air. The cylindrical samples were demolded after curing for 24
hours with over 90% relative humidity. After demolding, the samples were cured with
over 90% relative humidity for another 89 days before the accelerated chloride migration
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test. For testing of chloride diffusivity, slice specimens with a thickness of 8 mm were cut
from the center of cured cylinders to minimize possible effects of surface evaporation and
air entrapment on the permeability of slice specimen. This was done using a low-speed
saw equipped with a diamond blade.

TABLE 2-2 Preliminary design of experiments to study the influence of concrete mix
design parameters on the chloride penetration resistance and durability of concrete,
including type and amount of mineral replacement and entrained air content.

33

TABLE 2-3 Mix design parameters and the properties of concrete samples containing
various types and amounts of mineral admixtures.

Ingredients
Portland Cement (lb)
Fly Ash (Class F) (lb)
Silica Fume (lb)
Metakaolin (lb)
Ultra Fine Fly Ash (lb)
Blast Furnace Slag (lb)
Micro Air (ml)
Glenium 3030 (ml)
Water (lb)
Fine Aggregate (lb)
Moisture Content (%)
Course Aggregate (lb)
Moisture Content (%)

Mix Number
1
75

2
75

3
56
19

4
56
19

7
56
15
4

8
56
15
4

9
56
15

10
56
15

4

4

22
33
33
33
150
165
33
24
133
44
200
133
28
25
28
28
24
26
25
24
106.05 129.5 139.3 127.3 139.13 127.22 139.41 127.5
3.6
3.6
3.6
3.6
3.6
3.6
3.6
3.6
162.4 199.3 210.3 192.8 214.5
194
213.5 196.4
0.55 2.106 0.667 0.96 2.769
1.66
2.089 2.708

Slump (in)
Air Content (%)

2.5
2.5

3
6.5

2.5
2.5

3.5
5.5

3
3.75

4
5.6

4.5
2.75

3.5
6.5

Volume (ft3)

3

3

3

3

3

3

3

3

7834
283

9404
201

5654
28

10020
233

5841
261

9557
251

6833
337

Strength @ 90 days (psi) 10367
Standard Deviation (psi) 152

Ingredients
Portland Cement (lb)
Fly Ash (Class F) (lb)
Silica Fume (lb)
Metakaolin (lb)
Ultra Fine Fly Ash (lb)
Blast Furnace Slag (lb)
Micro Air (ml)
Glenium 3030 (ml)
Water (lb)
Fine Aggregate (lb)
Moisture Content (%)
Course Aggregate (lb)
Moisture Content (%)

Mix Number
11
68

12
68

8

8

13
68

14
68

8

8

15
68

16
68

8

8

150
25
140.74
3.6
216.2
2.397

21
150
25
128.83
3.6
197.9
2.43

17
38

18
38

38
155
27
140.4
3.6
213
1.133

38
22
166
27
128.49
3.6
195.1
1.248

266
28
140.3
3.6
211.8
0.647

22
238
28
128.4
3.6
194
0.712

255
28
140.86
3.6
212.8
0.718

22
238
28
128.95
3.6
195.1
0.886

Slump (in)
Air Content (%)

2.25
2.25

2
5.75

4
2.5

3.5
6

4
1.75

4
7

2
2.5

5.25
6

Volume (ft3)

3

3

3

3

3

3

3

3

Strength @ 90 days (psi)
Standard Deviation (psi)

9848
324

7869
453

11623
323

7070
252

10335
127

6476
147

8560
335

5544
181
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2.1.2. Mechanical Testing
All the compression strength testing of mortar and concrete samples was conducted in
accordance with ASTM C873 / C873M - 04e1 Standard Test Method for Compressive
Strength of Concrete Cylinders. The compressive strength of concrete samples were first
calculated by dividing the measured ultimate strength by the area of specimen crosssection, then multiplied by the Length/Diameter correction factor when necessary, and
finally presented in the unit of psi, or pounds per square inch. The concrete cylinders
were 4″ by 8″ (diameter 102 mm × height 203 mm) and cured for 90 days before testing,
whereas the mortar cylinders were 2″ by 4″ (diameter 51 mm × length 102 mm) and
cured for 1 day and 28 days respectively, prior to the compression testing. The
compressive strength of each mix design was obtained by averaging the data from at least
three replicate cylinders. Young’s modulus (in GPa) and modulus of toughness (in
KJ/m3) were also analyzed for mortar samples based on the stress-strain curve.
2.1.3. Electro-migration and Natural Diffusion
To rapidly measure the chloride diffusivity in the high-quality concrete and mortar
samples, a modified version of RMT and RCPT, i.e., Accelerated Chloride Migration
Test (ACMT) was conducted. The ACMT periodically measures the accumulative
chloride ion concentration in the destination compartment using a calibrated chloride
sensor. This test was originally developed by Truc et al. [1] and improved by the WTI
Corrosion and Sustainable Infrastructure Laboratory [2, 3]. In addition, for a few selected
concrete mixes (mixes 1, 2, 3, 7, 8, 10, 12, and 13), the migration test without the
externally applied electric field, i.e., natural diffusion, was also conducted. Prior to such
chloride diffusivity tests, the 8-mm thick mortar disc and 25-mm thick concrete disc
specimens were polished to achieve a uniform surface roughness and thickness, using
silicon carbide sandpapers from grit sizes from 400 to 800.
The ACMT, or electro-migration test is designed to rapidly measure the apparent
diffusion coefficient, D app , of chloride through water-saturated cementitious samples
(including hardened cement paste, mortar, or concrete), using the experimental setup with
a two-compartment cell shown in Figure 2-1. The detailed standard operating procedures
are provided in Appendix D1. In summary, the experimental setup features a disc-shaped
concrete specimen that separates the chloride anion source (a solution of 3% NaCl and
1% NaOH) and the chloride anion destination (a 1% NaOH solution). Each of the two
compartments will contain one 316L stainless steel mesh electrode with a given exposed
surface area (~ 15 cm2). A disc specimen (paste, mortar or concrete) was sandwiched
between two plastic compartments. Solution leakage between the plastic rim and the disk
specimen was prevented by the use of washers, nuts, bolts, rubber gaskets, and silicone
sealer. Once the concrete disc, electrolytes, and electrodes are in place, a 30-volt DC
electric field will be maintained across the disc through the two mesh electrodes in the
two compartments. During the test, readings of chloride concentration in the destination
compartment are taken periodically using a calibrated chloride sensor, on a 2-hour
interval or more frequently if necessary. In addition, the electric current in the circuit is
periodically measured in order to calculate the amount of electric charge passing through
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the disc during the electro-migration test. The chloride sensor is periodically calibrated
using known solutions and the readings from them will be converted to units of molarity
and plotted as a function of time.

(a)

(b)
FIGURE 2-1 Schematic illustration (a) and photo (b) of the experimental setup for the
electro-migration test (Note: for the natural diffusion samples, there is no external electric
field applied).
A snapshot for the electro-migration tests is presented in Figure 2-2(a). Similar apparatus
was used to test the natural diffusion in order to validate the D data obtained from
electro-migration test, as shown in Figure 2-2(b).
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FIGURE 2-2 Photos of the migration tests: (a) electro-migration and (b) natural
diffusion.
Diffusion of ionic species in cementitious materials depends heavily on the amount of
aqueous solutions in the pore space. It is thus important to minimize the possible
influence of chloride penetration mechanisms other than diffusion (e.g., wicking) on the
measured chloride diffusion coefficient. To this end, after the disc specimens were taken
out of the moist curing environment (for mortar) or cored from the moist-cured sample
(for concrete), they were further saturated with de-ionized water for 2 hours using the
two-compartment cell prior to migration testing
In order to accelerate the electro-migration tests, eight electro-migration assemblies were
concurrently used in parallel to a DC power supply. Custom-made chloride sensors were
prepared by electroplating clean silver wires, using the computer-controlled potentiostat
to apply 1, 0.2, 0.5, and 0.1mA/cm2 for plating about 30, 30, 30 and 100 minutes,
respectively. This process helps to form a dense Ag/AgCl sensing layer on the surface of
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silver wires and improve their resistance to the oxidation attack by the highly alkaline
solutions. There should be a very strong correlation between the open circuit potential
(OCP) of the custom-made chloride sensor and logarithm of chloride concentration. As
such, they were always calibrated before being used to periodically measure the chloride
concentration in the destination compartments.
Figure 2-3 illustrates the typical results obtained from the electro-migration test. The
breakthrough time t 0 is the point after which the Cl- concentration in the destination
solution (anolyte) shows a significant linear increase with time, i.e., the intersection of
the two fitted straight lines. The electro-migration test can be terminated when the
chloride concentration in the destination compartment shows a clear bilinear pattern
(typically falls in the 20-50 mM range).
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2
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FIGURE 2-3 Temporal evolution of chloride concentration in the destination
compartment, with data obtained from the electro-migration test of 3% NaCl through a
Portland cement mortar specimen.
The method used to calculate the steady-state diffusion coefficient (D s ) of Cl- in cement
paste, mortar or concrete samples is described as follows. Under an externally applied
electric field with an intensity of E, the velocity of chloride ions (ν ) can be described by
the Nernst-Einstein equation:
zFD
(1)
ν=
RT
where z , F , R and T are charge number, Faraday constant, gas constant and absolute
temperature, respectively. The velocity of chloride ions can also be calculated from:
d
(2)
ν=
t0 E
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where t0 is the time required for the chloride front to penetrate a depth d of the sample.
Such a quantity can be estimated from the measured Cl- concentration profiles in the
anolyte (destination solution) by locating the point after which the Cl- concentration in
the anolyte increases dramatically with time. The diffusion coefficient D s can be
estimated from Equations 1 and 2 as follows [3]:
dRT
(3)
D=
t0 zEF
The electro-migration test lasts until significant chloride ion concentration is detected in
the destination compartment, i.e., t0 can be readily estimated from the chloride
concentration profile over time. This could be hours, days, or weeks depending on the
thickness and quality of the test specimen and the applied voltage.
2.1.4. Electrochemical Impedance Spectroscopy (EIS) Measurements
EIS is a non-destructive means of providing fundamental information on interfaces as
well as on the properties of mortar or concrete [2]. Before and after the electro-migration
tests, the Gamry Reference 600TM Potentiostat/Galvanostat/ZRA instrument was utilized
to take the EIS measurements so as to quantitatively characterize the microstructural
characteristics of the concrete specimen, as detailed in Appendix D1. In summary, the
two stainless steel mesh electrodes in the two compartments served as the working
electrode and the counter electrode respectively, whereas a saturated calomel electrode
(SCE) placed in the anolyte served as the reference electrode. By applying sinusoidal
perturbations with a frequency from 300 kHz to 5 MHz, the working electrode was
polarized by ±10 mV around its OCP and the current response vs. the applied voltage was
recorded to produce the EIS spectrum. Subsequently, the Gammy Echem AnalystTM
software was used to analyze the EIS data using the electrical equivalent circuit shown in
Figure 2-4. The equivalent circuit model contains R cement and Q cement to characterize the
electrical resistance and capacitance of the cementitious disc specimen. n cement is defined
as the fitting coefficient for Q cement , with 0 and 1 corresponding to the worst and the best
capacitor respectively. The circuit also includes a Warburg impedance (W) indicative of
the diffusion process through an interface and R 1 and R 2 indicative of the solution
resistance and the charge transfer resistance on the working electrode respectively.

FIGURE 2-4 The equivalent circuit used for fitting the EIS data of mortar and concrete
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2.1.5 Chloride Binding Capacity and Pore Solution Chemistry of Mortar Samples
The chloride binding capacity of mortar samples incorporating various types and amounts
of mineral admixtures was measured, following the method by Delagrave et al. [4]. First,
the 90-day mortar samples were dried and grounded into powder. The powder was then
screened through a 150-µm sieve, oven-dried at 80 ○C overnight and cooled to room
temperature. For each mix design, 5 kinds of chloride-containing simulated pore
solutions were prepared for subsequent binding tests, with sodium chloride (NaCl)
concentration of 1000, 5000, 10000, 20000 and 30000 mg/L respectively. 10 grams of
dry mortar powders were added into 50 mL of chloride solution, after which sufficient
time was allowed so that the equilibrium between the solution and solid phase could be
established. The residual chloride concentration for each test was then measured by
chloride sensors.
For pore solution chemistry testing, the pore solutions tested were not extracted from the
mortar samples; instead, they were prepared by adding 10 grams of mortar powders into
50 ml of de-ionized water and allowing the solution to sit in a high purity nitrogen
atmosphere for 24 hours for equilibrium. Subsequently, the pH of the solution was tested
and its chemistry was analyzed using Ion Chromatography-Inductively Coupled Plasma
(IC/ICP). Hydroxyl ion concentrations of the extracted solutions were determined by
titration using ethylenediaminetetraacetic acid (EDTA) and hydrochloric acid (HCl)
solutions. The titration to determine the pore solution pH was conducted in a high purity
nitrogen atmosphere, in order to avoid the exposure of test solution to the atmospheric
carbon dioxide [5].
2.1.6 Porosity Measurements of Concrete Samples
Porosity is the ratio of the void volume to the total sample volume. The technique to
characterize porosity in cementitious materials relies on impregnation of the sample with
water, as detailed in Appendix D2. Before experiments, the concrete samples were
thoroughly dried in oven. During water infiltration into the concrete specimen, the pores
were evacuated of air by boiling the water that contained the specimen. The volume of
pore space is calculated by subtracting the dry weight of the specimen from its saturated
weight. The volume of permeable voids (%) of the concrete is determined by the
Archimedean principle, i.e. the total volume is calculated by subtracting the weight of the
sample suspended in water from its weight in air. The percentage porosity can be
calculated as follows [6]:
(Ws − Wd )
(4)
=
p
×100%
(Ws − Ww )
where p is the percent porosity, Ws is the weight of the saturated sample, Wd is the
weight of the dry sample, and Ww is the weight of the saturated sample suspended in
water. For each concrete mix, at least two specimens were tested.
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2.1.7 Freeze-thaw Resistance of Mortar Samples
While compressive strength is the most widely accepted parameter used to judge the
quality of concrete, corrosion properties of concrete can be more important to the service
life of concrete. For reinforced concrete, freeze-thaw resistance can be another aspect of
durability in addition to chloride-induced corrosion of rebar, especially in the coldclimate regions. In this study, mortar samples used for the freeze-thaw were 1⅞″ by 1½ ″
(height 48 mm × diameter 38 mm) cylinders. Laboratory measurements of changes to
mortar samples through freeze/thaw testing in the presence of various chloride solutions
were conducted following the SHRP H205.8 test method entitled “Test Method for Rapid
Evaluation of Effects of Deicing Chemicals on Concrete” with minor modifications. The
SHRP H205.8 test evaluates the effects of chemical deicing formulations and freeze/thaw
cycling on the structural integrity of small test specimens of non-air-entrained concrete.
The method quantitatively evaluates degradation of the specimen through weight loss
measurements and thus sheds light on the durability of the mortar samples with or
without various SCMs admixed. Note that the test results from this method may not be
suitable for predicting the field performance of concrete, considering its short duration.
Once moist-cured for 90 days, the mortar specimens were allowed to dry overnight and
weighed. The freeze-thaw resistance of each mortar mix was tested in the presence of
four solutions, including: de-ionized water, 23% NaCl, 30% calcium chloride (CaCl 2 )
and 30% magnesium chloride (MgCl 2 ). The last three are the main ingredients of deicers
used for winter highway operations at their application concentration for snow and ice
control, whereas the de-ionized water is used as a control. For each solution, four
concrete specimens were placed on a cellulose sponge inside a dish containing 310 ml of
the solution and then covered with plastic wrap to avoid water evaporation and to slightly
compress each test specimen into the sponge. For the first round of testing, the deicers
were used at their application concentrations respectively, without any dilution. One end
of each test specimen was in full contact with the sponge. The test specimens (along with
the deicer sponge and dish) were placed in the freezer for 16 to 18 hours at -17.8 ± 2.7°C
(-0.04 °F). Subsequently, the specimens (along with the deicer sponge and dish) were
placed in the laboratory environment at 23 ± 1.7°C (73.4 °F) and with a relative humidity
ranging from 45 to 55 percent for 6 to 8 hr, at which temperature every deicer tested
thawed once it was taken out of the freezer for some time. This cycle was repeated 10
times. The average heating rate and cooling rate was observed to be 0.4°C/min and
1.2°C/min, respectively. After complete thawing following the tenth cycle, test
specimens were carefully removed from the dish, individually rinsed under running tap
water, and hand-crumbled to remove any material loosened during the freeze/thaw
cycling. The largest intact part of each test specimen was then placed in open air to dry
for 24 hr at 23 ±1.7°C (73.4 °F) and a relative humidity ranging of 45-55%. After drying,
test specimens are weighed. The test specimens were then immersed in de-ionized water
for 24 hours to allow any possible salt contamination to leach out, and then dried and
weighed. For the second round of testing, each liquid deicer solution was further diluted
by de-ionized water from their application concentration at a 3% by volume. The
specimens were subjected to another ten temperature cycles as described above and their
final dry weights were also recorded.
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2.2. Results and Discussion
2.2.1 Mechanical Properties of Mortar and Concrete Samples and Correlation with
Chloride Diffusivity
Table 2-4 presents the mechanical results of mortar samples containing various types and
amounts of mineral admixtures. It can be seen that the partial replacement of cement by
20% class F FA and 5% SF, by 20% class F FA and 5% MK, or by 25% class F FA alone
greatly reduced the 1-day compressive strength of mortar samples, whereas the partial
replacement of cement by 10% MK, 10% SF, 10% UFFA, 50% GGBFS, or 25% class N
FA improved the 1-day strength to various degrees. The combined addition of class F and
MK dramatically reduced the 7-day compressive strength of mortar samples, followed by
the use of GGBFS or SF, whereas the addition of most other minerals (except MK) also
decreased the 7-day strength to various degrees. The combined addition of class F and
MK increased the 28-day compressive strength of mortar samples, whereas the addition
of most other minerals (except GGBFS) decreased the 28-day strength to various degrees.
All the SCMs dramatically reduced the 1-day Young's modulus of mortar samples, but
they showed mixed effect on the 7-day and 28-day Young's modulus. All the SCMs
dramatically reduced the 7-day and 28-day modulus of toughness, but they showed mixed
effect on the 1-day modulus of toughness. The reduction in the moduli of concrete is
beneficial as it renders the concrete less prone to shrinkage cracking, which in turn,
reduces the risk of rapid chloride ingress.
According to the EIS measurements after the ACMT using 90-day old mortar samples, all
the SCMs dramatically increased the electrical resistivity of the mortar samples in the
electrolyte while most SCMs (except GGBFS) decreased the electrical capacitance of the
mortar to various degrees.
Table 2-4 also shows the effect of partially replacing cement with SCMs on the steadystate diffusion coefficient (D s ), obtained from the ACMT using 90-day old mortar
samples. The results indicate that the use of 20% class F FA and 5% SF as cement
replacement significantly increased the chloride diffusivity in mortar and the use of 10%
MK or 50% GGBFS significantly decreased it, whereas other SCMs decreased the D s to
various degrees.
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TABLE 2-4 Mechanical properties, EIS data and chloride diffusivity of mortar samples containing various types and amounts of mineral
admixtures.

Mix
No.

Mineral
Admixtures

Average
Compressive
Strength (psi)

Average Young's
Modulus (GPa)

Average Modulus of
Toughness (kJ/m3)

90-day
ACMT

90-day EIS results

1d

7d

28d

1d

7d

28d

1d

7d

28d

R mortar
2
(KΩcm )

Q mortar
−2
(μScm )

n mortar

D s (m /s)

2

1

None

904

3863

5105

1.38

1.58

2.69

30.9

189.3

229.7

10.6±0.3

273.5±2.6

0.83±0.008

1.77E-11

3

FA F

752

3035

4025

0.36

1.20

2.53

23.4

114.8

114.2

56.1±0.3

202.0±8.8

0.78±0.003

1.50E-11

5

FA N

934

2900

4204

1.01

2.45

3.10

24.7

89.5

136.2

53.2±0.4

262.0±4.8

0.79±0.13

1.55E-11

7

FA F + SF

613

3480

4435

0.50

2.50

3.07

27.2

89.6

126.3

43.5±2.0

130.3±3.3

0.81±0.010

2.98E-11

9

FA F + MK

690

1439

5613

0.89

0.97

3.02

26.0

51.0

171.6

77.0±4.1

204.2±5.2

0.79±0.008

1.28E-11

11

SF

1056

2491

4859

0.72

1.78

3.44

42.3

119.6

147.7

125.6±17.1

111.0±5.1

0.89±0.007

1.30E-11

13

MK

1106

3850

4675

0.62

2.20

3.28

47.1

122.0

160.2

42.1±3.9

219.7±17.1

0.83±0.02

8.42E-12

15

UFFA

992

2887

4726

0.48

1.88

2.08

53.6

139.3

139.1

123.3±0.1

116.2±1.0

0.84±0.001

1.43E-11

17

GGBFS

950

2148

5109

0.44

1.61

2.82

28.6

84.8

167.0

69.8±8.0

317.4±39.1

0.90±0.03

1.09E-11
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TABLE 2-5 The properties of mortar samples and concrete containing various types and amounts of mineral admixtures.

Mineral
Mix No.
Admixtures

Mortar
Average
Compressive
Strength (psi)

Non-Air-Entrained Concrete
90-day
ACMT
-11

1&2
3&4
5&6
7&8
9 & 10
11 & 12
13 & 14
15 & 16
17 & 18

None
FA F
FA N
FA F + SF
FA F + MK
SF
MK
UFFA
GGBFS

1d

7d

28d

904
752
934
613
690
1056
1106
992
950

3863
3035
2900
3480
1439
2491
3850
2887
2148

5105
4025
4204
4435
5613
4859
4675
4726
5109

Ds (10
2

m /s)
1.77
1.50
1.55
2.98
1.28
1.30
0.84
1.43
1.09

Air-Entrained Concrete

360-day
ACMT

Properties

Coarse- Coarse90 d
Ds (10-13
aggregate- to-fine compressive
2
m /s)
to-cm ratio ratio
strength (psi)
2.17
2.80
NA
2.86
2.85
2.79
2.80
2.84
2.80

1.53
1.51
NA
1.54
1.53
1.51
1.51
1.54
1.52

10367
9404
NA
10020
9557
9848
11623
10335
8560

2.50
2.36
NA
2.99
3.27
3.80
2.90
3.71
3.52

360-day
ACMT

Properties
Coarseaggregate-tocm ratio

Coarseto-fine
ratio

90 d
compressive
strength (psi)

Ds (10-13

2.66
2.57
NA
2.59
2.62
2.55
2.57
2.60
2.57

1.54
1.51
NA
1.52
1.54
1.51
1.51
1.54
1.52

7834
5654
NA
5841
6833
7869
7070
6476
5544

2.74
3.77
NA
3.25
3.14
3.96
3.70
3.77
2.35

2

m /s)

The extremely low D s values of concrete specimens tested are indirectly confirmed by the natural diffusion test results. For mixes 1, 2,
3, 7, 8, 10, 12 and 13, the migration test was conducted without the externally applied electric field, i.e., through natural diffusion.
Even after 280 days, the chloride concentration in the destination compartment of all natural diffusion test cells generally remained
well below 5 mM, indicating that the diffusion front of chloride ions had not penetrated across the 25-mm concrete specimens.
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Table 2-5 presents the properties of the concrete mixes, including their average 90-day
compressive strength and the D s obtained from the ACMT using 360-day old concrete
samples. There is no clear trend related to the effect of SCMs on the 90-day compressive
strength of concrete or the chloride diffusivity in the 360-day concrete samples.
Nonetheless, the chloride diffusivity is much lower in the concrete mixes than in their
corresponding mortar mixes, with the D s values in the order of 10-13 m2/s in concrete and
of 10-11 m2/s in mortar. This highlights the important role of coarse aggregates in slowing
down the chloride ingress into concrete. Furthermore, Table 2-5 indicates that all the
mortar mixes had a 28-day compressive strength above 4,000 psi (27.6 MPa) whereas the
non-air-entrained concrete mixes at 90 days on average featured twice as high a
compressive strength. Such extremely high strength values suggest that the hardened
concrete had outstanding microstructure, which is consistent with their extremely low D s
values indicative of chloride diffusivity. The compressive strength of air-entrained
concrete was consistently lower than that of their non-air-entrained counterpart, yet the
differences in their chloride diffusivity were not as appreciable.
With the D s values obtained from the ACMT, it is possible to evaluate the time required
for chloride ions to migrate across concrete samples in the natural diffusion state. The
penetration of chlorides across concrete is a dynamic process driven by the chloride
concentration gradients. Assuming that the boundary conditions and diffusion coefficient
are constant with respect to time and space, the solution of Fick’s second law is given as
follows:
(5)
is the chloride concentration in the source solution; x is the thickness of
where
concrete samples; D is the diffusion coefficient for chloride; t is time. Given the D s
values of mixes 1, 2, 3, 7, 8, 10, 12 and 13 (averaging 2.98×10-13 m2/s, see Table 2-5), it
would take about 2 years to penetrate the 25-mm concrete specimen to reach a
concentration of 5 mM in the destination compartment. The natural diffusion results thus
indirectly confirmed the order of magnitude of D s values of concrete specimens obtained
from the ACMT.
Figure 2-5(a) illustrates the relationship between the compressive strength of the mortar
samples and the chloride diffusion coefficient in them, whereas Figure 2-5(b) illustrates
such relationship for the concrete samples. Generally speaking, the lower D s values
corresponded to the higher compressive strength values, as both indicate high quality of
the mortar or concrete. This is consistent with the tendency reported by Gao et al. [7].
Nonetheless, such correlations did not hold across all the mixes as the type and amount of
SCMs in them varied. For both mortar and concrete, there is the lack of a single
correlation for all the mixes. Instead, there are at least two distinct correlations between
the compressive strength and the chloride diffusivity. This may be partially related to the
slow hydration kinetics of some mortar mixes containing mineral admixtures as well as
the effect of certain mineral admixtures on chloride binding, which merit further investigation.
Figure 2-6(a) presents the relationship between the D s values in mortar samples and those
in their non-air-entrained concrete counterparts. Generally speaking, the lower D s values
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in mortar corresponded to the lower D s values in the non-air-entrained concrete,
indicating that chloride diffusion in the mortar phase contributed to the overall chloride
diffusion in the concrete which consisted of the mortar phase, the coarse aggregate phase,
and possibly the paste-aggregate interfacial transition zone (ITZ). For the control
concrete mix or the mixes with 20% class F FA and 5% SF or with 25% class F FA, the
mortar phase seemed to play a significant role in their chloride diffusivity; whereas for
the other concrete mixes the role of mortar phase is less significant.
Mineral Mortars
3.5

D s (10-11 m2/s)

3.0

y = -0.0014x + 9.2994
R2 = 0.9821

FA-F+SF

2.5

No Minerals

2.0
UFFA
FA-N

1.5

SF

FA-F

1.0

GGBFS

y = -0.0005x + 3.5707
R2 = 0.6648
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FA-F+MK
MK
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4500

5000
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Mineral Concretes
4.0

SF
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-13
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11000
90-day Compressive Strength (psi)
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(b)
FIGURE 2-5 Relationship between compressive strength and chloride diffusion
coefficients: (a) mortar samples and (b) concrete samples.
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Correlation between Chloride Diffusivity

D s of concrete (10
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m /s)
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y = 2.3806x - 4.1459
R2 = 0.9983
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FIGURE 2-6 Relationship between: (a) chloride diffusivity in mortar and that in non-airentrained concrete; (b) transformed strength of mortar and 90-day compressive strength
of concrete.
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Figure 2-6(b) presents the relationship between the transformed strength of mortar
samples and the 90-day compressive strength of their non-air-entrained concrete
counterparts. The transformed mortar strength (TMS) is calculated by the following
equation:
TMS = (7-day compressive strength + 28-day compressive strength) × (coarse-aggregateto-cementitious-materials ratio + coarse-to-fine-aggregates ratio)
(6)
There is a strong proportional correlation between the TMS and the concrete strength,
suggesting that the mortar phase is an integral component of the heterogeneous concrete
matrix and greatly contributes to its compressive strength. Note that the definition of
TMS was proposed based on the experimental data obtained from this specific research
and on the existing knowledge that higher levels of coarse aggregates in concrete
generally lead to higher strength of the concrete.
2.2.2 Electro-migration Data and Correlation with Porosity
Shown in Figure 2-7(a) is the temporal evolution of chloride concentration in the
destination compartment for some concrete mixes during the ACMT, where each curve
generally features two stages. The first stage is characterized by a negligible amount of
chloride that has migrated into the anolyte, which corresponds to the time-lag period for
chlorides to penetrate the concrete sample. Such a stage is followed by a subsequent
steady-state period, in which the flux of chloride ions is almost constant. This period is
evidenced by a sudden rise in the Cl- concentration, indicating the arrival of a relative
significant amount of Cl- ions in the destination compartment. The transition time, t0 ,
utilized to distinguish such two processes can be defined by the point around which the
Cl- concentration slope changes dramatically in the destination solution, which can be
located by the intercept from the tangent lines and the abscissa in Figure 2-7(a).
The current evolution curve contains abundant information on the transport of all the ions
present in the pore solution of mortar or concrete specimens. Figure 2-7(b) shows four
typical electric current density curves in the electrical circuit against time. Such curves
are characterized by rapid increase in the initial state, followed by plateaus with steadystate values. The evolution of electric current over time was used to calculate the amount
of electric charge ( QCh arg e ) passing across the concrete samples, which is given by:
t

QCh arg e = ∫ J (t ) Adt
0

(7)

where J (t ) is the current density; A is the sample area; t is time; the integration is
performed over the whole experiments. Note that the standard RCPT test (AASHTO T
277 or ASTM C 1202) classifies the chloride permeability of concrete based on the
charge in the first 6 hours. As shown in Figure 2-7(b), for high-quality concrete, the more
appropriate time frame for a 25-mm thick specimen would be in the hundreds of hours,
instead of 6 hours.
The variation of chloride diffusion coefficients obtained from the electro-migration test is
strongly correlated with the physiochemical characteristics of the test specimen, thereby
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allowing a systematic study of the influence of mix design on chloride diffusivity. Figure
2-8(a) illustrates a linear correlation between the porosity of concrete and its chloride
diffusion coefficient, which shows that the chloride diffusivity generally increases with
the volume of permeable voids in concrete. This is reasonable considering the more
porous microstructure of concrete leads to a longer zigzag diffusion path for the diffusion
of chloride. The relatively low R-square of this correlation may be derived from the
experimental errors as well as the fact that chloride diffusion is not only affected by the
physical properties of concrete but also the chemical interactions between ionic species
and the pore solution.
The correlation between the cumulative charge and the chloride diffusion coefficients is
presented in Figure 2-8(b), where the cumulative charge generally increases with chloride
diffusion coefficients. This is reasonable since both parameters have been used to assess
the chloride permeability of concrete. A less permeable concrete is expected to feature a
low D s value and less electric charge passing through it in a given time period, as
suggested by our previous research [2].
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FIGURE 2-7 Temporal evolution of: (a) chloride concentration in destination
compartment; and (b) electric current density during the ACMT of concrete samples.
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FIGURE 2-8 Correlation between: (a) porosity and chloride diffusion coefficient for
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2.2.3. EIS Data of Concrete and Correlation with Chloride Diffusivity
In this study, the EIS measurements were conducted to non-destructively characterize the
microstructural properties of the concrete specimens before and after the ACMT. The
complex impedance of the concrete/electrolyte interface was dependent on the frequency
of the applied AC polarization signal. The equivalent circuit shown in Figure 2-4 was
used to model the interfaces between the counter electrode and the working electrode.
Figures 2-9(a) and (b) present the fitted equivalent circuit parameters, Q cement and R cement .
, both of which seems to be somewhat correlated with the chloride diffusion coefficient
obtained from the ACMT. These correlations, however, were much weaker as those
reported in our previous research [2]. The results indicate that both the electrical
capacitance (Q cement ) and the electric resistivity (R cement ) of the concrete specimen
generally increase with its chloride diffusivity. It is intuitive that a less permeable
concrete (featuring high D s ) generally has more refined microstructure and thus low
Q cement and high R cement values. In this study, the relationship between D s and Q cement
greatly deviated from this, likely due to the chloride binding and pore solution chemistry
changes induced by the mineral admixtures.
Figures 2-9(a) and (b) also show that the electrical resistivity of concrete generally
decreased after the electro-migration test whereas its electrical capacitance generally
increased. This is likely attributable to the coarsening of the microstructure of concrete
induced by the externally applied electric field as well as the enriching of ionic species in
the pore solution of the concrete.
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chloride diffusion coefficients.
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2.2.4. Chloride Binding of Mortar and Influence of Mineral Admixtures
The relationship between free and bound chloride is generally non-linear. In order to
describe the experimental results with analytical expressions, a Langmuir isotherm for
chloride binding is utilized in this study, which follows [8]:
aC f
Cb =
(8)
1 + bC f
where Cb and C f stand for the bound and free chloride concentrations, respectively. α
and β are the binding parameters to be evaluated by the least-square regression. Such
parameters reflect the influence from such factors as type and amount of mineral
admixtures. Table 2-6 provides the Langmuir isotherm parameters obtained from
experimental data of the 9 mortar mixes. The experimental data for four kinds of mortars,
as well as the isothermal chloride binding curves, are provided in Figure 2-10.
The chloride binding capability against mix design is depicted in Figure 2-11, which
represents the chloride binding percentage at various initial chloride concentrations (C 0 ).
Mix design 9 (20% class F FA + 5% MK) and mix design 11 (10% SF) had the lowest
binding capacity, whereas mix designs 1 (100% cement), 7 (10% UFFA) and 9 (50%
GGBFS) had generally high chloride binding capacity relative to other mixes. These
results are consistent with previous study that suggests silica fume to reduce chloride
binding capability of concrete [9]. GGBFS has been reported to increase the chloride
binding capability, as it promotes the formation of more Friedel’s salt [11].
Nonetheless, the results from this work suggest the ordinary fly ash (both class F and
class N) and metakaolin additions to reduce chloride binding capacity of mortar samples,
which contradicts the previous knowledge on these minerals. Fly ash is considered to
possess much higher capability for chloride binding, as it features much higher amount of
active alumina compared with Portland cement [10]. In addition, MK was also found to
significantly increase the chloride binding ability when used to partially replace cement
in concrete [12]. These discrepancies may be a result of testing the chloride binding
capacity with different methods (e.g., the sample preparation and the chloride
concentrations used).
Table 2-7 provides the pore solution chemistry of mortar samples containing various
types and amounts of mineral admixtures, shown as changes in the key elements that
affect the ionic transport in such mineral concretes, i.e., Na, K, Ca, Mg, Fe as well as OH.
While the metallic elements were measured using the IC/ICP, the pH of pore solution
was measured using the chemical titration method. All the pH values were lower than
13.0, likely due to the contamination of airborne carbon dioxide into the small mortar
specimens. Nonetheless, the pH data suggest that all the mineral admixtures reduced the
alkalinity of the pore solution in the mortar samples, regardless of their type and amount.
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FIGURE 2-10 Chloride binding isotherms for four kinds of mortar samples.
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TABLE 2-6 Chloride binding parameters measured from the mortar samples containing
various mineral admixtures.
Mix Design

Constituents

α (10-3 L/mg)

β (10-5 L/mg)

1
3
5
7
9
11
13
15
17

100% Cement
75% Cement, 25% FA-F
75% Cement, 25% FA-N
75% Cement, 20% FA-F, 5% SF
75% Cement, 20% FA-F, 5% MK
90% Cement,10% SF
90% Cement, 10% MK
90% Cement, 10% UFFA
50% Cement, 50% GGBFS

3.61
2.12
2.13
1.25
1.25
2.18
1.58
2.95
2.16

5.35
2.29
4.04
3.63
1.77
4.12
2.21
3.75
4.08

FIGURE 2-11 Chloride binding percentage with respect to mix designs of different
mortar samples.
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TABLE 2-7 Pore solution chemistry in mortar samples containing various types and
amounts of mineral admixtures.
Mix
No.

Mix Design

Na
(ppm)

K
(ppm)

Ca
(ppm)

Mg
(ppm)

Fe
(ppm)

pH

1
3
5
7
9
11
13
15
17

100% Cement
75% Cement, 25% FA-F
75% Cement, 25% FA-N
75% Cement, 20% FA-F, 5% SF
75% Cement, 20% FA-F, 5% MK
90% Cement,10% SF
90% Cement, 10% MK
90% Cement, 10% UFFA
50% Cement, 50% GGBFS

1510
3430
1460
2340
2170
920
1700
1560
929

738
1440
687
754
903
313
849
1090
838

416
142
271
269
157
669
389
306
385

0.134
0.129
0.022
0.171
0.159
< 0.010
< 0.010
0.166
0.280

1.23
0.74
0.64
1.06
0.83
1.50
0.89
1.16
1.06

12.70
12.08
12.34
12.21
12.43
12.51
12.44
12.18
12.46

ICP detection limit

40

20

30

0.010

0.30

2.2.6. Freeze-thaw Resistance of Mortar in the Presence of Chlorides
After ten temperature cycles in the presence of concentrated deicers (23% NaCl, 30%
CaCl 2 , and 30% MgCl 2 ) and de-ionized water, it was observed that all the mortar
samples had insignificant changes in their weight. As such, they were subjected to
another ten temperature cycles in the presence of diluted deicers, with each deicer further
diluted from their application concentration at a 3% by volume. This 3-to-100 ratio was
chosen to simulate the field dilution of liquid or solid deicers once applied onto the
pavement for some time. The average weight loss of mortar specimens after the two
rounds of testing is presented in Figure 2-12. The results indicate that the weight loss of
mortar specimens was the greatest in the presence of diluted NaCl solution, followed by
the diluted CaCl 2 , and then by the diluted MgCl 2 solution, whereas the mortar
deterioration in the de-ionized water was negligible. In the presence of diluted NaCl
solution, the mix designs, the mix designs 13 (10% MK), 15 (10% UFFA) and
particularly 17 (50% GGBFS) showed less weight loss relative to the control, whereas
other SCMs exacerbated the freeze-thaw damage with the mix designs 5 (25% class N
FA) and particularly 7 (20% class F FA + 5% SF) being the worst. In the presence of
diluted CaCl 2 and MgCl 2 solutions, the effect of mineral admixtures on the freeze-thaw
resistance of mortar followed a trend similar to that seen in the presence of diluted NaCl
solution, yet with the mix designs 5 (25% class N FA) and 7 (20% class F FA + 5% SF)
being the worst respectively. In summary, the partial replacement of cement by 50%
GGBFS is most beneficial for the freeze-thaw resistance of mortar, followed by the 10%
UFFA or 10% MK replacement; whereas the use of ordinary fly ash and silica fume
seems to undermine the freeze-thaw resistance of mortar in the presence of various
diluted chloride solutions.
It is postulated that the air-entrained concrete would have better freeze-thaw resistance
than their mortar counterparts for two reasons. First, the concrete matrix contains less
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cement paste phase than its mortar counterpart and is thus less prone to the physical
attack by temperature cycling and chemical attack by deicers. Second, the air entrainment
introduces microstructure that can mitigate the internal stress due to ice formation and
thawing inside the concrete.

FIGURE 2-12 Weight loss of concrete specimens after freeze-thaw tests in the presence
of various chlorides
2.3. Conclusions
Various laboratory tests were conducted to investigate the properties of mortar and
concrete samples with cement partially replaced by various minerals (class F and class N
FA, UFFA, SF, MK and GGBFS). These include: the compressive strength, Young's
modulus, and modulus of toughness of mortar samples at 1-d, 7-d and 28-d; the
compressive strength and porosity of concrete samples at 90-d; the chloride diffusivity
and EIS measurements of hardened mortar and concrete samples; the natural diffusion of
chloride into select concrete samples; the freeze-thaw resistance of mortars in the
presence of chloride deicers; and the effect of mineral admixtures on the chloride binding
and chemistry of the pore solution in mortar.
The accelerated chloride migration test of hardened concrete specimens found them to
feature unusually low chloride diffusivity (D s values in the order of 10-13 m2/s vs. the
commonly reported 10-12 m2/s), corresponding to very high compressive strength. The
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research findings imply that these high-quality concrete samples tested likely had little or
no interfacial transitional zone (ITZ) in them. The chloride diffusivity in high-strength
concretes was largely determined by the use of coarse aggregates whereas the effect of
mineral admixtures was relatively small. The research also implies the importance of
quality assurance in the processes and procedures used in the new construction, in order
to achieve the great potential of reinforced concrete as a construction material and to
manage corrosion risks pro-actively.
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C HAPTER 3. STOCHASTIC M ODELING OF SERVICE L IFE OF R EINFORCED
C ONCRETE IN C HLORIDE -L ADEN E NVIRONMENTS
This chapter presents the methodology, results and discussion pertinent to the service life
modeling of reinforced concrete in chloride-laden environments. The important features
of ionic transport in concrete (with a focus on chloride diffusion) were explored and a
two-dimensional finite-element-method (FEM) model was developed. The stochastic
nature of model inputs is taken into consideration. Specifically, the surface chloride
concentrations and concrete cover depth follow the normal distribution, whereas the
diffusion coefficients and the chloride threshold follow the gamma distribution and the
triangular distribution respectively. The nonlinear partial differential equations (PDEs) to
characterize the spatial and temporal evolution of ionic species are numerically solved,
the results of which are utilized to elucidate the influence of various factors on the service
life of reinforced concrete, such as mix design (i.e., partial replacement of cement by
mineral admixtures), surface chloride concentration, crack level, coarse aggregate and
concrete cover depth.
3.1. Introduction
Due to its high strength, flexibility in geometries and variability in mechanical properties,
reinforced concrete has been the most widely used construction material for
infrastructures across the world. Concrete pore solution can have pH values well above
12, which allows rebar surface to be covered with a thin, passive and impermeable oxide
film [1-2]. In addition, the dense concrete cover forms a physical barrier to reduce the
penetration of deleterious species. Under such protective environments within concrete,
steel rebars do not corrode spontaneously, which prevents anodic reactions from
occurring and makes steel inert from active corrosion.
Chloride-induced degradation in concrete structures is a common occurrence in the
United States due to the use of deicers in cold-climate states and the chloride
environments in coastal areas. By capillary effect and diffusion, chloride ions can migrate
into concrete. Although capillary movement is fast, it is less favored by the discontinuous
pore system in concrete. Diffusion thus provides a practical manner for chloride ions to
migrate across concrete cover and reach rebar surface, and the transport of chloride ions
through concrete cover to rebar surface is a major cause of concrete degradation, the
results of which lead to serious economic and safety implications. Chloride ions are
responsible for the breakdown of passive film and the initiation of corrosion [3-4].
Reliable predictions for existing rebar performance are indispensible, which can take into
account the extent of deterioration, the expected remaining service life, and the optimum
repair strategy. A well-defined procedure allows sufficient information to be obtained for
timely rehabilitation and replacement of reinforced concrete structures.
Although research in reinforcement corrosion in concrete has been extensively
documented in the past decades [5-8], the current state of knowledge in corrosion
initiation remains unsatisfactory. In traditional service life modeling, the concerns are
addressed with the stochastic technique, with only the diffusion of chlorides taken into
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consideration. Such treatments [9-10] fail to adequately describe concrete degradation
due to mutual interactions among multiple ionic species, thereby underestimating or
overestimating the risk of chloride contamination. In this study, a stochastic model is
presented to simulate the service life of concrete structures subject to chloride ingress, the
goal of which is to develop a reliable technique to predict structural deterioration and
assess life performance of concrete infrastructures for typical aggressive chloride
environments. Within the mathematical framework and the numerical implementation,
input parameters are assumed to follow normal, gamma and triangular distributions
respectively. Combined with the chloride binding isotherms, the algorithm of service life
assessment is depicted for concrete infrastructures, the methodology for which can be
used as a value tool for structural engineers and asset managers to estimate the
appropriate timing of concrete maintenance and rehabilitation.
3.2. Methodology
Provided that the chloride-induced rebar corrosion is the major durability issue, the
service of concrete structures (denoted by t s ) can be described as [10]:

t s = ti + t p

(1)

where ti is the period within which a sufficient amount of chlorides can accumulate on
rebar surface and t p is the time for rebar corrosion to reach an unacceptable condition.
Although capillary movement is another manner by which chloride species can migrate
into concrete, the discontinuous and zigzag nature of concrete pore systems does not
favor this process.
can thus be assumed solely related to the penetration process in
concrete cover by diffusion, and Fick’s law is capable of predicting the chloride
concentration evolution on the rebar surface. The initiation period is mainly influenced
by diffusion coefficients of ionic species, concrete cover depth, surface chloride
concentration, and critical chloride concentration on the rebar surface. Such variables are
in principle stochastic, as corrosion damage is highly dependent on environmental
parameters. Thus, the service life is best presented by a range of distribution rather than a
single value. The degradation process, in which rebar experiences active corrosion, is
complex and strongly depends on external conditions, such as temperature and humidity.
However, t p is generally accepted to be around 4~6 years. Such a short duration can be
neglected for service life modeling, compared with the relative long time frame of
corrosion initiation (~100 years).
In what follows, the mathematical model to be used for service life prediction is based on
the conservation laws with fundamental model parameters related to the concrete
characteristics and the environment to which the system is subject. Unlike the traditional
treatment where only chloride diffusion is taken into consideration, the physical and
chemical interactions among ionic species and cement phases are full explored in this
study.
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3.2.1. Model for Multi-Species Transport (Method A)
From the modeling perspective, concrete structures can be divided into three physical
domains, i.e. aggregate, porosity and paste/mortar. Aggregate is a dense and hard
reinforcing component in concrete materials, in which the diffusivities of ionic species
are negligible, while the pore system provides the zigzag diffusion path through which
ionic species can migrate. Depending on cement types and addictive varieties, multiple
ionic species can be present in pore solutions, among which Na+, K+, Ca2+, Cl-, and OHare most frequently encountered. Chloride ions in concrete are either free or bound. The
free ones are water-soluble and can attack the passive film on the rebar surface to initiate
pitting corrosion, whereas the bound ones exist in the form of chloride-aluminates,
making them unavailable for free transport. In the traditional service life prediction of
concrete structures, only chloride ions are taken into consideration. Although this
treatment is simple and can be successfully applied to various scenarios, it fails to
elucidate material degradation due to ionic and mineral interactions. There is thus a
necessity to incorporate all the ionic species present in the system, and reformulate the
model methodology to reflect the real scenario.
To describe the ionic transport in a porous system, the technique of homogenization is
indispensible, which is rooted at the microscopic scale with the subsequent integration
over a representative elementary volume [11]:
∂C
∂S
(2)
p i + (1 − p ) i + ∇ ⋅ ( pJ i ) = 0
∂t
∂t
where C i and S i are the free and bound concentrations of species i, respectively; p is
porosity; t is time; J i is the flux of species i. The flux of each species in the pore
solution can be given by [12]:
D
(3)
J i =− Di ∇Ci − i Ci FZ i ∇φ
RT
where Di and Z i are the diffusion coefficient and valence number for species i,
respectively; F is Faraday constant; R is gas constant, T is temperature; φ is electric
potential.
From the practical point of view, only chloride binding is considered in this work, which
is assumed to follow the Langmuir isotherm as follows [13]:
α CCl
(4)
SCl =
1 + β CCl
where α and β are the binding parameters to be evaluated from measured free and
bound chloride concentrations.
For saturated concrete where there is no external voltage, ionic species transport through
the pore system under the electro-neutrality condition, At typical concentrations, the
influence of non-ideality of electrolytic solution on the ionic fluxes is negligible, which
indicates that the chemical activity of each species can be approximated by its
corresponding concentration. Under an internally-induced electric field, all the ionic
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species in the pore solution contribute to the electro-neutrality condition. Since the
eclectic current in an electrolyte results from the movement of charged particles, the
current density can be formulated as the fluxes of all the species as follows [12]:
n
Z FD
(5)
=
i pF ∑ Z i (− Di ∇Ci − i i Ci ∇φ )
RT
i =1
With the zero-flux boundary condition, the electro-neutrality condition can be formulated
as [12]:
(6)
∇ ⋅i =0
which serves as a supplemental equation to correlate the electric interaction among
various species.
The concentrations of ionic species and the internal electric field constitute the degrees of
freedom in the model, with which to describe the mass transfer and reactive diffusion.
The model is accomplished by dividing the computation into two stages for each time
step. The first stage is to investigate the transport of ionic species alone, with the
chemical interaction being ignored. The second stage is to check local solubility
constraints so that a certain amount of calcium carbonate can precipitate from pore
solution and locally alter the pore fraction. Such two stages constitute a numeric time step
during modeling, where the temporal scale should be set as small as possible to approach
real and spontaneous local equilibrium.
3.2.2. Model for Single-Species Transport (Method B)
Based on the measured materials properties, the service life prediction can be obtained
using a reliability analysis with only chloride species. Assuming chloride diffusion is the
only physical process under consideration, the chloride content in concrete can be
described by [15]:
∂CCl
∂ 2 CCl
=D
(7)
∂t
∂x 2
3
where CCl is the chloride content in kg/m ; D is the chloride diffusion coefficient; x is
the depth from the concrete surface; t is the time. When the surface chloride
concentration is a constant and the diffusion problem is described for a one-dimensional
finite depth, the analytical solution for Eqn. (7) can taken the following form [4]:
x
CCl = C0 (1 − erf (
))
(8)
2 Dt
where C0 is the surface chloride concentration; erf is the error function. When
calculating the service of concrete infrastructure, CCl is treated as the corrosion initiation
concentration. With given values of CCl , C0 , D and x based on their own statistical
distribution, the time for corrosion initiation can be conveniently evaluated.
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3.2.3. Input Parameters
As domain or boundary parameters, surface concentrations, concrete cover depth,
diffusion coefficients, and chloride threshold values are random variables that have a
stochastic nature. Once such model parameters have been identified either from lab
measurement or field practice, a random number generator based on normal, triangle and
gamma distributions to sample such stochastic values will be utilized, which can be
linked with finite element analysis to retrieve information on the time for repair and
rehabilitation. In order to reflect this peculiarity, a solution to Equations 2 to 6 should be
sampled extensively so as to reflect the probabilistic nature of the input variables. The
number of samplings is a compromise between the time for the simulation and the
acceptability of the simulation results. As the number of samplings increases, the
confidential interval for predicted service life becomes less sensitive with respect to the
stochastic nature of input variables. The precision of the predictions can thus represent
the range of service life. To this end, the simulation for each computational study in this
work is explored by 10000 times. Based on the results of such trials, the 95% confidence
intervals for the predicted time to repair and rehabilitation are evaluated.
The surface chloride concentration is an important parameter to characterize the driving
force for chloride diffusion, the value of which depends on geographic locations and
structure types. In order to estimate service life in extreme conditions, various surface
chloride concentrations (from 2 to 8 kg/m3) are utilized. Note that these concentrations
are in the weight of free Cl- ions per volume of solution. As the surface chloride
concentrations vary with temperature, local humidity, and season alternation, a normal
distribution is adopted in the simulation, which follows:
f ( x) =

−( x−µ )2

1

2σ

(9)
2πσ
where σ and µ are the mean and standard deviation, respectively. The mean values
for chlorides are set to 2, 4, 6 and 8 kg/m3, with a standard deviation of 0.2 kg/m3 for all
the cases investigated. Such a standard deviation is also applied for other ionic
concentrations involved in the simulation. The spectrum distributions for various chloride
concentrations are presented in Figure 3-13.
2

e

Diffusion coefficients of chloride and other species are highly dependent on materials
characteristics and environments. In order to reflect the stochastic nature of diffusion
coefficients in concrete structures, the diffusion coefficients are assumed to follow the
gamma distribution given by:
e − x /θ
(10)
f ( x : k , θ ) = x k −1 k
θ Γ(k )
where x > 0 and k , θ > 0 ; k = 27.05 and θ = 1.42 for chloride diffusion in concrete,
respectively. A graphical representation of the chloride diffusion coefficient distribution
is provided in Figure 3-14, the tendency of which is also applied for other diffusion
coefficients and mix designs.
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FIGURE 3-13 Surface chloride concentration distribution according to the normal
distribution: (a) 2 kg/m3; (b) 4 kg/m3; (c) 6 kg/m3 and (d) 8 kg/m3.
The actual chloride threshold in concrete is dependent on various parameters, such as
cement type, composition, moisture content, and temperature. The triangular distribution
is a continuous distribution with lower limit a , mode c and upper limit b ,
mathematically expressed as:
 2( x − a)
for a ≤ x ≤ c

(
)(
)
−
−
b
a
c
a

 2(b − x)
(11)
f ( x, a, b, c) = 
for c ≤ x ≤ b
 (b − a )(c − a )


0 otherwise

In this work, the chloride threshold value is assumed to follow the symmetric triangular
distribution, the shape of which is weighted towards to the center of a range of values.
The upper limit is set as 5 kg/m3, while the lower limit remains at 0.6 kg/m3, as illustrated
in Figure 3-15. Concrete cover depths in infrastructures feature natural variability, the
change of which was found to follow the normal distribution from a survey on bridge
decks in Virginia. For all the concrete cover depth utilized in this work, a standard
deviation of 5 mm is assumed, the probability for the thickness distribution is shown in
Figure 3-16 for concrete cover depths with a mean value of 50 mm.
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In order to cover a wide range of design configurations, 14 concrete mix designs were
considered, the details of which can be found in Table 2-2. A water-to-cementitiousmaterials ratio of 0.40 was specified for all the mix designs. The chloride diffusion
coefficients of 360-day concrete samples were measured using an accelerated chloride
migration test as detailed in our previous work [16], whereas the testing procedures of
chloride binding capacity of concrete are detailed in the reference [17] and the laboratory
investigation chapter. Diffusion coefficients other than chlorides were taken from the
work of Wang et al. [11]. Note that this work pertains to the concrete reinforced with
“black bar” (uncoated mild steel bar), instead of epoxy-coated rebar or corrosion-resistant
rebar.
3.3. Results and Discussion
3.3.1. Effect of Mix Design on Service Life
Chloride diffusion in concrete materials strongly depends on the environment, as such
species will either chemically or physically interact with cement phases. Chloride
transport through concrete materials will thus be eventually influenced by the pore
structure, the physical or chemical binding and the inclusion of the supplementary
materials. Using the proposed two methods, transport of chloride ions in various mix
design is simulated, the results of which are presented in Table 2.
It is interesting to note that all concrete mixes investigated had a 50%-probability service
life of 114 years or longer (with a surface chloride concentration of 6 kg/m3 and concrete
cover of 50 mm), which highlights the great potential of reinforced concrete as a
construction material when the concrete is made using the best practices of construction
and curing and is free of cracking. The data in Table 3-8 also suggest that when the
concrete is made using the best practices, partially replacing cement with class F FA, SF,
MK, or GGBFS tends to decrease the service life of reinforced concrete or at least show
little benefits to its service life. This trend contradicts what have been generally reported
in published literature, and is likely attributable to the fact that the PCC made without any
mineral admixtures (mixes 1 and 2) featured unusually low chloride diffusion coefficients
in the order of 10-13 m2/s. While the chloride diffusion coefficients did not differ greatly
among the concrete mixes investigated, the predicted service life of reinforced concrete
showed a certain degree of variations. Finally, for all these high-quality concrete mixes,
the effects of air entrainment on the chloride diffusivity in concrete and the service life of
reinforced concrete were not dramatic and did not show a clear trend.
As mentioned above, the rate of chloride migration depends on not only the diffusion rate
of chloride ions but also the chloride binding capability of concrete materials. It is
evident from Table 3-8 that for the 10, 50 and 90% likelihood of corrosion initiation, the
service life predicted from multi-species model (method A) is generally longer than that
obtained from single-species model (method B), which is due to the incorporation of
chloride binding in the former case.
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TABLE 3-8 Predicted service life for various mix designs, with a surface chloride
concentration of 6 kg/m3 and concrete cover of 50 mm
Mix
Design

D
(10-13
m2/s)

Chloride Binding
Parameters
α and β (L/mg)

Service Life from
method A (years)
(10, 50 and 90%)

Service Life from method
B (years)
(10, 50 and 90%)

1
2
3
4
7
8
9
10
11
13
14
15
17
18

2.50
2.74
2.36
3.77
2.99
3.25
3.27
3.14
3.80
2.90
3.70
3.71
3.52
2.35

3.61×10-3; 5.35×10-5
3.61×10-3; 5.35×10-5
2.12×10-3; 2.29×10-5
2.12×10-3; 2.29×10-5
1.25×10-3; 3.63×10-5
1.25×10-3; 3.63×10-5
1.25×10-3; 1.77×10-5
1.25×10-3; 1.77×10-5
2.18×10-3; 4.12×10-5
1.58×10-3; 2.21×10-5
1.58×10-3; 2.21×10-5
2.95×10-3; 3.75×10-5
2.16×10-3; 4.08×10-5
2.16×10-3; 4.08×10-5

103;285;624
91;179;584
102;174;628
64;136;348
79;114;405
83;159;481
94;168;498
83;171;458
62;157;371
71;184;532
62;148;397
59;163;328
53;167;324
116;237;603

95;182;521
79;168;523
87;157;593
53;121;326
65;107;384
77;143;438
83;152;467
73;148;412
53;135;348
67;167;481
53;136;356
52;151;305
48;145;296
97;193;541

3.3.2. Effect of Surface Chloride Concentration on Service Life
Concrete structures located in different regions are exposed to varying degrees of
corrosivity, as the amount and frequency of salt usage in northern snow states vary
significantly and the attack from marine environments in coastal states differs
geographically. Such variations are reflected on the surface chloride concentrations for
chlorides to migrate into concrete structures. The chloride concentrations on concrete
surface serve as the driving force for chloride ingress, thus showing a significant effect
on service life prediction. To investigate the effect of surface chloride concentration on
concrete service life prediction, numerical predictions are conducted with four levels of
surface chloride concentrations, i.e. 2, 4, 6 and 8 kg/m3. A concrete cover depth
measuring 50 mm in thickness is laid over the rebar surface for all the cases studied, after
which the computational investigation is conducted to explore the long term protection.
The initial conditions for concentrations of Na+, K+, Ca2+, and OH- within the concrete
domain are 2, 2, 3, and 7 kg/m3, respectively, and the boundary conditions for such
species also remain at those values. To determine whether the chloride threshold
concentration for active corrosion has been reached on rebar surface, the chloride content
on rebar surface is monitored against time, and a randomly generated chloride threshold
value is used as a reference to identify the service life. Based on the evolution of such
curves against time, the value of is determined, which is considered to be the time for
active corrosion. The current treatment incorporates the influence of mutual interaction
between chloride and hydroxyl ions on chloride threshold values.
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The effect of surface chloride concentration is explored by comparing the predicted
service life spectrum for four scenarios in Figure 3-17. However, it is noted that the
surface chloride concentration and the chloride threshold value are random numbers.
Once the chloride threshold value is higher than the surface chloride concentration, the
resulted time for diffusion is trivial, as sufficient chlorides will never be present at the
rebar depth for corrosion to initiate. Based on the modeling results, chloride inwarddiffusion with the lowest surface chloride concentration is the most sluggish process.
With the surface chloride concentration increasing, the service life decreases
significantly. For the case in which the surface chloride concentration of mix design 1
remains at 6 kg/m3, the 90% likelihood of corrosion initiation is around 600 years. The
above discussion is based on the assumption that concrete is fully saturated with water.
However, alternate wetting and drying cycles can change the chloride content on concrete
surface. For a concrete cover with a depth of 50 mm, the time for chlorides to arrive at
the chloride threshold level is from 150 to 600 years under various exposure conditions in
Figure 3-17. It is obvious that with the current concrete cover depth, it is likely to obtain
a reliable protection against chloride attack, where the chloride concentrations on rebar
surface can be well below the critical threshold value for corrosion initiation even after
100 years.
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FIGURE 3-17 Predicted service life for concrete structures with surface chloride
concentrations being (a) 2 kg/m3, (b) 4 kg/m3, (c) 6 kg/m3 and (d) 8 kg/m3.
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3.3.3. Effect of Cracking Level on Service Life
Concrete structures are subject to environmental loadings (e.g., freeze/thaw cycles) and
periodic traffic load under normal service conditions, leading to cracks characterized by
various densities. Poor practices during construction and curing can also lead to the
initiation and propagation of cracks in concrete. The effect of crack density has practical
implication for infrastructures. Chloride transport through cracks over long period of time
is of the primary concern for performance evaluation. Durability of concrete
infrastructures is significantly affected by the presence of cracks, as they can facilitate the
chloride ingress by act as preferential channel. This consensus has been universally
accepted, but a quantitative description is still lacking. Francois et al. [19] conducted a
corrosion study by exposing loaded reinforced concrete beams to salt fog for twelve years.
They found that the tensile micro-cracking in concrete as a result of service loading was
responsible for accelerating chloride penetration whereas the existence and width of
micro-cracks (with width less than 0.5 mm) did not influence the development of the
rebar corrosion.
The simulation domains are established in Figure 3-18 to investigate the effects of crack
on service life, where four levels of crack configurations are presented, i.e. 50, 80, 145
and 207 m-1. Here, the crack density is defined as the total crack length per unit area. The
initial conditions for Na+, K+, Ca2+ and OH- are chosen as 2, 2, 3 and 2 kg/m3,
respectively, with the boundary conditions for such species having the same values. The
surface chloride concentration remains at 5 kg/m3, and the multi-species model is
utilized. Diffusion coefficients for ionic species in cracks are taken from the work of Li
and Gregory [18].
The effect of crack density on service life is evaluated by comparing the predicted
chloride concentration profiles on rebar surface. It is noted that due to the presence of
cracks in the two-dimensional domains, the distribution of chlorides on rebar surface is
not uniform. Based on the modeling results, average chloride concentrations on rebar
surface are utilized as the indicator, i.e. the chloride surface concentration after the
introduction of cracks is determined by integration of the chloride concentration across
the rebar surface and then divided by the rebar surface area. The time to corrosion
initiation is presented in Figure 3-19, where the model outputs as a function of crack
density are given.
As shown in Figure 3-19, the service life of reinforced concrete decreases as the cracking
level of the concrete increases. The actual diffusion path traveled by ionic species in a
cracked concrete is shorter than in crack-free solid. For the case in which the crack
fraction is low, the short circuit path is far apart. Upon increasing of crack density, the
distance for chloride ingress among various diffusion channels decreases. Based on the
modeling results, chloride diffusion in crack-free concrete is the slowest process. With
the crack density increasing, more chlorides are accumulating around rebar surface. It is
interesting to note that when the crack density is over 200 m-2, the service life shows no
significant dependence on further increase on crack density, which is attributable to the
forming of continuous net-like configuration in the concrete domain.
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FIGURE 3-18 Crack configurations with various densities for service life prediction: (a)
50 m-1; (b) 80 m-1; (c) 145 m-1 and (d) 207 m-1.
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FIGURE 3-19 Effect of crack densities on service life prediction: (a) 50 m-1; (b) 80 m-1;
(c) 145 m-1 and (d) 207 m-1.
3.3.4. Effect of Coarse Aggregates on Service Life
From the practical point of view, concrete can be treated as a structure having two main
constituents: cement paste and aggregates. Aggregates are a dense phase that is randomly
distributed within continuous cement matrix. When concrete is water-saturated, the pores
in cement matrix form a continuous channel system, within which chlorides diffuse and
transport towards rebar surface. The diffusivity of ionic species in aggregates is typically
very small, which leads to appreciable heterogeneities of chloride diffusion within
concrete. The diffusion coefficient of chloride ions in aqueous solutions [20], cement
paste [21] and marble [22] has the order of 10-9 m2/s, 10-12 m2/s and 10-15 m2/s,
respectively. Accordingly, it can be assumed that diffusion of chloride ions in coarse
aggregates of concrete is negligible.
Traditionally, concrete is considered to have a heterogeneous interfacial transition zone
(ITZ) with about 30 μm of porosity gradient on the surface of each coarse aggregate,
featuring high localized w/cm ratio and high porosity relative to the cement paste phase
[23-24]. This, however, is debatable since “the higher porosity present initially is
significantly diminished by the migration of ions during hydration” [25] and “the extra
space produced by the wall effect is filled in by CH deposits” [26]. In our opinion, it is
possible to eliminate the presence of ITZ through best practices of construction and
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curing, such as the use of surface-saturated-dry aggregates and high-speed stirring during
mixing of fresh concrete.
If we ignore the presence of paste-aggregate ITZ, the diffusion coefficients in paste and
mortar can be combined with the amount of aggregates to predict transport properties of
concrete. To gain an acceptable description for chloride diffusion in concrete structures,
the mean field theory is adopted to evaluate the effective diffusion coefficients, where a
two-dimensional simulation domain with the same size as mentioned above is utilized.
To gain a phenomenological description of chloride diffusion in hetero-structural
concrete, the effective diffusion coefficient for a two-phased structure can be described
by [27]:
D + K a Dc + K aφ ( Da − Dc )
Deff = Dc a
(12)
Da + K a Dc − φ ( Da − Dc )
where D c stands for the chloride diffusion coefficients in cement paste, while D a is that
for aggregates, φ and K a are the volume fraction and the shape factor for the aggregates.
For spherical aggregates, K a = 2 . For impermeable coarse aggregates, D a is assumed to
be 1/1000 of the averaged D c . The formula (12) is utilized in this work to extrapolate
diffusion coefficients with various aggregate fractions from the measured chloride
diffusion coefficients in concrete samples.
For the simulation, a rectangular domain dimensioned by 50×50 mm is taken from a
semi-infinite concrete with its left surface exposed to chloride-containing solution. The
multi-species model is utilized. Four volume fractions of aggregate are used, i.e. 0.2, 0.4,
0.6 and 0.8. For convenience, the diffusion coefficients of ionic species in aggregate are
set to zero. Four kinds of concrete mix designs are utilized for simulation, and the
cumulative percentage of corroded structures for different aggregate volume fraction are
shown in Figure 3-20. All the curves share the same pattern across the entire temporal
domain. The large difference in diffusion rate between aggregates and cement paste
complicates concrete service life prediction. For concrete structures with aggregates, the
chloride diffusion rate was found to be quite different from its corresponding
homogeneous medium. The overall flux decreases as the volume fraction of aggregates
increases. The same behavior is also observed for other aggregate fractions, but shifted
with respect to time and positions.
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FIGURE 3-20 Effect of aggregate fraction on chloride-induced corrosion (a) mix design
2, (b) mix design 4, (c) mix design 8 and (d) mix design 11.

3.3.5. Effect of Concrete Cover Depth on Service Life
Concrete cover serves as a physical barrier to retard the ingress of deleterious species.
Usually, an increase in the thickness of the concrete cover leads to beneficial effects,
because it increases the barrier to the various aggressive species moving towards the
reinforcement and increases the time for corrosion to initiate. In reality, however, the
cover thickness cannot exceed certain limits, for mechanical and practical reasons [28].
To ensure the durability of concrete structures for a specific service life, concrete cover
depths need to be evaluated with a theoretical method. According to the numerical
method for multi-species diffusion, the relation between service life and concrete cover
depth is predicted, the results of which are shown in Figure 3-21. Such profiles provide
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qualitative information to predict service life against a given concrete cover depth. As the
model incorporates probability distribution of input variables, the predictions can be used
not only for a particular structure but also for a large population of bridges. As shown in
Figure 3-21, for all the mineral concrete mixes investigated, as the concrete cover depth
increases, the time to corrosion initiation of rebar in concrete is predicted to increase
exponentially, highlighting the importance of cover depth in extending the service life of
reinforced concrete exposed to external chlorides. According to the model calculations, it
would take more than 100 years for the chloride ions in an aggressive environment (with
surface chloride content of 8 kg/m3) to reach the threshold level at a depth of 60 mm. It
should be cautioned that the chloride diffusivity data used for the model were measured
using specimens cored from the center of a large concrete sample. In field construction,
the top layer of the concrete cover is likely to have much higher chloride diffusivity than
the interior of the concrete, in light of the possible defects derived from bleeding and
water evaporation etc. at the top layer. Furthermore, the field construction is unlikely to
achieve the same level of detailed quality assurance as implemented in the laboratory
study and cracking cannot be fully eliminated for the service life prediction
considerations. In this context, a thicker-than-predicted concrete cover is needed for the
target service life of concrete structures in the field environment and the importance of
good construction and curing practices can not be overemphasized.
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FIGURE 3-21 Variation of service life with respect to concrete cover depth. (a) mix
design 2, (b) mix design 4 and (c) mix design 8.
3.4. Concluding remarks
Chloride ingress into concrete is a complex process, which in the highway environment is
further complicated by the freeze-thaw cycles and wet-dry cycles experienced by
roadways and bridges. While there are numerous existing experimental or modeling
studies related to the transport of chlorides in concrete, the measurement of chloride
ingress into concrete is technically challenging. Furthermore, it is also difficult to assess
the durability of reinforced concrete from its chloride diffusivity, partially owing to the
heterogeneous nature of the concrete matrix, the difficulty in fabricating concrete in a
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reproducible manner, and the inherently probabilistic nature of species transport in
concrete and of chloride-induced corrosion of steel rebar in concrete. In this context,
modeling is a useful tool to provide quantitative understanding of key processes and their
interactions that define the service life of reinforced concrete in chloride-laden
environments.
A two-dimensional FEM model, coupled with the stochastic technique, was developed to
study the service life of concrete structures under various conditions. In order to provide
a reliable and statistical method to predict service life of concrete structures, concrete
cover depth, chloride diffusion coefficients, surface chloride concentration, cracks and
aggregates are taken into consideration, which are stochastically sampled. Starting from
the equation of mass balance, the model incorporates the effect of various internal and
external factors, and then explores the important features of ionic transport in concrete.
The technique developed in this work (e.g., multi-species transport model) may prove to
be very effective in predicting chloride migration and generating statistical conclusions
about the service life of reinforced concrete, which allows the civil engineers to estimate
the rate of chloride ingress and speculate the deterioration risk of reinforced concrete.
Future improvements could be made to the model so that it takes into account the timedependency of transport properties of concrete [29, 35], the repair or replacement of
concrete cover [15], the corrosion propagation [30], the chloride penetration mechanisms
other than diffusion (e.g., wicking) [31], the structure geometry [32], the environmental
humidity and temperature fluctuations and the decay of structures under coupled physical,
chemical, and mechanical deterioration processes [33, 34] etc. With continued
improvements on such models, they could also be used for life cycle costing and for the
timing of repair or rehabilitation strategies.
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C HAPTER 4. C ONCLUSIONS AND R ECOMMENDATIONS FOR
I MPLEMENTATION
Corrosion of reinforced and prestressed concrete structures is a major and increasing
problem worldwide. The remediation of concrete bridges in the United States, undertaken
as a direct result of chloride-induced corrosion of the reinforcing steel, would cost the US
highway departments $5 billion per year (FHWA, 1999). The cost of maintenance and
rehabilitation required to preserve the structural integrity and overall safety of highway
concrete structures is phenomenal. Repeated rehabilitation and repair also incur a
significant environmental toll, as well as the delays caused by closing roads or bridges.
On the other hand, appropriate design for corrosion protection would generate substantial
cost savings for the DOTs by minimizing the premature rehabilitation or failure of
highway bridges and reducing the construction costs.
DOTs spend billions of dollars each year on the construction and maintenance of
highway bridges, and the national bridge inventory includes numerous structures with
exposure to corrosive salt conditions in marine environments and in ice-prone regions of
the country. With extended service life and reduced need for costly and difficult repair
and rehabilitation of bridge structures, the implementation of better design practices will
have immediate positive impacts on the nation’s highway system, including cost savings,
enhanced traveler safety, reduced traveler delays, and minimized environmental impacts.
4.1. Conclusions
Various laboratory tests were conducted to investigate the properties of mortar and
concrete samples with cement partially replaced by various minerals (class F and class N
FA, UFFA, SF, MK and GGBFS). These include: the compressive strength, Young's
modulus, and modulus of toughness of mortar samples at 1-d, 7-d and 28-d; the
compressive strength and porosity of concrete samples at 90-d; the chloride diffusivity
and EIS measurements of hardened mortar and concrete samples; the natural diffusion of
chloride into select concrete samples; the freeze-thaw resistance of mortars in the
presence of chloride deicers; and the effect of mineral admixtures on the chloride binding
and chemistry of the pore solution in mortar.
The accelerated chloride migration test of hardened concrete specimens found them to
feature unusually low chloride diffusivity (D s values in the order of 10-13 m2/s vs. the
commonly reported 10-12 m2/s), corresponding to very high compressive strength. The
research findings imply that these high-quality concrete samples tested likely had little or
no interfacial transitional zone (ITZ) in them. The chloride diffusivity in high-strength
concretes was largely determined by the use of coarse aggregates whereas the effect of
mineral admixtures was relatively small.
Some detailed findings are provided as follows.
1. The partial replacement of cement by 20% class F FA and 5% SF, by 20% class F
FA and 5% MK, or by 25% class F FA alone greatly reduced the 1-day compressive
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strength of mortar samples, whereas the partial replacement of cement by 10% MK,
10% SF, 10% UFFA, 50% GGBFS, or 25% class N FA improved the 1-day
strength to various degrees.
2. The combined addition of class F and MK dramatically reduced the 7-day
compressive strength of mortar samples, followed by the use of GGBFS or SF,
whereas the addition of most other minerals (except MK) also decreased the 7-day
strength to various degrees.
3. The combined addition of class F and MK increased the 28-day compressive
strength of mortar samples, whereas the addition of most other minerals (except
GGBFS) decreased the 28-day strength to various degrees.
4. All the SCMs dramatically reduced the 1-day Young's modulus of mortar samples,
but they showed mixed effect on the 7-day and 28-day Young's modulus. All the
SCMs dramatically reduced the 7-day and 28-day modulus of toughness, but they
showed mixed effect on the 1-day modulus of toughness. The reduction in the
moduli of concrete is beneficial as it renders the concrete less prone to shrinkage
cracking, which in turn, reduces the risk of rapid chloride ingress.
5. According to the EIS measurements after the ACMT using 90-day old mortar
samples, all the SCMs dramatically increased the electrical resistivity of the mortar
samples in the electrolyte while most SCMs (except GGBFS) decreased the
electrical capacitance of the mortar to various degrees.
6. The effect of partially replacing cement with SCMs on the steady-state diffusion
coefficient (D s ) obtained from the ACMT was evaluated using 90-day old mortar
samples. The results indicate that the use of 20% class F FA and 5% SF as cement
replacement significantly increased the chloride diffusivity in mortar and the use of
10% MK or 50% GGBFS significantly decreased it, whereas other SCMs decreased
the D s to various degrees. Note that the D s values were all very low (in the order of
10-13 m2/s), and the chloride diffusivity differences between these highly
impermeable concrete samples could be related to the workability and construction
practices of the fresh concrete mixes.
7. There is no clear trend related to the effect of SCMs on the 90-day compressive
strength of concrete or the chloride diffusivity in the 360-day concrete samples.
Nonetheless, the chloride diffusivity is much lower in the concrete mixes than in
their corresponding mortar mixes, with the D s values in the order of 10-13 m2/s in
concrete and of 10-11 m2/s in mortar. This highlights the important role of coarse
aggregates in slowing down the chloride ingress into concrete.
8. All the mortar mixes had a 28-day compressive strength above 4,000 psi (27.6
MPa) whereas the non-air-entrained concrete mixes at 90 days on average featured
twice as high a compressive strength. Such extremely high strength values suggest
that the hardened concrete had outstanding microstructure, which is consistent with
their extremely low D s values indicative of chloride diffusivity. The compressive
strength of air-entrained concrete was consistently lower than that of their non-airentrained counterpart, yet the differences in their chloride diffusivity were not as
appreciable.
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9. The natural diffusion results indirectly confirmed the order of magnitude of D s
values of concrete specimens obtained from the ACMT.
10. Generally speaking, the lower D s values corresponded to the higher compressive
strength values, as both indicate high quality of the mortar or concrete. The lower
D s values in mortar corresponded to the lower D s values in the non-air-entrained
concrete, indicating that chloride diffusion in the mortar phase contributed to the
overall chloride diffusion in the concrete.
11. There is a strong proportional correlation between the transformed mortar strength
and the concrete strength, suggesting that the mortar phase is an integral component
of the heterogeneous concrete matrix and greatly contributes to its compressive
strength.
12. The chloride diffusivity generally increases with the volume of permeable voids in
concrete.
13. The cumulative charge generally increases with chloride diffusion coefficients.
14. The electrical resistivity of concrete generally decreased after the electro-migration
test whereas its electrical capacitance generally increased.
15. Mix design 9 (20% class F FA + 5% MK) and mix design 11 (10% SF) had the
lowest binding capacity, whereas mix designs 1 (100% cement), 7 (10% UFFA) and
9 (50% GGBFS) had generally high chloride binding capacity relative to other
mixes.
16. The pH data suggest that all the mineral admixtures reduced the alkalinity of the
pore solution in the mortar samples, regardless of their type and amount.
17. The weight loss of mortar specimens was the greatest in the presence of diluted
NaCl solution, followed by the diluted CaCl 2 , and then by the diluted MgCl 2
solution, whereas the mortar deterioration in the de-ionized water was negligible. In
the presence of diluted NaCl solution, the mix designs, the mix designs 13 (10%
MK), 15 (10% UFFA) and particularly 17 (50% GGBFS) showed less weight loss
relative to the control, whereas other SCMs exacerbated the freeze-thaw damage
with the mix designs 5 (25% class N FA) and particularly 7 (20% class F FA + 5%
SF) being the worst. In the presence of diluted CaCl 2 and MgCl 2 solutions, the
effect of mineral admixtures on the freeze-thaw resistance of mortar followed a
trend similar to that seen in the presence of diluted NaCl solution, yet with the mix
designs 5 (25% class N FA) and 7 (20% class F FA + 5% SF) being the worst
respectively. In summary, the partial replacement of cement by 50% GGBFS is
most beneficial for the freeze-thaw resistance of mortar, followed by the 10%
UFFA or 10% MK replacement; whereas the use of ordinary fly ash and silica fume
seems to undermine the freeze-thaw resistance of mortar in the presence of various
diluted chloride solutions.
A two-dimensional FEM model, coupled with the stochastic technique, was developed to
study the service life of reinforced concrete as a function of various influential factors.
The FEM model stochastically sampled its inputs. Specifically, the surface chloride
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concentrations and concrete cover depth follow the normal distribution, whereas the
diffusion coefficients and the chloride threshold follow the gamma distribution and the
triangular distribution respectively. The nonlinear partial differential equations (PDEs) to
characterize the spatial and temporal evolution of ionic species were numerically solved.
Some key findings are provided as follows.
1. All concrete mixes investigated had a 50%-probability service life of 114 years or
longer (with a surface chloride concentration of 6 kg/m3 and concrete cover of 50
mm), which highlights the great potential of reinforced concrete as a construction
material when the concrete is made using the best practices of construction and
curing and is free of cracking. The modeling also suggest that when the concrete is
made using the best practices, partially replacing cement with class F FA, SF, MK,
or GGBFS tends to decrease the service life of reinforced concrete or at least show
little benefits to its service life. This trend contradicts what have been generally
reported in published literature, and is likely attributable to the fact that the PCC
made without any mineral admixtures (mixes 1 and 2) featured unusually low
chloride diffusion coefficients in the order of 10-13 m2/s. Finally, for all these highquality concrete mixes, the effects of air entrainment on the chloride diffusivity in
concrete and the service life of reinforced concrete were not dramatic and do not
show a clear trend.
2. Based on the modeling results, chloride inward-diffusion with the lowest surface
chloride concentration is the most sluggish process. With the surface chloride
concentration increasing, the service life decreases significantly.
3. The service life of reinforced concrete decreases as the cracking level of the
concrete increases. When the crack density is over 200 m-2, the service life shows
no significant dependence on further increase on crack density, which is attributable
to the forming of continuous net-like configuration in the concrete domain.
4. Assuming negligible diffusion of chloride ions in coarse aggregates and absence of
ITZ, the chloride diffusion rate in concrete was found to be quite different from its
corresponding homogeneous medium. The overall flux decreases as the volume
fraction of aggregates increases.
5. For all the mineral concrete mixes investigated, as the concrete cover depth
increases, the time to corrosion initiation of rebar in concrete is predicted to
increase exponentially, highlighting the importance of cover depth in extending the
service life of reinforced concrete exposed to external chlorides. According to the
model calculations, it would take more than 100 years for the chloride ions in an
aggressive environment (with surface chloride content of 8 kg/m3) to reach the
threshold level at a depth of 60 mm. It should be cautioned that the chloride
diffusivity data used for the model were measured using specimens cored from the
center of a large concrete sample. In field construction, the top layer of the concrete
cover is likely to have much higher chloride diffusivity than the interior of the
concrete, in light of the possible defects derived from bleeding and water
evaporation etc. at the top layer. Furthermore, the field construction is unlikely to
achieve the same level of detailed quality assurance as implemented in the
laboratory study and cracking cannot be fully eliminated for the service life
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prediction considerations. In this context, a thicker-than-predicted concrete cover is
needed for the target service life of concrete structures in the field environment and
the importance of good construction and curing practices can not be
overemphasized.
6. The technique developed in this work (e.g., multi-species transport model) was
found to be very effective in predicting chloride migration and generating statistical
conclusions about the service life of reinforced concrete, which allows the civil
engineers to estimate the rate of chloride ingress and associated deterioration risk of
reinforced concrete. Future improvements could be made to the model so that it
takes into account the time-dependency of transport properties of concrete, the
corrosion propagation, the chloride penetration mechanisms other than diffusion
(e.g., wicking), the structure geometry, the environmental humidity and temperature
fluctuations and the decay of structures under coupled physical, chemical, and
mechanical deterioration processes etc.
4.2. Recommendations for Implementation
In light of the research findings from this project, we provide the following
recommendations for implementation:
1. The accelerated chloride migration test (ACMT) used in this work should be
considered by the Caltrans corrosion technology branch for implementation. When
testing the concrete with unusually low chloride diffusivity (D s values in the order
of 10-13 m2/s), the test could last up to 2 months using a 30-V applied voltage and a
25-mm thick disc specimen. Nonetheless, for most concrete mixes prepared in the
field construction, the chloride diffusivity is expected to be much higher and the test
typically would last no more than 2 weeks. An unusually high compressive strength
can serve as a warning sign that the concrete may be highly impermeable. In
general, the ACMT is anticipated to help Caltrans and other DOTs to make the
transition from prescriptive specifications of concrete mixes to more performancebased specifications, which then would allow more innovation and flexibility in the
materials selection of concrete and likely facilitate the paradigm shift from
conventional PCC to EFCs.
2. If coupled the ACMT with the model developed in this work or the simplistic Life365 software, this would provide a rapid, reliable method for determining the
amount of concrete cover needed, based on the amount of chlorides present in the
service environment and the required design life. With further improvements on the
service life model, it could also be used for life cycle costing and for the timing of
repair or rehabilitation strategies.
3. Caltrans should consider additional research phases for this work, such as the
development and field evaluation of various types of high performance corrosionresistant concretes. The research findings from such work should be shared with the
DOT Design Engineers, as it may lead to improvements to the current Bridge
Design Specifications in mitigating chloride-induced corrosion and deterioration.
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4. The research findings imply that the chloride diffusivity in high-strength concretes
largely determined by the use of coarse aggregates instead of the mineral
admixtures. As such, the role of coarse aggregates in concrete durability should be
further explored. The existing ASTM standard on the proportioning of aggregates
may be further optimized for conventional and unconventional concrete mixes, in
light of their important role in dramatically slowing down chloride ingress.
Similarly, how the preparation of aggregates affects the durability of concrete merit
further investigation, as it may benefit the internal curing of concrete and minimize
its early-age cracking.
5. The processes and procedures used in the new construction should be closely
supervised under a systematic quality assurance program, in order to achieve the
great potential of reinforced concrete as a construction material and to manage
corrosion risks pro-actively. The importance of good construction and curing
practices can not be overemphasized, as they greatly reduce the risk of rebar
corrosion in concrete.
6. Continued research is needed to explore the effect of partially replacing cement
with mineral admixtures on the durability of concrete. The results from this study
imply that for concrete with ordinary quality, the mineral admixtures may have
great potential in increasing its electric resistivity, enhancing its chloride binding
(e.g., the use of 10% UFFA or 50% GGBFS), reducing its chloride diffusivity (e.g.,
the use of 10% MK or 50% GGBFS), and improving its resistance to freeze-thaw in
the presence of diluted deicers (e.g., the use of 50% GGBFS, 10% UFFA, or 10%
MK). The use of fly ash and slag etc. may translate to cost savings and reduced
energy use, greenhouse gas emissions and landfill waste, without sacrificing quality
and long-term performance of the concrete.
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APPENDIX A. CHLORIDE TRANSPORT IN CONCRETE AND SERVICE LIFE OF
REINFORCED CONCRETE – A MODELING PERSPECTIVE
This appendix chapter provides the results of a comprehensive literature review on topics
relevant to this study. Specifically, it synthesizes the information on existing research
related to the computational models to simulate the transport of species in aqueous
solution, water-unsaturated and water-saturated cementitious materials, and the service
life modeling of reinforced concrete in chloride-laden environments.
A1. Theoretical Modeling of Transport Behavior in Concrete
The testing and modeling of chloride ingress into concrete has been extensively studied
in the last decades and there are recent conferences dedicated to this topic [1,2]. Chloride
ingress into concrete can occur by a number of mechanisms, including diffusion due to a
concentration gradient, migration in an electric field, absorption, electro-osmosis, and
wick action [3]. Diffusion is considered the basic mechanism on the assumption that the
concrete is generally moist [4]. Chloride penetration from the environment produces a
profile in the concrete characterized by high chloride content near the external surface
and decreasing contents at greater depth. The natural diffusion of chloride ions from one
dimension is governed by Fick’s second law:
∂c( x, t ) ∂
∂c( x, t )
(1)
= (D
)
∂t
∂x
∂x
where c(x,t) is the Cl- concentration at depth x beneath the exposed surface after exposure
time t, and D is the diffusion coefficient. Given reasonable assumptions, an analytical
solution to Equation (1) is proposed to describe the kinetics of a non-stationary diffusion
process [5]:
c( x, t ) − c0
x
(2)
= 1 − erf (
)
cs − c0
2 Dt
where c o , c s is the Cl- concentration in initial concrete and at the external surface at time
t, respectively, and erf is a Gaussian error function defined by:
2 z −t 2
(3)
erf ( z ) =
∫ e dt

π

0

Active corrosion of steel in concrete does not commence until the chloride content at the
reinforcement surface exceeds a critical value, known as the chloride threshold. In normal
circumstances, the chloride threshold content may vary from 0.2% to 0.5% by weight of
cement [6].
In addition to empirical models, mechanistic models are also used for quantitative
analysis of the chloride ingress process. Recent research [7] employed the finite element
method to predict the chloride concentration profiles of a coastal concrete structure,
which agreed favorably with the measured data.
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When cathodic protection is provided to the reinforced concrete structure, the theoretical
modeling of chloride transport in concrete can be further complicated. More details are
provided in reference [8] and Appendix C for the modeling under such scenarios.
A1.1. Diffusion in Aqueous Solutions
A1.1.1. In the Absence of an External Electric Field
Ions in electrolytic solutions are subjected to various types of interactions that complicate
the mathematical treatment of this problem. For example, the diffusion coefficient for
each species present does not have the same value, and thus the various ions attempt to
reach different speeds in electrolytic solutions. An induced internal electrical field is then
created by the species of opposite sign so that the faster ions will be slowed down and the
slower ones will be accelerated. Eventually, all the ions will move at the same average
speed that predominantly depends on the diffusion coefficient of each species.
In a non-ideal ionic solution, the extended Nernst-Planck equation describing the flux of
each species is given by [9]:
Z FD
(4)
J i =− Di ∇Ci − i i Ci ∇φ + Ci u − Ci ∇ ln γ i
RT
where i denotes for the type of species (e.g., Na+, K+, Cl- and OH-) and J, D, C, γ and Z
are the flux, diffusion coefficient, concentration, activity, and valence number of that
specific species respectively; F is the Faraday constant, R is the ideal gas constant, T is
temperature, φ is the induced electrical potential.
For each ionic species, the law of mass conservation leads to [10]:
∂Ci
(5)
= −∇ ⋅ J i
∂t
To complete the system of equations, a supplemental relation is needed to account for the
electrical potential that is inherently induced by the movement of all ions. According to
the literature, three methods can determine the magnitude of φ in Equation (4).
 Electroneutrality: [11]

∑Z C = 0

(6)

∑Z J

(7)

i

 Null Current: [12]

i

 Poisson Equation: [13]

i

=0

− ε∇ ⋅ ∇φ = F ∑ Z i C i

(8)

where ε is the dielectric constant. The summation in Equations (6-8) is taken over all the
species present in the ionic solutions. The Poisson equation, which relates the electrical
potential to the electrical charge in space, is developed based on the assumption that the
electromagnetic signal travels much faster than ions in solutions.
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In order to calculate the activity of each species in electrolytic solutions, the model
developed by Pitzer and his co-workers can be used. According to this model, the activity
coefficient of cation i can be obtained from the following equation [14]:
Na

Nc

Na

ln γ i =zM2 G + ∑ ma (2 BMa + ZCMa ) + ∑ mc (2φMc + ∑ maϕ Mca )
=
a 1

Na −1

+∑

Na

∑

=
a 1 a ' = a +1

=
c 1=
a 1

ma ma' ϕaa' M + Z M

Nc Na

∑∑ m m C +∑ m (2λ

=
c 1=
a 1

(9)

Nn

c

a

ca

=
n 1

n

nM

)

where the subscript a and c are related to the other cations in ionic solutions and G is the
extend Debye-Hückel model. All the other parameters are evaluated through experiments
to represent the short-range interactions between the various species. Pitzer developed
two similar equations to calculate the activity coefficients of anions and neutral species in
ionic solutions. Given the complexity of these equations, they can hardly be implemented
in a computer program for simulation purpose.
Samson et al. recently proposed a new equation to account for chemical activity effect in
ionic solutions [15]:
(0.2 − 4.17 ⋅10−5 I ) Azi2 I
Azi2 I
(10)
ln γ i =
−
+
1 + ai B I
1000
where I is the ionic strength of electrolytic solutions, A and B are temperature-dependent
parameters, and ai is a parameter that varies with the ionic species considered. Given its
relative simplicity, Equation (10) can be easily implemented in a numerical code aimed at
modeling ionic transport phenomena in electrolytic solutions.
It has been reported that the effect of the nonideality of electrolytic solutions on the ionic
fluxes is negligible. If this conclusion is valid, the chemical activity of each species can
be well approximated by its corresponding concentration, and the last term in Equation
(4) can be omitted. With the null current flux assumption in Equation (7) used, the
combination of Equations (4-6) leads to [16]:
N

RT
∇φ =
F

∑ Z D ∇C
i =1
N

i

∑Z
i =1

i

i

(11)
2
i

Di Ci

A1.1.2. In the Presence of an External Electric Field
With the nonideality of electrolytic solutions ignored, the combination of Equations (4-5)
gives [17]:
∂Ci
Z FD
(12)
+ ∇ ⋅ (− Di ∇Ci − i i Ci ∇φ + Ci ui ) = Ri
∂t
RT
where Ri denotes the reaction rate term.
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As mentioned above, Equation (12) introduces one more variable for the electric
potential φ that can be solved by the electroneutrality condition. From Equation (12), one
can get the following expression [18]:
n
n
n
∂C
(13)
F ∑ Z i i + ∇ ⋅ ( F ∑ Z i J i ) = F ∑ Z i Ri
∂t
i =1
i =1
i =1
where J i is the flux vector defined in Equation (4).
The first term in Equation (13) is zero by taking the time derivative of the
electroneutrality condition. The term under the divergence operator can be identified as
the total current density vector defined by [19]:
n
Z FD
(14)
i = F ∑ Z i (− Di ∇Ci − i i Ci ∇φ )
RT
i =1
It should be noted that no convective term is included in the expression of the current
density which is also a result of the electroneutrality condition.
For simplicity, Equation (13) can be written in the form of conservation of electric charge
[20]:
n

∇ ⋅ i = F ∑ Z i Ri

(15)

i =1

The ionic conductivity, which is defined in the absence of concentration gradients, is
implicitly given by [21]:
n
Z i2Ci
2
(16)
k=F ∑
i =1 RT
Based on the assumption that the electromagnetic signal travels much more rapidly than
ions in the solution, it is possible to use the following equation to calculate the electric
potential φ [22-23].

∇ ⋅i = 0

(17)

Inserting the current density expression in Equation (17), one can get:
n
Z FD
∇ ⋅ i = ∇ ⋅ ( F ∑ Z i (− Di ∇C i − i i C i ∇φ )) = 0
RT
i =1
The arrangement of Equation (18) results in [24]:
n

∇ ⋅ (− F 2 Z i εC i u∇φ ) = ∇ ⋅ F ∑ Z i Di ∇C i
2

(18)

(19)

i =1

A1.2. Ionic Diffusion in Water-saturated Concrete
Hydrated cement paste is generally believed to be a kind of composite material with a
large porosity, in which the pores are filled with water and ions can transport within the
pore solution. Comparatively, the diffusion coefficients of ions in the solid phases are so
small that they can be ignored. However, the solid phases can capture ions either
physically or chemically. When chloride ions penetrate into concrete, some of them will
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be captured by the hydrated products. Therefore, chloride in cementitious materials can
have free and bound components. Free chloride ions can move from one place to another
and destroy the passive film on the surface of the steel bar to initiate corrosion. The
bound chlorides are generally harmless to the reinforcement and exist in the form of
chloro-aluminates, making them unviable for free transport. Since only free chloride is
involved in the corrosion of the reinforcement, chloride binding will effectively reduce
the amount of free chlorides available to initiate the deterioration process, which can
retard the transport process of free chloride ions.
The mechanism of chloride binding is not quite clear, but chemical and physical bindings
are believed to occur. Accordingly, the free and bound chlorides under equilibrium
conditions are expressed by empirical equations. The total amount of chloride
concentration in cementitious materials can be divided into free and bound components
as below [25]:
(20)
Ct = Cb + C f
where Ct represents the total chloride concentration, Cb denotes the bound chloride
concentration, and C f is the free chloride concentration. In real cementitious materials,
the relationship between the free, bound and total amount of chlorides can be either linear
or non-linear. Four kinds of scenarios are referenced as follows.
 Linear isotherm [26]
Arya et al. proposed a linear relationship for bound and free chloride:
Cb = α ⋅ C f + β

(21)

where α and β are constant. Although this equation fit their experimental data fairly
well, it could not explain the physical meaning of Cb = β at C f = 0 . For instance, if a
chloride-free concrete is exposed to a chloride-free solution, bound or total chloride
should not be β , but zero. Therefore, Equation (21) is not applicable for low free chloride
concentrations.
 Langmuir isotherm [27]
In fact, the linear relationship holds well only in a limited range of free chloride
concentration. In most cases, the relationship between bound and free chlorides is
nonlinear. Owing to this non-linearity, Pereira et al. [25] suggested a Langmuir isotherm
for describing chloride binding:
α ⋅Cf
(22)
Cb =
1+ β ⋅C f
where α and β are constant.
 Freundlich isotherm [28]
Sometimes, the Freundlich isotherm can be sued:
C b = a ⋅ C βf

(23)

where the parameters α and β in the Freundlich equation are purely empirical
coefficients from a non-linear regression.
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 Modified BET isotherm [29]
Recently, a modified BET equation was proposed for describing chloride binding:
Cf
Cf
α s [1 − (1 − β )(1 − β s ) 2 ]
Cb
C
C
(24)
=
Cf
Cf
Cf
Cf Cf
C bm
β (1 − β s )[1 − β s + α s (1 − β s + s )]
C
C
C
C
C
s
where C is the free chloride concentration in a saturated solution, α relates to the
difference between the adsorption energy at the first layer and those at the second or
higher layers, and β denotes the difference between the adsorption energy at the second
layer and those at the third or higher layers. It is found that both Freundlich equation and
the modified BET equation correspond very well when the free chloride concentrations
are lower than 1mol/l.
The porosity of a material, a commonly used parameter for the description of diffusion in
porous materials, is defined as [30]:
void volume
(25)
p=
total volume
This parameter is non-dimensional and does not provide information on the geometrical
features of the pores or their size distribution.
A proper way to describe the movement of ions in the pore solution of cementitious
materials is based on the homogenization technique. To obtain the concentration profiles,
the continuity equation has to be computed for each species, but some considerations
about the binding of different species are needed. The following two scenarios are most
commonly used.
1) Only Chloride can be bound
It can be assumed that only chlorides can be bound to the solid phase in concrete.
However, for each chloride ion bound, one hydroxide ion is released to keep the
electroneutrality of the pore solution. For example, consider the pore solution which only
contains chloride, sodium, potassium and hydroxide. The mass balance equations for the
considered species take the following format [31]:
∂C f
∂J f
∂C
(26)
p
+ (1 − p ) b = −
∂t
∂t
∂x
∂C +
∂J +
(27)
p Na = − Na
∂t
∂x
∂C +
∂J +
(28)
p K =− K
∂t
∂x
The concentration of hydroxide can be obtained from the electroneutrality condition that
must be followed in any volume of the diffusion medium:
(29)
C OH − = C Na + + C K + − C f
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2) All the species present can be bound
In some cases, specific chemical interactions can happen between dissolved substances
and the porous matrix. For example, chloride, sulfate and carbonate ions can all react
with hydrated cementitious minerals. During capillary absorption, these ions can be
removed from pore solutions by chemical or physical combination. It is possible to take
the binding of all the cations and anions into consideration. A proper way to handle such
a condition, based on the homogenization technique, can be achieved via the following
equation [32]:
∂C if
∂C
(30)
(1 − p ) ib + p
= ∇ ⋅ ( pJ i )
∂t
∂t
where C ib stands for the concentration of species i in the solid phase, and C if represents
its corresponding part in the pore solutions.
In both cases, the size of pores is considered as independent of time, which is generally
reached under long steady-state flow. Actually, the size of pores varies with the progress
of physical or chemical interactions of all sorts. However for modeling purpose, the size
and distribution of pores can be assumed unchanged with time.
Equation (30) should be used carefully to ensure that the pore solutions and the solid
cement phases are in the state of electroneutrality, respectively. A procedure similar to
Equation (26) can be used to achieve this purpose. In addition, the Poisson equation used
to calculate the electric potential can be written as [33]:
N
∂
∂φ
(31)
− ( pε
)=
pF ∑ Z i Ci
∂x
∂x
i =1
A1.3. Ionic Diffusion in Water-unsaturated Concrete
In many cases, concrete structures exposed to ionic solutions are frequently subjected to
wetting and drying cycles. While the transport of chloride in water-saturated concrete has
been relatively well understood, recent reports have underlined the complexity of ionic
transport in water-unsaturated concrete. The transport of water can accelerate concrete
degradation, and its kinetics is a very important factor for durability evaluation.
The kinetics of water-unsaturated concrete deterioration is based on the penetration of
water and aggressive ions carried by water into the pores of concrete. In unsaturated
materials, the stress acting on the liquid arises not from external pressure differences but
from the effects of capillarity. The macroscopic velocity of the fluid appearing in
Equation (4) as u can be described by [34]:
∂θ
(32)
u = − Dw
∂x
where Dw is called the capillary diffusivity, and θ is the volumetric water content in the
pores.
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To accomplish the model, the mass conservation on the liquid phase must be taken into
account [35]:
∂θ ∂
∂θ
(33)
)
= ( Dw
∂t ∂x
∂x
The capillary diffusivity in Equation (33) depends heavily on θ in porous materials so
that the water content profile is steep-fronted. It is often useful to represent the wetted
region by a rectangular profile, which is the so-called sharp front approximation.
Equation (33) is known as Richard equation. While Richard equation is commonly
accepted among scientists, its use over the past decades has led to some confusion on
moisture transport mechanism in unsaturated porous materials.
The application of homogenization technique to the law of mass conservation results in
the following relation [36]:
∂C if
DZ F
∂ ((1 − p )C is ) ∂ ( pθC if ) ∂
∂ ln γ i
∂θ
+
+ pθ i i C if
+ pθDi C if
− C if u )
= ( pθDi
∂t
∂x
∂x
∂x
∂t
∂x
RT
(34)
where p is the porosity of the material, Cis is the concentration of species i in the solid
phase, Cif is the corresponding part of Cis in the pore solutions, and Di is the diffusion
coefficient of species i at the macroscopic level. For the water-unsaturated cementitious
materials, the Poisson equation, which relates the electrical potential to the concentration
of each ionic species, can be expressed with Equation (31).
In the above, the fluid velocity is not explicitly considered. The convective transport of a
fluid in concrete can occur under a pressure gradient. In the absence of gravity and for the
isotropic case, the filtration velocity of a fluid, subjected to the pressure gradient is
governed by Darcy’s law [37]:
k
(35)
u=
− ∇h
p
where u is the fluid velocity, k is the intrinsic permeability, p is the porosity, and h is the
pressure head.
Darcy's law, linearly relating a flow velocity to a pressure gradient, is well suitable to
model laminar liquid flow through porous materials, but is not capable of accurately
modeling fluid flows where non-zero fluid velocity is maintained at the solid-fluid
interface. Because of such slippage at the solid-liquid interface, the rate of mass flow
through the material exceeds that predicted from Darcy's law.
It should be noted that Darcy's law is a phenomenological equation derived from
empirical observations. It describes the bulk flow of a fluid through a porous medium
without any reference to the microstructure characteristics of the material. From this
perspective, Darcy's law is analogous to Fourier's law for heat conduction and Ohm's law
for electricity conduction.
In the presence of fluid movement, the conservation equation can be written as:
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∂Ci
+ u ⋅∇Ci = −∇ ⋅ J i
∂t

(36)

Inserting the expression for the flux of each species in Equation (4), as well as the fluid
velocity in Equation (35), one can obtain the governing equations to describe the
transport of each species in the presence of pressure gradient.
Specifically, if only chloride is considered in the calculation, the governing equation
involving both convection and diffusion simply becomes [38]:
∂CCl
∂ 2CCl
∂C
(37)
= DCl
− u Cl
2
∂t
∂x
∂x
The analytic solution to this differential equation is:
CCl
x − ut
ux
x + ut
=
0.5[erfc(
) + exp(
)erfc(
)]
s
CCl
DCl
2 DCl t
2 DCl t

(38)

A2. Service Life Modeling of Reinforced Concrete in Chloride-laden Environments
Through the use of concrete deterioration models, cost-effective decisions can be made
concerning the appropriate time to repair or replace existing structures, and the most
effective corrosion control strategies. There are software packages available to aid in
concrete modeling and service life forecasting, such as 4SIGHT and CONLIFE available
from the National Institute of Standards and Technology [39], Life-365TM (www.life365.org/), as well as conventional Finite Difference Method (FDM) applications. Khatri
and Sirivivatnanon [40] proposed a model for predicting the service life of reinforced
concrete structures, where the acceptable level of deterioration is related to the presence
of chloride ions on the rebar surface. As such, the service life is defined as the time
required for transport processes to raise the chloride content at the depth of the rebar to
the threshold level for pitting corrosion. It should be mentioned that the service life is not
a fixed value as calculated by a deterministic model, but instead it is a range of values
determined by material characteristics, cover depth, and severity of service environments.
The diffusion of chloride ions in water-saturated cementitious materials is a complex
process involving various physical and chemical interactions. The chloride ions can be
bound either physically or chemically by cement paste, thereby lowering the fraction of
free chlorides that can diffuse freely in the pore solutions. In addition, the internal electric
field formed by the cations and anions will speed up the ions that have low diffusion
coefficients and slow down the ions that have high diffusion coefficients to maintain the
electro-neutrality condition. If we ignore such complex internal processes and treat the
diffusion problem phenomenologically, the temporal and spatial evolution of chloride-ion
concentration can be calculated based on Fick’s second law in Equation (39) [4, 17],
which has been used extensively by many researchers to calculate the chloride
concentrations for various concrete cover depths at different exposure time intervals:
∂C
∂ 2C
(39)
= Dc 2
∂t
∂x
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where C is the concentration (mol m-3); t is the time (s); D is the chloride diffusion
coefficient (m2s-1); χ is the position (m). In most work, the service life or the length of the
corrosion initiation stage is approximated with the following simplified assumptions:
•

•

•

The concrete is initially chloride-free, and the concrete acts as a physical barrier
to protect the rebar. The rebar corrosion is triggered only when the concrete in
contact with the steel becomes contaminated with chloride ions exceeding a
threshold concentration value.
Chloride ions progress inward from the external surface of the concrete, which is
covered by aqueous solutions of chlorides. Therefore, the concrete immediately
below the surface acquires a surface chloride concentration that remains
unchanged in the simulation.
Chloride ions progress inward by simple diffusion, driven by the gradient of the
concentration of chloride ions in the concrete. The effective diffusion coefficient
is constant with time and space, and is a property of the concrete between the
concrete surface and the steel rebar.

Based on these assumptions, an analytical solution exists to predict the spatial and
temporal evolution of chloride concentration profiles in concrete, which is given by [4,
40, 41]:
x
(40)
=
Ct Cs [1 − erf (
)]
2 Dc t
where x is the concrete cover depth; Ct is the chloride concentration at cover depth; Cs
is the surface chloride concentration; t is time; Dc is the effective diffusion coefficient in
concrete; erf is the Gaussian error function as below:
2 z −t 2
(41)
erf ( z ) =
∫ e dt

π

0

Equation (40) can be used to calculate the service life of a reinforced concrete structure,
provided that Ct , Cs , Dc and x are known.
Boddy et al. [42] developed a multi-mechanistic transport model for chloride penetration
which considers diffusion, permeability, chloride binding and wicking as well as the
time-dependent nature of concrete properties (e.g., diffusivity). Sagüés and Kranc [43,
44] developed service life models for marine substructures that incorporate statistical
stochastics and take preexisting cracks, strong localized corrosion spots, and/or structure
geometry into account.
Concrete is a multiphase porous composite consisting of cement paste and aggregates, in
both of which phases pores exist. Chloride ions can only diffuse in the pore solutions.
Effective diffusion coefficients of chloride, characterizing the resistance of concrete to
diffusive ingress of chlorides, are therefore considered to be a function of the
characteristics of the cement paste and the aggregates. The rate at which chloride ions
penetrate into water-saturated concrete depends on the diffusion coefficients in cement
paste and aggregates as well as the aggregates fraction. Additionally, the rate of ingress is
also influenced by the cement paste/aggregate interfacial (ITZ) zones and internal cracks.
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Prediction of effective chloride diffusion coefficients in concrete based on its mixture
proportions is needed for service life evaluation. If the roles of ITZ and internal cracks on
chloride ingress can be ignored, the effective diffusion coefficient of chloride in watersaturated concrete can be calculated by the following equation:
[( Da − D p )Va + ( D p + Da )]D p
(42)
Dc =
( D p + Da ) + ( D p − Da )Va
where D p and Da are the chloride ion diffusion coefficients in the cement paste and
aggregates, respectively, and Va is the aggregate volume fraction.
If the aggregates have a lower diffusion coefficient than the cement paste, the concrete
will have a lower diffusion coefficient than the cement paste. Therefore, chloride ion
ingress will decrease with the increase in the aggregate volume, and controls are
necessary on the quantity of cement paste and aggregates to achieve a specified service
life. The diffusion coefficient of chloride ions in aqueous solutions [45], cement paste
[46] and marble [47] has the order of 10-9 m2/s, 10-12 m2/s and 10-15 m2/s, respectively.
Accordingly, it can be assumed that diffusion of chloride ions in aggregates of concrete is
negligible, leading to:
(1 − Va )
(43)
Dc =
Dp
(1 + Va )
For instance, at Va = 0.7 , the effective diffusion coefficient predicted from Equation (43)
is:
(44)
Dc = 0.1765 D p
The chloride threshold value is required in the assessment of service life when chlorideinduced corrosion is the failure mechanism. Choosing an accurate value for Ct is a great
challenge as this parameter varies over a wide range of reported values, as detailed in
Appendix B.
Time-to-corrosion of reinforcement in concrete (T i ) and C t are important service life
determinants for reinforced concrete structures in chloride-laden environments.
Numerous literatures have discussed, through experimental or modeling approaches,
these two determinants in conventional PCC and their relationships with the type of
cement and reinforcement, mix design, exposure conditions, and other factors. It should
be cautioned, however, that these relationships feature a probabilistic nature [48, 49].
Williamson et al. [50] validated a probabilistic model that predicts the time to first repair
(2% deterioration) of bridge decks under various chloride exposure conditions, using data
gathered from 10 bare steel bridge decks constructed in Virginia between 1965 and 1968.
A recent study confirmed and analyzed the probabilistic distribution of T i and C t for both
regular concrete and self-compacting concrete (SCC) slabs, and the air voids at the rebarconcrete interface were also found to contribute the uncertainty inherent in the service
life of reinforced concrete in chloride-laden environments [49].
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Note that the models discussed above assume rapid propagation of rebar corrosion once it
is initiated in the concrete and thus focus only on the initiation period for chlorideinduced corrosion. Pettersson [179] argued that the propagation period could be as long
as 50 years or more for high performance concrete featuring high electric resistivity and
very limited oxygen availability.
The service life of reinforced concrete in the field environment can be very difficult to
predict or model, as it depends on not only the chloride-related durability but also on
mechanical properties of the concrete. For instance, the cracking of concrete (due to
environmental or mechanical stresses) can greatly affect the ingress of chlorides and
other deleterious species from the surrounding environment and the durability and
serviceability of the concrete. Francois et al. [52] conducted a corrosion study by
exposing loaded reinforced concrete beams to salt fog for twelve years. They found that
the tensile micro-cracking in concrete as a result of service loading was responsible for
accelerating chloride penetration whereas the existence and width of micro-cracks (with
width less than 0.5 mm) did not influence the development of the rebar corrosion.
Lin et al. [53] presented a deterministic service life FEM model of reinforce concrete
structures, which incorporates chloride binding, diffusion and convection, environment
humidity and temperature fluctuations, and the decay of structural performance. As such,
the model considers the interactions between the transport of moisture and chloride and
the decay of structures under coupled physical, chemical, and mechanical deterioration
processes. Chen [54] presented a probabilistic service life FEM model that also considers
the coupled deterioration processes, including heat transfer and associated expansion and
contraction, moisture transport and associated wetting expansion and drying shrinkage,
carbon dioxide transport and associated carbonation, chloride penetration and associated
rebar corrosion and rust expansion, and subsequent crack initiation and propagation.
Chen [54] also suggested future improvements for the model could consider additional
deterioration processes such as freeze-thaw cycling, sulfate attack, alkali-aggregate
reactions, leaching of concrete constituents, etc.
A3. Concluding remarks
Chloride ingress into concrete is a complex process, which in the highway environment is
further complicated by the freeze-thaw cycles and wet-dry cycles experienced by
roadways and bridges. While there are numerous existing experimental or modeling
studies related to the transport of chlorides in concrete, the measurement of chloride (and
inhibitor) ingress into concrete is technically challenging. Furthermore, it is also difficult
to assess the durability of reinforced concrete from its chloride diffusivity, partially
owing to the heterogeneous nature of the concrete matrix, the difficulty in fabricating
concrete in a reproducible manner, and the inherently probabilistic nature of species
transport in concrete and of chloride-induced corrosion of rebar or dowel bars in
concrete.
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In this context, modeling is a useful tool to provide quantitative understanding of key
processes and their interactions that define the service life of reinforced concrete in
chloride-laden environments.
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APPENDIX B. A PHENOMENOLOGICAL MODEL FOR THE CHLORIDE
THRESHOLD OF PITTING CORROSION OF STEEL IN SIMULATED CONCRETE
PORE SOLUTIONS
This appendix chapter presents a systematic study aimed to provide quantitative
understanding of the fundamental factors that influence the chloride threshold of pitting
corrosion of steel in concrete, by conducting a set of laboratory tests to assess the
corrosion potential (E corr ) and pitting potential (E pit ) of steel coupons in simulated
concrete pore solutions. With the aid of artificial neural network (ANN), the laboratory
data were then used to establish a phenomenological model correlating the influential
factors (total chloride concentration, chloride binding, solution pH, and dissolved oxygen
concentration) with the pitting risk (characterized by E corr - E pit ). Three-dimensional
response surfaces were then constructed to illustrate such predicted correlations and to
shed light on the complex interactions between various influential factors. The results
indicate that the threshold [Cl-]/[OH-] of steel rebar in simulated concrete pore solutions
is a function of dissolved oxygen concentration, pH and chloride binding, instead of a
unique value. The limitations and practical implications of the research findings were
also discussed.
B1. Introduction
The chloride threshold of rebar in concrete, Cl th , can be defined as the content of chloride
at the depth of the rebar that is necessary to sustain localized breakdown of its passive
film and hence initiate its active corrosion [1]. The Cl th is an important parameter in
modeling and predicting the time to corrosion for rebar in concrete and subsequently in
assessing the service life of reinforced concrete in chloride-laden environments [2,3].
The Cl th data in published literature scatter over a wide range of values [4,5,6]. One
possible reason is that different definitions and measurement methods are applied to
quantify the “chloride threshold” [6,7,8]. The chloride-to-hydroxyl ionic concentration
ratio ([Cl-]/[OH-]) traditionally has been considered to be a more reliable indicator than
the chloride concentration (often expressed as total chloride content by the weight of
cement or concrete or free chloride concentration in concrete pore solution), considering
that the competition between aggressive Cl- and inhibitive OH- governs the pitting and
repassivation of steel. Research in aqueous solutions has indicated that for chloridecontaminated concrete the pitting corrosion occurs only above a critical [Cl-]/[OH-] ratio
[9]. Through a probability simulation model, the threshold [Cl-]/[OH-] for corrosion of
bare steel rods in high pH solutions was once predicted to be 0.66 in the presence of
oxygen bubbles attached to the steel and 1.4 in the case of air. Such result agreed
favorably with experimental data. In the same model, it was concluded that the threshold
ratio should be about 1.4 for typical reinforced concrete and in excess of 3 for highquality concrete with minimal air voids [10]. A number of studies [3,11,12,18,25]
exposed reinforcing steel bars to simulated concrete pore solutions and revealed that the
threshold [Cl-]/[OH-] ratio increased with increasing pH. Higher results (1.17-3.98) have
been reported for the threshold Cl/OH ratio in mortars than was found in synthetic pore
solution (0.25-0.8) [5]. Recently, Ann and Song [8] argued that the ratio of total chloride
content to acid neutralization capacity, [Cl-]/[H+], best presents the chloride threshold
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level since it takes into account “all potentially important inhibitive (cement hydration
products) and aggressive (total chloride) factors”.
The lack of universally accepted chloride threshold value is also attributable to the
numerous factors that affect steel corrosion in concrete, such as: the pH of concrete pore
solution, the electrochemical potential of the steel, and the physical condition of the
steel/concrete interface. The pH of concrete pore solution depends mainly upon the type
of cement and additions and the carbonation level of concrete [13,14,15,16]. The
potential of the steel is not only related to the steel type and surface condition (e.g.,
roughness) but also on the availability of oxygen at the steel surface; the latter is affected
by the moisture content of concrete [17,18,19]. The physical condition of the
steel/concrete interface (especially entrapped air void content) was found to be more
dominant in defining the Cl th than chloride binding or buffering capacity of the cement
matrix or binders [8]. Voids that normally can be found in real structures due to
incomplete compaction may weaken the layer of cement hydration products deposited at
the steel/concrete interface and thus may favor local acidification required for sustained
propagation of pits. The presence of air voids, as well as crevices and microcracks, may
decrease the chloride threshold [20,21,22,23]. In addition, the presence of sulfate ions,
the temperature and the concrete mix proportions and quality may affect the chloride
threshold [6,7,23,24]. Li and Sagüés [25] listed a wide array of internal and external
factors defining the Cl th , such as: the composition, surface condition, and configuration
of rebar; the concrete chemistry (type and amount of cement and admixtures, type and
porosity of aggregates, w/c ratio, degree of hydration, etc.); the type and source of
chloride; and the service environment (humidity, temperature, cracking of concrete, etc.).
Angst et al. [7] summarized the state of the art in the Cl th research in a recent review.
Furthermore, it has been argued that the Cl th should be treated as a distributed parameter
represented by a probability function, in light of the statistical nature of the processes
involved (e.g., chloride ingress and pitting initiation) and the inherent heterogeneities of
the concrete matrix [22,23,25]. Li and Sagüés [25] suggested the incorporation of a Cl th
variability term in the service life prediction procedures and durability models.
Despite the multitude of studies undertaken, the factors defining the Cl th of steel rebar
and their interactions merit further investigation. This work presents a systematic study
aimed to provide quantitative understanding of the fundamental factors that influence the
chloride threshold of pitting corrosion of steel in concrete, by conducting a set of
laboratory tests to assess the corrosion potential (E corr ) and pitting potential (E pit ) of steel
coupons in simulated concrete pore solutions.
B2. Experimental
This work involves exposing polished and pre-passivated steel coupons to various
alkaline solutions and electrochemically measuring their E corr and E pit . As the steel in
concrete is assumed to be passive if its E pit is nobler than its E corr , in this study the
difference between the two, (E corr - E pit ), serves as a quantitative measure of the
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susceptibility of the steel rebar to pitting in simulated concrete pore solutions; the greater
the difference, the greater the risk of pitting.
B2.1. Materials and Preparation
To enhance the reliability of experimentally obtained data of (E corr - E pit ), at least five
replicate steel coupons were tested in each alkaline solution of interest. The steel coupons
were 15-cm long specimens cut from rust-free Nucor Steel - Utah 10/#3 Rebar (ASTM
A615M-09 GR 40), with a diameter of 3/8 inches (0.95 cm) and the following chemical
composition by weight: 0.16% C; 0.22% Si; 0.72% Mn; 0.043% Mo; 0.3% Cu; 0.041%
S; 0.014% P; 0.014% Ni; 0.22% Cr; the balance Fe. The steel coupon was first cleaned
with acetone to remove oil and grease; then polished to provide a specific level of
uniform surface roughness, using first #600 then #1000 grit size SiC sandpapers with tap
water on a metallographic grinding disc. After polishing, the coupons were rinsed with
running tap water to remove any remaining grit; rinsed by de-ionized water; cleaned in
ethanol using 5-min ultra-sonication; and then dried. Prior to electrochemical testing, the
steel coupons were immersed in a NaOH solution of pH 13 for seven days to allow for
their pre-passivation and then washed with ethanol and dried.
Sixty-two simulated concrete pore solutions were prepared for this study, featuring
various levels of chloride contamination, carbonation, and aeration. The dissolved
oxygen concentration in the solutions was controlled by using either oxygen bubbles, air
bubbles, or none. The initial pH of the solutions was controlled at five levels as follows:
pH 9: 0.3 M NaHCO 3 + 0.1 M Na 2 CO 3 , pH 10.63: 0.1 M NaHCO 3 + 0.1 M Na 2 CO3 , pH
11.0: ~ 0.1M Na 2 CO 3 , pH 12.27: 0.3M Na 2 CO 3 , and pH 13.9: 0.9M NaOH.
To explore the effect of chloride binding on the Cl th , various types and amounts of dry
powder of cementitious paste were added to the alkaline solutions. The paste specimens
were prepared with a water-to-cementitious-materials ratio of 0.45 and with the Portland
cement replaced by a class C fly ash at 0%, 15% and 30% by weight respectively. After
de-molding, the paste specimens were cured in saturated Ca(OH) 2 solution for 27 days
before being dried and ground into powder. The powder was then screened through a
150-µm sieve, oven-dried at 80○C overnight and cooled to room temperature. Depending
on the experimental design, 2, 8 and 40 grams of various dry paste powders were added
into 100 ml of the alkaline solution respectively and allowed 48 hours for sufficient
chloride binding and pH equilibration.
B2.2. Electrochemical Testing
Once the dry paste powder had been added into the alkaline solution for 48 hours, the
final pH and dissolved oxygen concentration (DO) of the test solution were measured
using an Accumet model AB15 pH meter and a Sper Scientific DO meter respectively.
The free chloride concentration of the solution was measured by a Nexsens model WQCL chloride sensor, which was then used to calculate the chloride binding (i.e., percent of
bound chloride) and [Cl-]/[OH-] ratio as follows.
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Chloride binding = (Cl TT -Cl f )/Cl TT × 100%
[Cl-]/[OH-] = Cl f )/10(14-pH)

(1)
(2)

where Cl TT and Cl f were the initial known chloride concentration and the final measured
free chloride concentration, respectively.
Subsequently, the electrochemical behavior of steel rebar was assessed using a threeelectrode electrochemical cell and a Gamry Instruments® Potentiostat with an 8-channel
Electrochemical Multiplexer. The working electrode was the rebar immersed in the
alkaline solution for 3 cm, resulting in a nominal exposure surface area of 8.55 cm2. The
counter electrode used was a stainless steel mesh, and the reference electrode was a
saturated calomel electrode (SCE). The E corr of steel rebar in each alkaline solution was
derived from the potentiodynamic weak polarization measurements, during which the
steel was polarized from -30mV to +30 mV relative to its open circuit potential (OCP)
using a scan rate of 0.2 mV/s. The E pit of steel rebar in each alkaline solution was derived
from the cyclic polarization measurements, during which the steel was polarized from 0.6V to +0.9V relative to SCE (anodic scan) and from +0.9V to -0.6 V relative to SCE
(cathodic scan), using a scan rate of 0.5 mV/s. The E pit was determined as the
electrochemical potential at which a sudden increase in the electric current is observed (in
the anodic scan curve).
B3. Modeling Technique
To explore the complex relations between the solution properties and the resultant pitting
risk to steel rebar, artificial neural network (ANN) was chosen to be the modeling tool.
ANNs provide a non-parametric, self-adaptive approach to information processing and
are powerful in tackling complex, non-linear problems where conventional modeling
techniques (e.g., multiple regression) fail. A multi-layer feed-forward ANN was adopted
for modeling, a typical architecture of which is shown in Figure 1. The nodes in the input
and output layers consist of independent variables and response variable(s), respectively.
The detailed description of error propagation algorithm is provided elsewhere [26].

FIGURE 22 A typical multi-layer feed-forward ANN architecture
ANNs have been successfully utilized to predict the compressive strength of concrete, to
predict the electrochemical behavior of steel in various chloride solutions and the
chloride binding, chloride profiles, and chloride permeability in concrete, to recognize the
OCP behavioral pattern of steel in concrete, to predict the time to onset of rebar corrosion
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and the life of concrete structures, and to model the ingress of chlorides into concrete and
its corrosion implications [27].
In this study, a modified back propagation (BP) algorithm was employed for the ANN
training in which a sigmoid function in Equation (3) was used as the nonlinear transfer
function and the sum of the mean squared error (SMSE) in the output layer as the
convergence criteria.

(

)

−1

(3)
f ( x) = 1 + e − x
All the data for input and output were normalized based on Equation (4), where X i and
NX i are the ith value of factor X before and after the normalization, and X min and X max are
the minimum and maximum value of factor X, respectively.
( xi − x min + 0.1)
(4)
NX i =
( X max − X min + 0.1)
B4. Results and Discussion
B4.1. Electrochemical Characterization of Pitting Risk
Table 1 presents the experimentally obtained electrochemical data of the ASTM A615
steel rebar in the 62 alkaline solutions. Note that each record was averaged from five
replicate steel coupons; and when there was significant variability in the data, more
replicate steel coupons were tested to identify and remove outliers.
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TABLE 1 Electrochemical data of the ASTM A615 steel rebar in alkaline solutions.

Cl TT (M) Cl-binding

0.0005
0.0005

36%
4%

0.0005
0.0007

85%
59%

0.0007

71%

0.0009

71%

0.0012

36%

0.0012

54%

0.0019
0.0019
0.0022
0.0022
0.0034
0.0034

45%
76%
2%
78%
70%
32%

0.0042
0.0042
0.0053

54%
74%
80%

0.0053
0.0053
0.0053
0.0130
0.0130
0.0224
0.0476
0.0476
0.0640
0.0930
0.0930
0.1230

36%
36%
64%
39%
33%
66%
39%
41%
27%
36%
50%
39%

E corr
E pit
E corr -E pit (mV),
(mV/SCE) (mV/SCE)
measured

E corr -E pit (mV),
modeled

pH

DO (ppm)

10.17

0.97

-77.59

547.78

-625.37

-624.44

10.6
13.49
10.52

1.4
5.32
0.58

-82.77
-334.33
-306.56

-233.17
319.84
629.48

150.40
-654.17
-936.04

140.72
-893.23
-972.75

13.45
13.65

5.2
7.9

-457.36
-366

-217.63
360

-239.73
-726.00

-324.57
-978.01

10.93
13.55

1.35
8.41

-87.09
-596.76

730.07
396.67

-817.16
-993.43

-811.24
-973.63

10.55

2.45

-105.54

750.2

-855.74

-757.70

12.57

18.54

-8.94

380.35

-389.29

-390.79

12.95

0.8

-463.93

317.13

-781.06

-772.90

11.76

1.39

-37.37

-232.23

194.86

200.37

10.55

1.4

-35.23

736.19

-771.42

-775.99

12.98
10.52
13.71
13.91

3.98
3.56
20
0.46

-465.76
-56.97
-440.22
-43.51

10.1
736.76
-269.89
-142.07

-475.86
-793.73
-170.33
98.56

-454.59
-715.67
-555.42
109.45

10.95

1.32

42.47

-18.13

60.60

62.69

11.74

1.32

-341.04

632.91

-973.95

-973.45

12.7

5.01

-52.55

-245.31

192.76

221.23

11.78

1.32

-123.67

-205.74

82.07

83.71

12.95

2.98

-428.19

543.83

-972.02

-947.20

11.71

1.24

-120.49

-245.05

124.56

154.83

13.66

1.06

-289.29

-129.03

-160.26

-152.09

10.68

15.65

85.35

-30.05

115.40

117.15

12.7

4.98

-238.75

114.64

-353.39

-355.03

11.84

1.21

89.75

-147.97

237.72

248.81

12.65

5.65

-285.05

622.03

-907.08

-861.00

12.7

0.5

-43.58

-231.91

188.33

207.77
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TABLE 1 Electrochemical data of the ASTM A615 steel rebar in alkaline solutions
(continued, with the testing data set highlighted).
Cl TT (M) Cl-binding

0.1230

27%

0.2002

79%

0.2002

36%

0.2002

55%

E corr -E pit (mV),
modeled

DO (ppm)

12.7
13.85

5.02
3.25

-43.49
-473.36

-125.62
214.76

82.13
-688.12

93.16
-850.63

12.73
13.22

3.61
4.89

-77.25
-417.67

10.31
63.33

-87.56
-481.00

-87.78
-21.94

12.61
13.61

5.07
7.77

-244.93
-167.44

663.63
-241

-908.56
73.56

-870.71
113.64

13.64

0.98

-322.8

628.2

-951.00

-941.16

12.7

16.1

52.39

-131.67

184.06

195.01

13.8

4.4

-249.96

-48.88

-201.08

-183.83

12.4
13.75
13.75
13.77

5.6
1.31
1.31
1.31

-23.83
-384.5
-467.33
-52.07

-185.83
200
158.34
-197.75

162.00
-584.50
-625.67
145.68

164.91
-64.19
-193.15
112.06

12.93

1.7

-37.81

-230.98

193.17

176.49

12.71
13.63

2
20

-106.77
-336.33

-146.41
176.67

39.64
-513.00

40.53
-582.79

12.9

0.78

-6.59

-193.64

187.05

189.72

13.63

1.01

-30.81

-153.29

122.48

161.16

3.5
0.46
3.25
6.17
7.25
20

-102.05
-68.36
-464.76
-481.53
-228.84
-76.61

-84.95
78.31
49.24
336.14
33.51
164.95

-17.10
-146.67
-514.00
-817.67
-262.35
-241.56

-6.75
-16.40
-314.07
-651.95
272.06
-141.32

0.7

-436.21

40.24

-476.45

-477.57

0.2002

19%

0.2002

62%

0.2410
0.2410
0.3000
0.3000

29%
39%
2%
47%

0.3987
0.3987
0.3987

52%
54%
45%

0.3987
0.3987

57%
66%

0.3987

39%

0.4980
0.4980
0.4980

40%
30%
36%

0.5989
0.5989
0.5989
0.5989
0.5989

14%
80%
79%
20%
45%

9.59
13.82
14.03
13.82
13.88
13.35

0.9538
0.9538
0.9538
0.9538
0.0005
0.0007
0.0053
0.0640
0.4980

Ecorr
Epit
E corr -E pit (mV),
(mV/SCE) (mV/SCE)
measured

pH

32%

13.56

21%

12.68

2.58

-44.35

-238.39

194.04

175.45

32%

10.9

17.01

81.41

-202.11

283.52

276.56

12%
31%
78%
39%
39%
22%

11.56

5.69

22.74

-216.04

238.78

208.12

10.92

1.38

-5.97

-61.83

55.86

62.24

10.94

1.45

48.17

-200.39

248.56

247.48

12.96

20

-233.23

77.02

-310.25

-301.50

12.96

20

-86.92

22.31

-109.23

-98.13

12.64

13.5

81.11

-120.12

201.23

195.17

Figure 2a and Figure 2b illustrate the relationships between E pit and E corr and the pitting
risk respectively, the latter of which is indicated by (E corr - E pit ). It can be seen that there
is a strong correlation between E pit and the pitting risk and a much weaker correlation
between E corr and the pitting risk. In general, higher E pit values and lower E corr values
correspond to lower pitting risk for the steel rebar investigated. Both E pit and E corr are
affected by the quality of the passive film on the steel rebar and the electrolyte it is
exposed to, even though E pit is shown to be a more sensitive indicator for evaluating its
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resistance to pitting corrosion. Li and Sagüés [25] conducted an extensive study of
chloride corrosion threshold of rebar in alkaline solutions and found that “the average
value of E pit in replicate tests decreased with solution Cl- concentration, specimen size,
and steel surface roughness but increased with solution pH and passive film maturity”.
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Measured Data, Ecorr-Epit (mV)

(a)

Measired Ecorr (mV, SCE)

Ecorr vs. Pitting Risk
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R² = 0.5581

-700
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-1400
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-500

-800

-200

100
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Measured Data, Ecorr-Epit (mV)

(b)
FIGURE 23 Relations between (a) E pit and (b) E corr and the pitting risk
B4.2. Performance of the ANN Model
As shown in Table 1, the experimental data were divided radomly into a training set (56
records, 90%) and a testing set (6 records, 10%) for the ANN model. Through trial and
error, a 4-9-1 BP ANN was chosen to model the relationship between the four
independent variables (Cl TT , chloride binding, pH and DO) and the response variable
(E corr - E pit ). The model was trained to allow for a reasonable training error and a
reasonable testing error (SMSE of 0.086 and 0.059 respectively), implying acceptable
disparities between the measured data and the modeled data. In addition, Figure 3
confirms that the established ANN model has good “memory” and the trained matrices of
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interconnected weights and bias (“building blocks” of the neural network) reflected the
hidden functional relationships well.
As such, once the empirical ANN model was trained and tested, it was used to predict the
(E corr - E pit ) as a function of various independent variables. Such predictions were made
with each independent variable over the range of the training data, since ANNs are not
suitable for extrapolation. As the (E corr - E pit ) exceeds 0 mV, the steel rebar is likely to
make the transiton from passive state to transpassive state.

Modeled Data, Ecorr-Epit (mV)

Performance of the 4-9-1 BP ANN Model
400
100
-200

y = 0.9409x
R² = 0.8741
Training Data

-500

Testing Data

-800

Linear (Training Data)

-1100
-1400
-1400 -1100 -800 -500 -200

100

400

Measured Data, Ecorr-Epit (mV)

FIGURE 24 Relationship between experimental and modeled pitting risk
B4.3. Relative Importance of Variables
The relative importance of each independent variable was assessed by predicting the
change in (E corr - E pit ) when the variable was assigned the minimum and maximum
values in its typical range and the other variables were kept at the median level. The
results (shown in Table 2) suggest that, under the conditions investigated, the total
chloride concentration has the largest effect on the pitting risk, with an increase in Cl TT
significantly increasing the (E corr - E pit ) of the steel rebar. According to the model
predictions, a significant decrease in the (E corr - E pit ) of the steel rebar also occurs with an
increase in the pH of the alkaline solution. The percent of bound chloride and the
dissolved oxygen concentration had a less significant effect on the pitting risk of the steel
rebar, with a decrease in chloride binding or increase in DO increasing the (E corr - E pit ). It
should be cautioned, however, the data in Table 2 show only the overall trend with
independent variables maintained at specific levels. As discussed later, the influence of
these variables and their interactions on the pitting risk of steel in simulated concrete pore
solutions is in fact very complex.
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TABLE 2 Effect of each variable on the pitting risk of steel rebar in alkaline solutions.
Independent Variable

E corr - E pit
Change
(mV)

Normalized
data**

%
Change

123.2

822.8

0.23 → 0.87

280%

2% → 64%

164.5 → -175.7

-340.2

0.91 → 0.64

-29%

pH

9.6 → 13.8

226.1 → 688.0

-914.1

0.96 → 0.24

-75%

DO

0.5 → 20 ppm

-76.8 → 192.5

269.3

0.72 → 0.93

29%

Type

Range*

ClT T

0.002 → 0.30M

Chloride binding

Predicted data
(mV)
-699.6 →

* Other variables at the median level: Cl TT 0.151M, chloride binding 33%, pH 12.7 and DO 5 ppm.
** All data were normalized between 0 and 1 using the experimentally obtained min. and max.,
i.e., (E corr - E pit) of -993.4 mV and 283.5 mV respectively.

B4.4. Effect of Chloride Concentration and Chloride Binding on Pitting Risk
As shown in Figure 4, the established ANN model was used to construct a response
surface illustrating the effect of chloride concentration and chloride binding on the pitting
risk of the steel rebar. With pH and DO set at 12.5 and 5 ppm respectively, the pitting
risk is predicted to increase noticeably as Cl TT increases from 0.002 M to 0.18 M and
then level off as Cl TT exceeds 0.18 M. At low chloride concentrations, the predicted
pitting risk increases as the percent of bound chloride decreases from 64% to 2%; this
effect, however, diminishes at high chloride concentrations.
These model predictions confirm the known deleterious role of Cl- ions, as they serve as
catalyst for the anodic half-reaction of steel corrosion. Moreno et al. [12] suggested that
“a passivity breakdown process took place above a certain potential that decreases with
the chloride concentration”. From a kinetics perspective, as the Cl TT increases or chloride
binding decreases, the free chloride concentration increases. This may shift the anodic
polarization curve (indicative of the iron oxidation half-reaction) to the negative direction
and reduce both the E corr and E pit. Relative to the E corr , the E pit is expected to decrease
much more significantly with the increase in free chloride concentration [6,19,31,32]. As
such, there is a possibility for the steel to move from the passive state (E corr < E pit ) to the
transpassive state (E corr > E pit ), i.e., increasing the pitting risk. From a mechanistic
perspective, higher chloride concentration is expected to “increase the number of sites
where corrosion initiates” and “reduce initiation time for the onset of corrosion” [62].
In concrete, chlorides can exist either in the pore solution, chemically bound to hydration
products, or physically held to the surface of hydration products [33,34,35]. Chloride
binding removes chloride ions from the pore solution and slows down the rate of
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penetration [36]. While previous studies [37,38] suggest that only free chloride ions in
the pore solution are responsible for initiating corrosion of the steel, Glass et al. [4,39,40]
indicated that bound chlorides also may present a significant risk to steel.

FIGURE 25 Predicted pitting risk as a function of Cl TT and chloride binding, with pH
and DO set at 12.5 and 5 ppm respectively.
B4.5. Effect of pH and DO on Pitting Risk
As shown in Figure 5, the established ANN model was used to construct a response
surface illustrating the effect of chloride concentration and pH on the pitting risk of the
steel rebar. With the percent of bound chloride and DO set at 33% and 5 ppm
respectively, the pitting risk is predicted to increase significantly as pH decreases from
13.8 to 9.6. At high pH, the predicted (E corr - E pit ) is well below zero regardless of the
chloride concentration, indicating no pitting risk. When both pH and Cl TT are high, there
may be unstable micropits that would not develop to macro-pits on the steel surface. At
intermediate pH, the predicted pitting risk increases noticeably as Cl TT increases from
0.002 M to 0.18 M and then levels off as Cl TT exceeds 0.18 M. The effect of Cl TT on the
pitting risk becomes insignificant at low pH values.
The predicted effect of pH on pitting risk agrees well with the existing knowledge. For
instance, according to the well-known Pourbaix diagram for Fe-H 2 O system, as pH
decreases from highly alkaline (near 14) to neutral, the steel can move from the
thermodynamically passive region to the thermodynamically active region and initiate the
dissolution of its passive film. According to Moreno et al. [12], “a critical acidification is
necessary to render repassivation unlikely and sustain pit activity”. In this study, the
lower the pH value of alkaline solutions, the more unstable was the passive film on the
steel. As pH decreases from 8 to 2 in calcium chloride solutions, the E pit of AISI 434,
201, and 301 steels has been reported to decrease, indicative of an increase in their risk of
pitting [28].
A-26

FIGURE 26 Predicted pitting risk as a function of Cl TT and pH, with the chloride
binding and DO set at 33% and 5 ppm respectively.
As is shown in Figure 6, the established ANN model was used to construct a response
surface illustrating the effect of chloride concentration and DO on the pitting risk of the
steel rebar. With the percent of bound chloride and pH set at 33% and 12.7 respectively,
the pitting risk is predicted to increase noticeably as DO increases from 0.5 ppm to 20
ppm or as Cl TT increases from 0.002 M to 0.18 M.
The predicted effect of DO on pitting risk agrees well with existing knowledge.
Dissolved oxygen is an essential reactant in the electrochemical processes of steel
corrosion in alkaline solutions, since its reduction is the cathodic half-reaction that
enables corrosion to occur in the typical potential range. In the case where DO is
extremely low (such as in submerged concrete structures), no active corrosion of the steel
rebar could occur and the risk of pitting is negligible. This corresponds to the case of DO
less than 1 ppm (as shown in Figure 6), where the (E corr - E pit ) is very negative regardless
of the chloride concentration. As DO increases from 0.01 to 10 ppm in high-purity water,
the E corr of AISI 304 stainless steel has been reported to increase greatly [29], likely
accompanying an increase in its risk of pitting. As DO decreases from 8 to 1 ppm in an
alkaline solution, both the corrosion rate and E corr of carbon steel SA-178A have been
reported to decrease greatly, accompanying the formation and stability of the passive film
once DO drops below 2 ppm [30]. Oxygen is also known to affect the rate of corrosion
dramatically once active corrosion is initiated [62].
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FIGURE 27 Predicted pitting risk as a function of Cl TT and DO, with the chloride
binding and pH set at 33% and 12.7 respectively.
As shown in Figure 7, the established ANN model was also used to construct a response
surface illustrating the effect of pH and DO on the pitting risk of the steel rebar. With the
Cl TT and percent of bound chloride set at 0.151 M and 33% respectively, the pitting risk
is predicted to be high once the solution pH drops below 11.4, regardless of the dissolved
oxygen concentration. The pitting risk is predict to be the lowest when the solution pH
exceeds 13.0 and DO drops below 1 ppm.
From the kinetics perspective, E corr is the electrochemical potential at which the anodic
curve (indicative of the iron oxidation half-reaction) and cathodic curve (indicative of the
oxygen reduction half-reaction) intersect. As pH decreases or DO increases, the cathodic
curve shifts to the positive potential direction (in light of the Nernst equation for the
cathodic reaction: 2H 2 O + 4e + O 2 → 4OH-), there is a possibility for the steel to move
from the passive state (E corr < E pit ) to the transpassive state (E corr > E pit ), i.e., with
increased pitting risk.
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FIGURE 28 Predicted pitting risk as a function of pH and DO, with the Cl TT and
chloride binding set at 0.151 M and 33% respectively.
B4.6. Effect of [Cl-]/[OH-] Ratio on Pitting Risk
Figure 8 illustrates the pitting risk of the steel rebar as a function of DO and the [Cl]/[OH-] ratio, with the Cl TT and chloride binding set at 0.151 M and 33% respectively.
The threshold [Cl-]/[OH-] ratio is defined the maximum ratio at which E pit is nobler than
its E corr . As shown in Figure 8, at all DO levels, the predicted (E corr - E pit ) first increases
greatly with the increase in the [Cl-]/[OH-] ratio and then gradually levels off. The
predicted threshold [Cl-]/ [OH-] ratio increases from 0.22 to 2.72 as the dissolved oxygen
concentration of the alkaline solution decreases from 20 ppm to 0.5 ppm.
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FIGURE 29 Predicted pitting risk as a function of DO and [Cl-]/[OH-], with the Cl TT and
chloride binding set at 0.151 M and 33% respectively

Pitting Risk vs. pH & Cl/OH Ratio

Ecorr-Epit (mV)

400
200

pH 13.8

0

pH 13.1
pH 12.4

-200

pH 11.7

-400

pH 11.0

-600

pH 10.3
pH 9.6

-800
-1000
0.0

1.0

2.0

3.0

4.0

5.0

[Cl-]/[OH-]

FIGURE 30 Predicted pitting risk as a function of pH and [Cl-]/[OH-], with DO and
chloride binding set at 5 ppm and 33% respectively
Figure 9 illustrates the pitting risk of the steel rebar as a function of pH and the [Cl-]/[OH] ratio, with DO and chloride binding set at 5 ppm and 33% respectively. As shown in
Figure 9, at intermediate pH levels, the predicted (E corr - E pit ) first increases greatly with
the increase in the [Cl-]/[OH-] ratio and then gradually levels off. The predicted threshold
[Cl-]/ [OH-] ratio increases from 1.2 to 2.8 as the solution pH increases from 11.7 to 13.1.
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Such a threshold increase with pH is consistent with the previous studies in simulated
concrete pore solutions [3,11,12,18,25], suggesting a stronger inhibiting effect of OHions at higher concentrations. When the solution pH drops below 11.7, the pitting risk is
always high and insensitive to the [Cl-]/[OH-] ratio. At the very high pH (13.8), it was
infeasible to derive the threshold [Cl-]/[OH-] ratio using the reasonable chloride
concentrations.
Figure 10 illustrates the pitting risk of the steel rebar as a function of chloride binding and
the [Cl-]/[OH-] ratio, with the Cl TT and DO set at 0.151 M and 5 ppm respectively. As
shown in Figure 10, at all chloride binding levels, the predicted (E corr - E pit ) first
increases greatly with the increase in the [Cl-]/[OH-] ratio and then gradually levels off.
The predicted threshold [Cl-]/[OH-] ratio increases from 0.5 to 2.1 as the percent of bound
chloride increases from 2% to 54% and then levels off as the chloride binding exceeds
54%.
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FIGURE 31 Predicted pitting risk as a function of chloride binding and [Cl-]/[OH-], with
Cl TT and DO set at 0.151 M and 5 ppm respectively
The results discussed above indicate that the threshold [Cl-]/[OH-] of steel rebar in
simulated concrete pore solutions is a function of solution DO, pH and chloride binding,
rather than a unique value. In this study, the polishing and subsequent pre-passivation of
the rebar surface likely improved the threshold chloride threshold values by removing
defects where micropits could initiate, as suggested by previous studies [6,25,42,61].
The chloride threshold also depends on the type of reinforced alloy being used [43,44].
Hurley et al. [45] measured the chloride threshold of various rebar in saturated Ca(OH) 2
solutions containing NaCl and found that the 316LN stainless steel rebar had a much
higher threshold [Cl-]/[OH-] (> 20) than carbon steel (0.25-0.34). The exposed area and
roughness of the rebar, pre-passivation time (thus passive film maturity), and scan rate
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during potentiodynamic polarization measurements all had an impact on the measured
pitting risk and thus the derived threshold [Cl-]/[OH-] of steel rebar [25].
B4.7. Limitations and Practical Implications of Research Findings
Cement hydrates in concrete can produce hydroxyls for the concrete pore solution and
provide buffering capacity to resist to possible pH drop in the electrolyte. Such pH drop
could be the result of concrete carbonation, active corrosion of rebar, or ingress of
deleterious species. In concrete, there is often the separation of anode and cathode areas
on the rebar surface and the electrical resistivity of concrete thus plays a significant role
in both the pitting initiation and pitting propagation on the steel surface. The buildup of
corrosion products at the anode areas (and subsequent localized acidification) or the
availability of oxygen at the cathode areas on the rebar in concrete can differ greatly from
the case in the solutions. The chloride threshold, Cl th , is typically higher for mortars and
concretes than for solutions [6,12]. As such, while this study sheds light on the factors
defining the chloride threshold of steel corrosion in concrete, the application of such
knowledge to reinforced concrete should take into account the complications discussed
above.
Another limitation of the findings from this study arises from the assumption used to
simplify the model predictions, i.e., the effect of two independent variables could be
examined and set other variables set at a specific level (e.g., Figures 4, 5, 7, 9 and 10). In
real concrete, it would be unrealistic to expect a constant chloride binding level with
varying pH or vice versa. It has been observed that the pH of NaCl-containing alkaline
solution increases as the chloride binding increases [34]. Reducing the pH in concrete
may destabilize the chloroaluminate and thus reduce the percent of bound chloride [8],
and carbonation of concrete can reduce the chloride binding capacity [46] and facilitate
the chloride intrusion [47]. It has been reported also that an increase in the pH above
12.6 produces a remarkable decrease in the level of the bound chloride [48,49].
Despite of these limitations, the findings from this study can still provide useful guidance
in the effort of managing the chloride-induced corrosion of steel rebar in concrete. For
reinforced concrete in chloride-laden environments, the time-to-active-corrosion of rebar
(t in ) and Cl th , are two inter-related parameters that define its service life. The mix
proportions, curing regime, construction quality and exposure history of concrete
determine its physical microstructure (especially the tortuous pore structure of cement
paste and interfacial transition zone adjacent to the aggregates surface) and chemical
composition (including the amount of pore solution in the matrix), which in turn,
determine the rate of chloride ingress into the concrete and thus the t in [41]. The
physiochemical properties of the concrete also determine the chloride binding capacity of
the cementitious paste phase, the pH of the pore solution, the oxygen transport from the
service environment and the physical condition of the steel/concrete interface. As
discussed earlier, all of these factors significantly affect the Cl th of a given rebar (with
known composition, surface condition, and configuration) and thus the t in . Furthermore,
the physiochemical properties of the concrete determine its electrical resistivity which,
along with oxygen availability, control the rate of rebar corrosion after initiation [41].
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To enhance the chloride threshold of rebar and thus extend the service life of reinforced
concrete, the following measures should be applied: (1) reduce the total chloride content
at the rebar depth, by controlling the source of chloride and slowing down the chloride
ingress (e.g., minimizing the application of deicing salts and using the less permeable
concrete mixes); (2) increase the percent of bound chloride, which is affected by the C 3 A
and alkali contents of cement [50], use of supplementary cementitious materials (e.g.,
ground granulated blastfurnace slag and fly ash), temperature, and degree of hydration
[34]; (3) increase the pH of concrete and minimize its carbonation; and (4) improve the
physical condition of the steel/concrete interface and minimize the DO at the interface, by
eliminating the bleeding/settlement/segregation of concrete and minimizing its cracking
or by applying cement-based coating on rebar, etc. Note that the use of mineral
admixtures in concrete affects the Cl th and t in through multiple mechanisms. The addition
of fly ash or slag generally leads to the formation of less porous microstructure (and thus
slowing down the ingress of chloride and oxygen), improvement in chloride binding, and
reduction of pore solution pH [6,41,51-58], and likely increases the electrical
conductivity of the concrete. The addition of silica fume into concrete reduces the pore
solution pH and the chloride binding, but also slows down the chloride ingress and
reduces the DO in concrete [58-61].
B5. Conclusions
This work presents a systematic study aimed to provide quantitative understanding of the
fundamental factors that influence the chloride threshold of pitting corrosion of steel in
concrete, by conducting a set of laboratory tests to assess the corrosion potential (E corr )
and pitting potential (E pit ) of steel coupons in simulated concrete pore solutions. With
the aid of an artificial neural network (ANN), the laboratory data were then used to
establish a phenomenological model correlating the influential factors (total chloride
concentration, chloride binding, solution pH, and dissolved oxygen concentration) with
the pitting risk (characterized by E corr - E pit ). Three-dimensional response surfaces were
then constructed to illustrate such predicted correlations and to shed light on the complex
interactions between various influencing factors. The results indicate that the threshold
[Cl-]/[OH-] of steel rebar in simulated concrete pore solutions is a function of solution
DO, pH and chloride binding, and is not a unique value. The limitations and practical
implications of the research findings were also discussed.
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APPENDIX C. MODELING CATHODIC PREVENTION FOR UNCONVENTIONAL
CONCRETE IN SALT-LADEN ENVIRONMENT
Currently there is a void of knowledge base regarding the use of cathodic prevention
(CPre) to protect reinforced concrete structures from chloride attack, especially when the
concrete is made with mineral admixtures partially replacing cement. This appendix
chapter aims to provide a modeling perspective relevant to the use of CPre for
unconventional concrete in salt-laden environment. Based on the experimentally obtained
concrete resistivity and chloride diffusion coefficient data, numerical studies with the
Nernst-Planck equations were conducted to investigate the influence of applied voltage
(magnitude, direction, and interruption), surface chloride concentration, and concrete mix
design on the effectiveness of cathodic prevention and the distribution of ionic species in
protected concrete. The modeling results revealed that the direction of applied electric
voltage has significant effect on the distributions of electrical potential and hydroxyl ions
in the reinforced concrete, confirming the benefits of cathodic prevention in significantly
increasing hydroxyl concentration near rebar and in slowing down the ingress of chloride
ingress into concrete. The performance of intermittent CPre was found to be constrained
by the variations in concrete resistance from the anode to the cathode. The model was
also useful in illustrating the temporal and spatial evolutions on rebar surface in terms of
oxygen, hydroxyl and chloride concentrations on and electrical potential of top rebar as
well as such evolutions in concrete domain in terms of concrete resistivity and current
density for each mix design. The results reported herein shed light on the fundamental
processes defining the performance of CPre for new unconventional concrete in saltladen environment.
C1. Introduction
As an economical and durable composite, steel reinforced concrete has been widely
utilized in construction projects worldwide. Chlorides, from road salts used in coldclimate regions for winter service, from marine environments, or from raw materials
used to make concrete, pose significant risk to the steel reinforcement in concrete
(Gjørv and Vennesland, 1979; Enevoldsen et al. 1994; Manera et al. 2008; Liu and Shi,
2009a; Shi et al. 2009). Chloride-induced corrosion of steel may cause premature and
difficult-to-predict failure of reinforced concrete and compromise their durability and
reliability, with tremendous economic and safety implications. While the reinforcing
steel is normally protected by a nanometer-thin oxide/hydroxide passive film formed in
the highly alkaline concrete environment, such passive film can be broken down locally
once sufficient airborne carbon dioxide penetrates into the concrete to significantly
reduce its alkalinity or once sufficient chloride anions reach the rebar surface (Thomas
1996; Sergi and Glass 2000; Orlikowski et al. 2004; Ann and Song 2007; Zornoza et al.
2008; Poursaee and Hansson 2009). The corrosion process generally consists of a
cathodic half-reaction (e.g., 2H 2 O + O 2 + 4e → 4OH-) and an anodic half-reaction (e.g.,
Fe + 2Cl- → FeCl 2 + 2 e), among other possible chemical reactions (e.g., Fe+2 + 2H 2 O
→ Fe(OH) 2 + 2 H+ and 4Fe(OH) 2 + O 2 → 4γ-FeOOH + 2H 2 O). The corrosion of
reinforcing steel in concrete can be divided into two main stages: first the time for
aggressive species to penetrate the heterogeneous concrete matrix in order to
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depassivate the rebar surface and then the time for corrosion propagation in concrete.
Once the localized corrosion of steel (pitting) is initiated, the corrosion products start to
form on the rebar surface and exert expansive stresses that ultimately crack the concrete
surrounding the rebar. As such, the corrosion of rebar not only leads to its section loss
in a localized manner, but more importantly the loss of rebar/concrete bond and
aggravated ingress of deleterious species into concrete (Andrade et al. 2001), all of
which accelerates the deterioration of concrete.
Cathodic protection (CP) has proven to be a non-destructive technique to mitigate
chloride-induced corrosion of rebar in concrete by providing a cathodic current so that
the rebar potential (E) is shifted to a more negative value (Liu and Shi 2009b). The
cathodic polarization of rebar is designed to induce protecting effects both
thermodynamically and kinetically, by reducing the driving force for the anodic process
(i.e., the difference between corrosion potential and equilibrium potential, E cor - E eq )
and by reducing the corrosion rate of the anodic process (as steel is brought from
activity to passivity zone) (Pedeferri 1996; Bertolini et al. 1998 and 2002). CP can also
consume the oxygen and produce OH- ions on the rebar surface and oppose the
penetration of Cl- ions into concrete, thus causing the following beneficial effects:
widening of the passive region, depolarization of the cathodic process, and hindering
localized acidification and thus affecting pitting initiation and propagation (Pedeferri
1994). Furthermore, CP is known to potentially cause the degradation of concrete
containing alkali-reactive aggregates, to affect the adhesion of non-ribbed rebars to
concrete, or to cause hydrogen embrittlement of high strength steels in concrete that is
overprotected and/or has very low oxygen availability (with the following cathodic
half-reaction: H+ + e → H°).
Extensive studies since 1970s have been dedicated to the use of CP to control corrosion
rate of chloride-contaminated concrete (Liu and Shi 2009b), whereas the use of CP on
new concrete structures (referred to as cathodic prevention, or CPre) in salt-laden
environments has been much less investigated despite some published studies since
1990s (Pedeferri 1996; Bertolini et al. 1993, 1998, 1999 and 2002; Bertolini 2000).
CPre works by principles similar to conventional CP and the two share the “4h 100 mV
potential decay” empirical criterion for verifying the actual protection achieved in
reinforced concrete (Bertolini et al. 1998 and 2002) but feature significantly different
levels of protective current required (i p , relative to rebar surface area). Conventional CP
aims to either reduce the rate of pitting propagation or restore the rebar passivity after
active pitting has initiated, with i p of up to 15 mA m-2 or with i p of 20 mA m-2 or more
respectively for aerial concrete structures. CPre aims to ensure that pitting does not
initiate by applying the protective current from the early stage of service life when the
chloride-induced corrosion has not initiated (Pedeferri 1996), with i p lower than 2 mA
m-2 for aerial concrete structures and as low as 0.2 mA m-2 for immersed concrete
structures. In CPre systems, the protective current in the range of 1 to 2 mA m-2 can
produce a potential drop of at least 100-200 mV and thus enhances the threshold
chloride content (to initiate rebar pitting in concrete) by at least one order of magnitude
(Bertolini et al. 1998). CPre also features protective potentials typically 200 mV more
positive than those for conventional CP, posing less demand on anodes. Finally, CPre
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can extend its beneficial effects “to rebars at remarkable distances from the anode”
whereas conventional CP has its effects “usually limited to distances of a few tens of
centimeters” (Bertolini et al. 2002).
The last decade has seen a paradigm shift from conventional Portland cement concrete
(PCC) to so-called environmentally friendly concretes (EFCs) with reduced
environmental footprint, generally by incorporating recycled materials or industrial
byproducts. One type of EFCs that have gradually entered the engineering practice is
the ones with mineral admixtures to partially replace Portland cement in concrete. The
use of mineral admixtures such as fly ash, silica fume, slag and metakaolin has been
shown to enhance concrete durability (Toutanji and Delatte 2001; Gruber et al. 2001;
Choi et al. 2006), by increasing chloride binding (Lu et al. 2002), decreasing chloride
permeability (Thomas et al. 1999; Choi et al. 2006), elevating threshold chloride
content (Manera et al. 2008), and/or improving the distribution of pore size and shape
of concrete matrix (Yang and Cho 2003). Since some of these materials are cheaper
than Portland cement, there is also an economic advantage to wider use. For a concrete
mix with water-to-cementitious-materials (w/cm) ratio of 0.37, the addition of fly ash
(35% cement replacement) and silica fume (27% cement replacement) reduced the
chloride diffusion coefficient from 3.48×10-12 m2/s to 7.35×10-13 m2/s and 1.01×1012 2
m /s, but also reduced the pore water pH from 13.84 to 13.39 and 13.47, respectively
(Hartt et al. 1999). Concrete mixes with high-volume fly ash have demonstrated good
workability and high compressive strength, in addition to excellent durability behavior
(Collepardi et al. 2000).
Currently there is a void of knowledge base regarding the use of CPre to protect
reinforced concrete structures from chloride attack, especially when the concrete is
made with mineral admixtures partially replacing cement. Traditionally, laboratory or
field exposure tests have been used to characterize the corrosion behavior of rebar in
concrete and to evaluate the effectiveness of CPre. Such tests, however, tend to produce
findings that are not transferrable to other experimental conditions. To mitigate this,
computational modeling based on physically sound principles can be utilized to provide
quantitative information to estimate service performance and to provide guidance for
practical applications (Kranc and Sagues 1993 and 2001; Rabiot et al. 1999; Riemer
and Orazem 2005; Dridi et al. 2006). As such, this work aims to provide a modeling
perspective relevant to the use of cathodic prevention for unconventional concrete in
salt-laden environment, with a focus on how various operating parameters affect the
CPre effectiveness and the distribution of ionic species in protected concrete.
C2. Methodology
C2.1. Experimental
Three duplicate cylindrical concrete samples were constructed for each of the three mixes
(75% Portland cement-25% Class F fly ash; 90% Portland cement-10% silica fume; or
90% Portland cement-10% metakaolin), featuring a w/cm ratio of 0.40. Table 1 presents
their mix designs and fresh concrete properties.
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TABLE 1 Mix design and properties of concrete samples containing various types and
amounts of mineral admixtures
Ingredients

A

Mix Number
B

C

Portland Cement (lb)

56

68

68

Fly Ash (Class F) (lb)

19

-

-

Silica Fume (lb)
Metakaolin (lb)

-

8
-

8

Micro Air TM (ml)

33

-

22

Glenium 3030TM (ml)

24

266

238

Water (lb)

28

28

28

Fine Aggregate (lb)
Moisture Content (%)

127.3
3.6

140.3
3.6

128.95
3.6

Course Aggregate (lb)
Moisture Content (%)

192.8
0.96

211.8
0.647

195.1
0.886

3.5

2.25

3.5

5.5

2.25

6

3

3

3

Slump (inches)
by ASTM C 143
Air Content (%)
by ASTM C173
Volume (ft3)

In the first 24 hours of molding, the concrete specimens were placed on a rigid surface
under ambient temperature and at a relative humidity of about 50 percent and covered to
present excessive evaporation of water. Next, the specimens were de-molded and cured in
a moist cure room with relative humidity of 98% for 90 days. Once out of the moisture
room, each concrete sample was ponded with distilled water for 2 hours to be fully
saturated. Thereafter, a direct voltage of 8 volts was applied across the 6-inch (152-mm)
distance between the two ends of the concrete cylinder, with the external anode (stainless
steel mesh with a diameter of 8″ or 203 mm) and the external cathode (galvanized steel
plate with a diameter of ″12or 305 mm) ponded by weekly -replaced 3% NaCl and
simulated concrete pore solution (0.32 mol/L KOH, 0.17 mol/L NaOH, and 0.07 mol/L
Ca(OH) 2 in distilled water) respectively. The electric current flowing through the two
external electrodes was monitored by measuring the potential drop over a 100-ohm
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standard resistor connecting the external anode with the external cathode. All readings
were taken every day in the early days and gradually down to two or three times per
week. As such, the concrete resistivity for each unconventional concrete mix (with three
duplicates) was periodically measured for 40 days. The apparent chloride diffusion
coefficient for each concrete mix (with three duplicates) was measured using a modified
Rapid Chloride Permeability Test, the details of which have been reported elsewhere
(Yang et al. 2009).
C2.2. Model Description
The electron transfer between anodic and cathodic sites establishes the electric current
flow necessary for electrochemical corrosion. The key element to successful modeling
of such corrosion demands the quantitative understanding of electrode kinetics and
current flow through the electrolyte. Assuming that the electrolyte in concrete is dilute
enough so that the activity of each species is equivalent to its concentration, the
diffusion flux of species i in a pore solution can be described by the extended NernstPlanck equation as follows (Andrade et al. 1995; Yu and Page 1996; Hassanein et al.
1998; Samson et al. 2000; Wang et al. 2001; Gardner et al. 2004):
D
(1)
J i =− Di ∇Ci − i Ci FZ i ∇φ
RT
where Di is the diffusion coefficient of species i ; Ci is the concentration of species i
in pore solution; F is the Faraday constant; Z i is the charge of species i ; and φ is the
electric potential.
The macroscopic description of mass conservation relies on the homogenization
technique, where physical quantities are averaged over a representative elementary
volume. Based on such treatment, all the equations are written on the microscopic scale,
the application of which yields the following relation (Wang et al. 2001):
∂C
∂S
(2)
p i + (1 − p ) i + ∇ ⋅ ( pJ i ) = 0
∂t
∂t
where p is the porosity; Si is the bound concentration of species i that follows a
Langmuir relation with the corresponding free concentration. For simplicity, only
chloride binding is considered in this work. In the model, seven ionic species, i.e. Na+,
K+, Ca2+, Mg2+, Fe2+, OH- and Cl-, are taken into consideration.
Under an externally applied electric field, the current density is contributed by the
fluxes of all the cations and anions in the pore solution, which is characterized by
(Wang et al. 2001):
n
Z FD
(3)
=
i pF ∑ Z i (− Di ∇Ci − i i Ci ∇φ )
RT
i =1
The evolution of electrical potential can be described by:
(4)
∇ ⋅ ( − k ∇φ ) = 0
where k is the electric conductivity.
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Under the natural corrosion state, the presence of dissolved oxygen around rebar plays a
vital role for the active corrosion of rebar, in light of the common cathodic half-reaction
(2H 2 O + O 2 + 4e → 4OH-). The migration and distribution of oxygen molecules in pore
solution can be described by the mass conservation law as:
∂C
(5)
p O + ∇ ⋅ (− pDO ∇CO ) = 0
∂t
where CO is the oxygen concentration; DO is the oxygen diffusion coefficient.
The boundary of the simulation domain is defined by the surface area of the anode and
cathode as well as the external surface of the concrete. The metal dissolution and
oxygen consumption reactions are accompanied by local current exchange on electrode
surface, where chemical species can be produced or consumed. Boundary conditions at
the rebar surface can be formulated from the electrochemical reactions, which describe
the rate of oxidation and reduction processes and can be expressed mathematically as
nonlinear relations with the current density and potential.
Provided that the active corrosion on rebar is controlled by oxygen supply, the
boundary condition can be formulated as follows (Riemer and Orazem 2005):
∂CO2
i
(6)
= DO2
∂n
4F
where the factor 4 arises from the number of electrons in the reduction reaction with
one mole of O 2 .
At the rebar surface, the metal dissolution and oxygen reduction need to be modeled,
taking into account the polarization behaviors. Formulations based on anodic and
cathodic reactions follow (Kranc and Sagues 2001):
E0 a −φs

i a = i0 a e
ic = i0 c

βa

CO2
CO02

(7)
e

φ −E
− s 0c
βc

(8)

where i0 a and i0 c are the exchange current density for the anodic and cathodic reactions
respectively; CO0 2 is the critical oxygen concentration on rebar surface; β a and β c are the
Tafel slopes for the anodic and cathodic reactions, respectively; φ s is the surface
potential of rebar. The net current density on steel surface is thus the summation of the
partial anodic and cathodic current, which follows (Dridi et al. 2006):
(9)
i = i a + ic
In the vicinity of rebar surface, the concentrations of Fe2+ and OH- are governed by
local equilibrium, as their concentrations cannot change independently. As such, the
rate of Fe(OH) 2 formation is assumed to be large enough so that local equilibrium is
maintained as follows:
2
(10)
COH
=
k Fe (OH )2
− ⋅C
Fe2+
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where k Fe (OH )2 is the equilibrium constant for Fe(OH) 2 .
In the absence of external electric field, the boundary conditions on rebar surface are
such that the normal fluxes of Na+, K+ , Ca2+, Mg2+ and Cl- are zero, while the normal
fluxes of Fe2+ and O 2 are described by:

(11)
n ⋅ J Fe = −φa

(12)
n ⋅ J O2 = 0.5φc
In addition, it follows that:
(13)
i = 0 (φa = φC )
(14)
φs = ECorr
(15)
ia = −ic = icorr
where ECorr and icorr are the corrosion potential and corrosion current, respectively.
C3. Results
As shown in Fig. 1, a concrete domain measuring 0.12×0.02×0.08 m is constructed to
computationally model CPre, with rebars featuring a diameter of 0.01 m embedded
through the length-height cross section of the simulation domain. A thick concrete
cover thickness of 0.045 m is assumed for the immersed concrete structure. Under an
externally applied electrical field, all the ionic species in the concrete pore solution
contribute to the total current flux. To determine the electrochemical response of a
concrete system, the finite element method (FEM) investigation needs to account for
each of the seven ionic species (Na+, K+, Ca2+, Mg2+, Fe2+, OH-, and Cl-) as well as
dissolved oxygen (O 2 ). The computational simulation is accomplished by specifying
initial conditions within concrete domains and boundary conditions at the internal and
external surfaces. The initial values for concentrations of Na+, K+, Ca2+, Mg2+, Fe2+,
OH-, Cl-, and O 2 are chosen as: 100, 100, 50, 50, 0, 400, 0 and 0 mol/m3, respectively.
The effective chloride diffusion coefficient (D eff ) for mix design A, B, and C is taken as
4.0×10-13 m2/s, which for each mix design was averaged from apparent chloride
diffusion coefficient (D app ) measured with three duplicate concrete disc specimens. The
diffusion coefficients of Na+, K+, Ca2+, Mg2+, Fe2+, OH- are taken from the work of
Kranc and Sagues (2001) and Wang et al. (2001). The concrete conductivity is a
material property necessary for simulation, which is essential to reflect the constituents
and microstructures of concrete. In this study, the experimentally obtained resistivity
data over the 40-day monitoring time period were fed into the FEM model for each
unconventional concrete mix. The parameters to characterize the polarization response
of rebar are taken from the work of Kranc and Sagues (2001). The top boundary in Fig.
1 is adjacent to an electrolyte solution in which species are maintained at constant
concentrations for Na+, K+, Ca2+, Mg2+, Fe2+, OH-, Cl- and O 2 , i.e. 100, 100, 50, 50, 0,
300, 100 and 0 mol/m3, respectively. The left-hand, right-hand, front and rear
boundaries are treated with periodic boundary conditions, assuming that the concrete
domain being analyzed is from a concrete structure that includes multiple identical
domains. The Neumann boundary condition is applied to the bottom boundary with
zero fluxes for all the ionic species. As for OH- ions on rebar, the Neumann boundary
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condition is such that the amount of hydroxyl ion flux generated on rebars corresponds
to the current flux.

FIGURE 1 Model setup for the cathodic prevention (with concrete domain in red and
rebar domain in blue)
To explore the effect of voltage magnitude and direction on cathodic prevention,
electric potential and hydroxyl ion distributions are predicted at three levels of voltages
(800, 0 and -800 mV) applied for one year on concrete with mix design A. Such a
combination of applied voltage, treatment time and ionic species distribution leads to a
comprehensive computational investigation with the aid of FEM. Considering that the
anodic and cathodic currents on steel rebar will be significantly different when different
external voltage is applied, the potential distribution profiles were obtained, using the
governing equations described above. The distribution of electric potential and
hydroxyl ions is shown in Fig. 2.
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(a) Electrical Potential (0 mV)

(b) OH- ( COH − − 400 mM, 0 mV)

(c) Electrical Potential (800 mV)

(d) OH- ( COH − − 400 mM, 800 mV)

(e) Electrical Potential (-800 mV)

(f) OH- ( COH − − 400 mM, -800 mV)

FIGURE 2 Distributions of the electrical potential and hydroxyl ion concentration under
various polarization conditions.
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To explore the effect of surface chloride concentration on cathodic prevention, Fig. 3
depicts the chloride distribution in concrete from mix design A treated with 0, 500 and
800 mV for 8 years, where the concrete top boundary is characterized by a chloride
concentration of 100 and 400 mol/m3, respectively. The effect of concrete constituents
on cathodic prevention is studied by exploring the FEM-predicted system properties.
Simulation results obtained using three different concrete mix designs are shown in Fig.
4 with the external top surface polarized to 800 mV, where the calculated integral and
local quantities are presented. The integral is performed across the concrete domain
while the local characteristics are evaluated on the top rebar surface. The integral
quantities include concrete resistivity and current density against time, while the local
characteristics comprise oxygen concentration, chloride concentration, hydroxyl
concentration, and electrical potential on top rebar surface.
To explore the effect of voltage interruption on cathodic prevention, the spatial
distribution of Na+, K+, OH- and Cl- as a distance from the two rebar rows is presented
in Fig. 5. While the applied potential is switched off periodically, the migration of
oxygen is not influenced. As such, for a prolonged period in CPre, the dissolved oxygen
throughout the concrete domain can be treated as homogeneous. When the CPre is
periodically switched off, dissolved oxygen is responsible for active corrosion on rebar
surface or passive film disruption with the arrival of chloride ions.
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(a) Cl- (0 mV, 100 mM Cl-)

(b) Cl- (0 mV, 400 mM Cl-)

(c) Cl- (500 mV, 100 mM Cl-)

(d) Cl- (500 mV, 400 mM Cl-)

(e) Cl- (800 mV, 100 mM Cl-)

(f) Cl- (800 mV, 400 mM Cl-)

FIGURE 3 Effect of surface chloride concentration on cathodic prevention imposed on a
concrete system for 8 years.
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C4. Discussion
C4.1. Effect of Voltage Magnitude and Direction on Cathodic Prevention
Fig. 2 illustrates that the direction of applied electric voltage has significant effect on
the distributions of electrical potential and hydroxyl ions in the reinforced concrete,
confirming the benefits of cathodic prevention. The occurrence of rebar corrosion in
concrete depends on the relative electric potential of rebars as well as the amount of
protective hydroxyl ions and deleterious chloride ions. When there is no external
voltage, the sum of all the partial currents around the active and passive regions on
rebar should be zero. Fig. 2(a) shows the potential distribution within the concrete
domain for the natural corrosion. Evidently, the natural corrosion with the aid of
oxygen reduction and anodic dissolution gives rise to a potential of around 580 mV on
rebar surface. Although the potential established on rebar surface contributes null net
current in the concrete domain, the ionic species in concrete pore solutions can be
drifted with the electric gradient developed in concrete domain, until an opposite
electric field is established to offset the one imposed by electrodes. When the external
electrode is set to be 800 mV in Fig. 2(c), the rebar potential is shifted to a more
negative value by 59 mV, leading to an expectable decrease in rebar corrosion. Such a
negative shift does not meet the 100 mV polarization criterion for adequate cathodic
protection. However, under CPre, the potential of rebar can reach the values at which
the anodic dissolution is no longer appreciable when sufficiently large driving voltage
is applied. When the external electrode is set to be -800 mV in Fig. 2(e), the potential of
rebar is shifted to a more positive value by 35 mV, which indicates an enhanced anodic
dissolution that facilities rebar degradation.
Among the three cases presented, the hydroxyl ion concentration in concrete exhibits
distinct characteristics. The distribution of hydroxyl ions features a peak in Figs. 2(b)
and 2(d) and a valley in Fig. 2(f) in the vicinity of rebar, due to the combined effect of
diffusion and electromigration. Under the natural corrosion state, the hydroxyl ions are
generated by the oxygen reduction, which depends on the oxygen supply from the
external surrounding and the local equilibrium constrained by Fe(OH) 2 formation. The
increase in hydroxyl ion concentration is consistent with the arrival of diffusion front
for oxygen, beyond which the hydroxyl concentration remains almost unchanged,
indicating a local equilibrium by Fe2+ + 2OH- = Fe(OH) 2 in Fig. 2(b). The increase in
oxygen diffusion coefficients can improve the concentration of oxygen near rebar, but
shows little effect on changing hydroxyl ion concentration under the natural corrosion
state. When an external voltage is applied so that the rebar is polarized to 800 mV, the
generation of hydroxyl ions can be assisted with the aid of oxygen evolution on rebar
surface, thereby resulting in much higher hydroxyl ion concentrations on rebar surface
in Fig. 2(d). In other words, such cathodic prevention is beneficial in producing
corrosion inhibitive OH- ions near the rebar surface.
When an electric voltage of -800 mV is applied on the rebar, the evolution of hydroxyl
ions on rebar surface is characterized by the arrival of OH- formed on the external
electrode in Fig. 2(f), the migration of which is facilitated by the applied electric field.
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As such, such an applied voltage increases the risk of rebar corrosion by reducing the
OH- concentrations near the rebar surface.
C4.2. Effect of Surface Chloride Concentration on Cathodic Prevention
To evaluate the risk for rebar corrosion and predict the service life of concrete
structures, the chloride threshold value to initiate active rebar corrosion in concrete is a
critical parameter. Chloride ions act as a catalyst in the anodic reaction to disrupt the
passive film on rebar surface, once they migrate across the concrete cover and
accumulate in the vicinity of rebar surface. Such depassivation of passive film on rebar
surface usually leads to subsequent accelerated corrosion if no protective action is
taken. Fig. 3 confirms that CPre is an effective way to retard chloride-induced corrosion
by significantly slowing down the ingress of chloride ingress into concrete. The total
chloride amount is calculated by integration over the whole concrete domain based on
the distribution of chloride concentration from the FEM model. For all the cases
presented, the chloride content is negligible in the innermost zone, as the applied
voltages impose a retarding force to hamper chloride ions from migrating inwards. As
the chloride concentration on the anode boundary increases, the chloride amount that
has diffused into the concrete domain also increases, reaching a trend that can be
described by a quasi-parabolic manner. The ingress of chloride ions is significantly
reduced under CPre conditions, as chloride ion ingress only spans a relatively thin
domain. The electric potential on anodes can be adjusted to achieve the best protection
level, which provides practical guidance for CPre in new concrete structures.
C4.3. Effect of Concrete Constituents on Cathodic Prevention
Figs. 4(a), 4(b), 4(c) and 4(d) show the evolution of the oxygen concentration, hydroxyl
concentration, rebar potential and chloride concentration on top rebar, respectively,
where the involved curves generally increase against time. The temporal evolutions of
integral concrete resistivity and current density are given in Figs. 4(e) and 4(f),
respectively.
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FIGURE 4 Effect of concrete mix design on cathodic prevention.
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For the evolution of oxygen concentration in Fig. 4(a), there exists a stable region after
a transient period in the three curves representing three concrete designs. Rebar
degradation is determined by the local oxygen concentration, as its corrosion rate is
limited by the oxygen flux across the steel/concrete interface. The change in the
concrete microstructure is responsible for such a behavior. The variations in concrete
design significantly alter the length of the transient period in which there exist oxygen
concentration gradients within concrete domains, thereby serving as driving force for
oxygen migration. The oxygen concentration on rebar surface increase monotonically
with time until the concentration gradient in concrete domain is no longer present, when
the concrete pore solution is saturated with oxygen. During the transient period, oxygen
content at the rebar surface is very low. Corrosion of rebar is controlled by oxygen
transport and the corrosion rate is correlated with the oxygen flux. However, when the
pore solution in the vicinity of rebar is saturated with oxygen, corrosion is controlled by
electrochemical reactions on rebar surface rather than the diffusion process in concrete
domains. For the hydroxyl ion concentration on rebar surface in Fig. 4(b), there are two
competitive factors that govern the evolution of hydroxyl ion concentration on rebar
surface. One is the hydroxyl ion formation through water electrolysis and the other is
the migration of hydroxyl ions away from rebar surface by diffusion and
electromigration. The curves in Fig. 4(b) all increase with time, indicating that the
formation process is the governing process for hydroxyl evolution on rebar surface. The
evolution of electric potential on rebar surface is presented in Fig. 4(c), where the
curves generally increase with time. As the electric potential on rebar surface remain
unchanged at 800 mV, such an evolution reveals that the resistivity of concrete is
gaining a higher value with time, which is likely due to the redistribution of ionic
species within concrete domain. The change of chloride concentration on rebar surface
is illustrated in Fig. 4(d), where the concrete constituents show significant effects on
chloride ingress. The diffusion and electromigration of various ionic species in concrete
pore solutions are interdependent, and are heavily affected by the concrete resistivity,
which reflects the microstructure characteristics of each concrete mix.
The concrete resistivity and current density in concrete domain are two mutually
interdependent quantities. According to the Nernst-Planck model, the concrete
resistivity is given by:
1
(16)
i = − ∇φ
rs
where rs is the concrete resistivity defined by:

F2
rs = (
RT

∑z

2
i

Di C i ) −1

(17)

i

With the parameters given for partial anodic and cathodic reaction on rebar, integral
concrete resistivity and integral current density can be evaluated for three concrete mix
designs, the results of which are presented in Figs. 4(e) and 4(f), respectively. The
integral current densities decrease with time in Fig. 4(f), as the integral concrete
resistivity increases against time in Fig. 4(e). Such evolutions are consistent with the
evolution of rebar potential in Fig. 4(c). The cathodic prevention of new concrete
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structures generally leads to lower chloride concentrations, higher pH and polarized
potentials at the rebar surface, thereby extending the service life of reinforced concrete.
Through examining the temporal and spatial evolutions on rebar surface and in concrete
domains, the above conclusions shed light on the long-term implications for CPre.
C4.4. Effect of Voltage Interruption on Cathodic Prevention
During CPre, the rebars will be polarized to a more negative potential, which is
accompanied by a change in local environments. Chloride removal and hydroxyl ion
formation give rise to a less aggressive condition for steel. When CPre is switched off,
the local evolutions depend on the diffusion of deleterious and beneficial species, which
is generally slow in concrete materials. The protective environments around rebar can
thus be retained even if the cathodic current is interrupted periodically, which is
particularly useful for concrete infrastructures in remote areas where only solar or
battery power is available. In this work, intermittent CPre is explored for concrete with
mix design A, with the aim to assess the influence of current interruption. To this end,
three current interruption schemes are investigated, in which the power-on duration is
one, one and two days followed by power interruption for one , two and one day,
respectively. As expected, the current interruption will be accompanied with
depolarization and environment reduction on rebar surface.
For Fig. 5(a), when the CPre system is energized, the formation of hydroxyl ions is
accompanied by the electrochemical reaction on rebar surface, characterized by water
decomposition as well as oxygen and hydroxyl ion formation. During potential
interruption, the oxygen in the vicinity of rebar and the pitting corrosion in active
regions contribute to the formation of hydroxyl ions. However, the equilibrium Fe2+ ion
concentration is dictated by the local hydroxyl concentration. The current interruption
enhances the ingress of chloride ions in Fig. 5(b). With the increase of current
interruption duration, the integral amount of chloride ions increases, which is due to the
absence of a retarding force to hamper chloride ions from migrating onto rebar surface.
Figs. 5(c) and 5(d) present the distribution of Na+ and K+ cations, the migration of
which is facilitated by CPre. Being positively charged, Na+ and K+ ions accumulate
around rebar surface with the aid of diffusion as well as electromigration. Generally,
the performance of intermittent CPre is constrained by the variations in concrete
resistance from the anode to the cathode. To eliminate chloride ions from concrete
infrastructures, higher driving voltages can be applied so at to polarize rebars to more
negative values. However, under such a condition, hydrogen embrittlement is a
practical concern for high strength steel.
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FIGURE 5 Effect of voltage interruption on the distribution of (a) OH-, (b) Cl-, (c) Na+
and (d) K+ in the cathodic prevention system.
C5. Conclusions
Based on the experimentally obtained concrete resistivity and chloride diffusion
coefficient data, numerical studies with the Nernst-Planck equations were conducted to
investigate the influence of applied voltage (magnitude, direction, and interruption),
surface chloride concentration, and concrete mix design on the effectiveness of cathodic
prevention and the distribution of ionic species in protected concrete. Starting from the
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mass balance law, a FEM model was established to study ionic transport for various
species in concrete and electrochemical reactions on electrodes. The established FEM
model was used to evaluate the behavior of CPre under various conditions. The
modeling results show the great potential of CPre to effectively managing rebar
corrosion in concrete if used appropriately. The applied voltage can shift the potential
of rebar to a more negative value and effectively prevent the pitting initiation of rebar
in concrete while excluding chloride ions and generating hydroxyl ions on the rebar
surface. Such a technique can practically extend the longevity of the service life of new
concrete infrastructures.
This study sheds light on the fundamental processes defining the performance of CPre
for new unconventional concrete in salt-laden environment. Although the basic aspects
for CPre are considered in the FEM model, there remain a number of important issues
to be implemented in the future work. For example, further efforts are needed to
incorporate how micro-cracks formed in the new concrete structures affects the CPre
performance; how the presence of air voids at the rebar/concrete interface changes the
electrochemical behaviors on the domain boundaries; how the distribution of coarse
aggregates zigzags ionic transport and dictates electric field evolution within concrete
domain; how the interfacial transition zone (ITZ) can be effectively represented in the
model so that minimum computational resources are demanded; how a statistics-based
model can be implemented to account for the inherent variability of input variables and
the statistical nature of chloride-induced corrosion of steel in concrete.
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APPENDIX D. STANDARD OPERATING PROCEDURES
D1. Electrically Accelerated Test of Chloride Diffusion Coefficient in Concrete
Specimens
The chloride electro-migration test is designed to rapidly measure the apparent diffusion
coefficient, D app , of chloride through water-saturated cementitious samples (including
hardened cement paste, mortar, or concrete). In summary, the experimental setup
features a disc-shaped concrete specimen that separates the chloride anion source (a
solution of 3% NaCl and 1% NaOH) and the chloride anion destination (a 1% NaOH
solution). Each of the two compartments will contain one 316L stainless steel mesh
electrode with a given exposed surface area (~ 15 cm2). Once the concrete disc,
electrolytes, and electrodes are in place, a 30-volt DC electric field will be maintained
across the disc through the two mesh electrodes in the two compartments. During the test,
readings of chloride concentration in the destination compartment are taken periodically
using a calibrated chloride sensor, on a 2-hour interval or more frequently if necessary.
In addition, the electric current in the circuit is periodically measured in order to calculate
the amount of electric charge passing through the disc during the electro-migration test.
The chloride sensor is periodically calibrated using known solutions and the readings
from them will be converted to units of molarity and plotted as a function of time. The
detailed procedures are described as follows.
For cement paste or mortar samples, the test follows very similar procedures except that
in step 1 the disc specimens were cut from fabricated cylinders instead of from cores.
Step 1. Extracting and Preparation of Concrete Specimen
1)

Core at least three cores from hardened concrete for each Caltrans mix design
concrete sample, using a 2′′ drill bit.

2)

Cut the ends of the core specimen off as level as possible and obtain the center
portion as the test specimen (1 inch thick and 2 inches in diameter).

3)

Sand the specimen to a uniform surface finish using silicon carbide sandpaper and
air-clean the specimen to remove debris.

4)

Seal the specimen with commercial silicone but leave a circular area of 1 inch
diameter exposed on both ends.

5)

Glue the rubber gasket on the specimen in correct position and seal the exterior of
the concrete specimen to prevent any water evaporation or leakage.

6)

Let the sealed specimen dry and cure overnight.

7)

Drill four ¾ inch holes equally spaced in washers for bolting.

8)

Assemble a PVC tube to each end of the specimen using the washers, bolts and nuts,
and the final experimental setup should look like Figure 1.
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FIGURE 1 A photo of the assembled concrete specimen for electro-migration test
Step 2. Fabrication and Calibration of Chloride Sensor
First, fabricate chloride sensors by electroplating silver wires with the Princeton Applied
Research Model 263A Potentiostat/Galvanostat.
1) Clean the commercial silver wire with a fine-grade silicon carbide sandpaper (grit
size 1000). This should be done as thoroughly and consistently as possible to achieve
a uniform electroplated sensing layer of Ag/AgCl later.
2) Rinse the polished silver wire with acetone and then de-ionized water.
3) Place the clean silver wire into 1 M KCl solution with few drops of 0.1 M HCl and
attach the red and white cables from the potentiostat to it. Attach the black cable
from the potentiostat to ground. Attach the green cable from the potentiostat to a bare
silver wire as a cathode and place it into the same solution.
4) Use the computer-controlled potentiostat to apply 1, 0.2, 0.5, and 0.1mA/cm2 for
plating about 30, 30, 30 and 100 minutes, respectively. During this electroplating
process, a black deposit is formed on the silver wire.
The following sections illustrate a 30-min electroplating process using the
potentiostat software.


Launch the PowerSuite program on the computer. Go to Experiment -> New.
Choose PowerCorr -> Galvanic Step -> Galvanostatic (def.) as shown, enter a
name for the test, and then press Next. Enter the working electrode type as
(unspecified) and enter the area (exposed area of silver wire, e.g., 2.75 cm2).
Enter the reference electrode type as Ag/AgCl/KCl (saturated). Press Next.
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On the next screen, enter the amperage required calculated in part A in the
Current Step box (make sure to change the units to mA). In Time Step, enter
1800 seconds, and press tab. PowerSuite calculates the rest. Press Finish and
power on the potentiostat. On the main window, press the go arrow.
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5) Before use place the sensor in a beaker with 1 M KCl for a few hours to reach a
stable potential. When not in use store the sensor in 1 M KCl.
Second, calibrate the custom-made chloride sensors using standard aqueous solutions of
sodium chloride (NaCl).
1) Prepare 5 small clean beakers and label with the following NaCl concentrations:
0.001, 0.005, 0.01, 0.05, and 0.1 M. Prepare these standard solutions of NaCl. Pour a
small amount of each standard solution into its respective beaker.
2) Pair the chloride sensor with a saturated calomel electrode (SCE) and clean them off
with de-ionized water. The chloride sensor should be rinsed at least three times with
de-ionized water and then the standard NaCl solution to be immersed in.
3) Immerse both the chloride sensor and the SCE reference electrode in the standard
solutions of NaCl. Start from the solution with lowest NaCl concentration and use a
multi-meter to take the open circuit potential (OCP) reading of the chloride sensor
relative to the SCE. Then remove both electrodes from the NaCl solution and dry
them before immersing them into the next standard solution. Continue this sequence
until the OCP reading of chloride senor is taken in all five standard solutions. Such
calibration in increasing NaCl concentrations aims to minimize cross-contamination.
Note that the chloride sensor takes a few minutes to stabilize in each test solution.
For convenience and consistency, 2 minutes of response time are allowed for the
sensor in each test solution.

4) The OCP reading of the chloride sensor in the five standard solutions are recorded
using a chart shown in Figure 2. Such data can be used to fit a calibration curve
correlating the OCP as a function of chloride concentration. There should be a very
strong correlation between OCP and logarithm of chloride concentration. If R-square
of the linear regression is lower than 0.9, the calibration process needs to be repeated.
If the problem continues, then the chloride sensor needs to be re-fabricated.
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FIGURE 2 Data Chart for the OCP of chloride sensor
Step 3. Set up the electro-migration experiment
1) Before setting up the electromigration cell, use a Permanent Marker to mark “NaCl”
on the left compartment and “NaOH” on the right compartment.
2) Add 70 mL of de-ionized water in each side of the test cell and then allow the disc
concrete specimen to saturate for two hours.
3) Rinse both sides of the test cell with a small amount of their respective solutions
three times. Put the cell on two ring stands above two magnetic stir plates.
4) Using a glove, rinse off two small stir bars thoroughly with de-ionized water, and put
one into each side of the cell. Turn the stir plates on low, making sure that the stir
bars stay in the right place.
5) Add 70 mL of anodic solution (1% NaOH) in the anodic/right compartment. The
volume of the anodic solution is kept small so that the chloride sensor placed in it
can be sensitive enough to detect the increase in chloride concentration once
sufficient chloride ions penetrate through the concrete disc. Yet the volume of the
anodic solution is kept large enough to avoid significant change in its composition
that may derive from electrochemical reaction on the mesh anode.
6) Add 70 mL of cathodic solution (3% NaCl and 1% NaOH) in the cathodic/left
compartment. It is designed to prevent significant buildup of hydroxyl ions (due to
electrochemical reaction on the mesh cathode) or significant depletion of chloride
ions. The experiment creates a near constant concentration of migrating anions (C1and OH-) at concentrations somewhat representative of real concrete pore solution.
7) Insert one 316L stainless steel (S.S.) mesh electrode in each side of the test cell with
a same exposed electrode surface area and make sure the S.S. mesh electrode surface
is cleaned with acetone and de-ionized water and dried in advance.
8) Repeat this step with the other two concrete discs and wire the three discs in parallel
in the same electric circuit, as shown in Figure 3.
9) Once the experiment is started the level of solution in the upstream and downstream
compartment needs to be marked using a Permanent Marker. This is to monitor any
loss of solution due to evaporation etc. Once the solution drops below the marked
level it is compensated with more de-ionized water to maintain a constant volume.
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Addition of the de-ionized water drops must be done before taking the chloride
concentration reading every day.

Figure 5 Overall setup of electromigration testing

FIGURE 3 A photo of the assembled experimental setup for electro-migration test
Step 4. Electrochemical impedance spectroscopy (EIS) measurement before electromigration
Once the concrete disc, electrolytes and electrodes were in place, the following EIS
measurement should be done for each concrete disc specimen, immediately before
running the electro-migration test.
1) Place the SCE reference electrode in the anodic/right compartment (which contains
1% NaOH).
2) Connect the cables from the potentiostat to various electrodes according to Table 1
and Figure 4 and make sure none of the wires physically touch one another.
TABLE 1 Potentiostat Connections
From…
Multi-channel Gamry
Potentiostat

Cable Color
Red and Orange

Connect to…
NaCl-side S.S. mesh electrode

Green and Blue
White
Black

NaOH-side S.S. mesh electrode
SCE reference electrode
Ground (any exposed metal)
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FIGURE 4 Schematics of connecting cables from the potentiostat to electrodes
3) Launch Gamry Framework, make sure the Gamry Potentiostat device is powered on,
and go to Experiment -> G. Electrochemical Impedance -> 5. Potentiostatic EIS.
Make sure the experiment is set up as follows in figure 3, changing the name as
necessary being sure to include the specimen name, date, and project name such as:
(Caltrans1c4-1-08): Press OK. A typical screen is shown in Figure 5.

FIGURE 5 A typical startup screen for EIS.
4) The EIS will run for about 30 minutes to 60 minutes. When the test is finished, the
window will show “Curve done” at the bottom. Press F2 (skip) until the window
closes and save it.
5) Disconnect all potentiostat cables from electrodes.
6) Any abnormality in the obtained EIS spectrum or the analyzed resistance and
capacitance values would indicate inherent defects in the concrete specimen. As
such, the specific concrete specimen can be replaced or the data from which be
discarded.
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Step 5. Start the electro-migration test
After the EIS measurement is completed, a 30-V DC electric field was maintained across
the concrete disc through the two S.S. mesh electrodes in the two compartments, using a
DC power supply. During the test, the calibrated Ag/AgCl sensor and the SCE reference
electrode were periodically placed in the destination solution and its OCP reading was
taken relative to the SCE. The electro-migration test continues until a bilinear trend and a
significant increase in the chloride concentration are detected in the destination solution.
Furthermore, a 100-Ohm resistor is connected in the electric circuit as shown in Figure 6,
in order to periodically measure the electronic current going through the circuit.

100Ω
Resistor

Power Supply

316L S.S. mesh

SCE
Data Logger
Port

Ag/AgCl

FIGURE 6 Schematics of the overall setup for electro-migration test
For concrete samples, the electro-migration test typically lasts more than 6 weeks. As
such, the chloride sensor and the SCE were not continuously immersed in the destination
solution, where the high alkalinity may damage both the Ag/AgCl sensing layer and the
glass tip of the SCE. For cement paste or mortar samples, however, the electro-migration
test typically lasts less than a few days, in which case the chloride sensor and the SCE
could be continuously immersed in the destination solution and a data logger can be used
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to continuously monitor both the OCP of chloride sensors and the electric current in the
circuit. The following describes the procedures of using the data logger.











Open the program Logger Net.
The proper code should already be loaded on the computer.
Connect the data logger to the computer and plug into outlet.
Test the resistor to be used and input its actual resistance in the code.
Wire the data logger to the resistors that are connected to the sample while
ensuring that it is wired in series and not in parallel (see Figure 6).
Wire other channels of the data logger to the chloride sensors and the SCE
reference electrodes (see Figure 6).
Click on the Connect tab on the Logger Net opening toolbar.
The Connect window will appear and you will see a button that says Connect.
Click Connect. This will begin data logging every 5 minutes for outputs.
To see data click on the “1” in the Connect window by either Graph or
Numeric tabs.

Step 6. EIS measurement after electro-migration
Once the electro-migration test is completed, remove the chloride sensors from
destination solutions. Rinse off a magnetic stir bar retriever with DI water and remove
both magnetic stir bars from each side of the cell. Finally, set up the EIS test as described
in Step 4 and run the EIS measurement again.
Step 7. Clean up the test cell
Clean up the test cell and take the assembled test cell apart carefully. When cleaning up
the cell hardware, draw several arrows on the edge on the concrete sample disk to
indicate in which direction the Cl- migrated (NaCl → NaOH). Save all the hardware
including PVC, washers, nuts, bolts, and rubber gaskets.
Some thoughts on improving this test for future experiments
From this study, we observed a few weaknesses in this test method and propose the
following improvements that may be implemented for future experiments. First, it may be
beneficial to add a corrosion inhibitor in the anodic compartment to minimize the
corrosion of the mesh anode. The type and concentration of the inhibitor should be
evaluated such that its addition would not significantly interfere the temporal evolution of
chloride concentration reading in the destination solution. Second, the apparent chloride
diffusion coefficient could be derived from the slope of the second line in the chloride
concentration profile, instead of t 0 (the intersection of the two lines). Finally, methods
should be developed to enable the continuous immersion of chloride sensor and reference
electrode in the destination solution over a longer time period. One possible solution
would be to coat a permeable film on the chloride sensor to slow down the oxidation
attack of sensing layer by hydroxyl ions. Instead of the SCE, other reference electrodes
less prone to the high alkalinity (e.g., Mn/MnO 2 and Mo/MoO 3 ) should be evaluated.
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D2. Testing Procedures for Concrete Porosity
The hardened Caltrans concrete samples numbered 1, 3, 4, 7, 8, 9, 10, 11, 13, 14, 15, 16,
17, and 18 were roughly 94mm in diameter and between 30mm and 40mm thick. The
concrete samples 12a, 12b, and 12c were roughly 45mm in diameter and 25mm thick.
These samples were first placed in an oven at 105°C in accordance with the ASTM C 642
test method entitled “Standard Test Method for Density, Absorption and Voids in
Hardened Concrete”. After 24 hours a potential dry mass was measured for each concrete
sample. Subsequently the samples were placed back in the 105°C oven for another 24
hours. Upon such time a second potential dry mass was measured and since the
difference in the two potential dry masses was less than 0.5% the second potential dry
mass was taken to be the true dry mass (A).
Next the samples were completely submerged in de-ionized water of around 21°C for a
period of 24 hours. Once removed out of water, the surface of each concrete sample was
patted dry and a potential immersed weight was measured. Then the samples were
submerged for another 24 hours, patted dry and a second potential immersed mass was
recorded. Since the difference in potential immersed weights was less than 0.5% the
second potential immersed weight was recorded as the true immersed weight (B).
Then the concrete samples were submerged in de-ionized water and the water was
brought to boiling temperatures for a period of 5 hours. The heat was removed and the
samples were left to cool off for a period no less than 14 hours. The samples were
removed out of the water when they were around 20°C, patted dry and the mass was
recorded as the saturated boiled mass (C). Finally, the concrete samples were suspended
by wire in water to measure an immersed apparent mass which was recorded as D.
The parameters g 1 and g 2 were then calculated. The bulk dry density, g 1 , was found from
the ASTM standard equation of g 1 = [A/(C-D)] × density of water. The apparent density,
g 2 , was found by the same standard with the equation being g 2 = [A/(A-D)] × density of
water. With these the volume of permeable voids (%) could be found by the following
equation VPV = [(g 2 - g 1 )/ g 2 ] × 100%.
Next the samples were crushed so that about 64 grams of material could be obtained after
passing through a 90µm sieve (#170). Then using a Le Chateller Flask in accordance with
ASTM C 188 the flask is first filled with about 250mL of kerosene to bring the kerosene
level to a point between the 0 and 1 mL graduations on the cylinder. Then the flask is
placed in a constant temperature (20°C) water-bath for sufficient time to reach a
temperature balance throughout. Next the crushed dry powder is added carefully so as to
allow all powder to fall into the kerosene with none sticking on the edges above the
kerosene level. This powder is added until the kerosene level has risen to the second set
of graduations on the flask between 18 and 24 mL. A glass stopper is then placed in the
top of the flask and the flask is swirled and vibrated until such time that no air bubbles
ascend from out of the crushed powder. The flask is then placed back in the constant
temperature water-bath to return to the constant temperature. The specific gravity, g 3 , is
then determined from the volume change and the mass of material added to the flask. The
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calculation is as follows: g 3 = (mass of crushed sample added) / (final volume – initial
volume). The volume of total voids (%) can then be found by the following equation:
% total voids = [(g 3 - g 1 )/ g 3 ] × 100%.
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APPENDIX E. DATA OF MINERAL ADMIXTURES AND CEMENT
E1. ASTM C 618 Class F fly ash
The Class F fly ash used in this study was provided by the Headwaters Resources Inc.
and originated from the Jim Bridger Power Plant near Rock Springs, Wyoming. The
composition of the fly ash depends on the quality of coal, the machinery, and the method
of production and may vary greatly over a given time period. It contains 6.2% to 7.5%
calcium oxide by weight. One quality control measure followed is that no more than 34%
of the fly ash particles can be retained on a 325 mesh sieve. The specific gravity of the
fly ash was 2.30.
Typical composition of ASTM C 618 Class F and Class C fly ashes*

* Scheetz BE, Olanrewaju J. Determination of the rate of formation of hydroceramic waste forms
made with INEEL calcined wastes. Final report prepared for the Department of Energy. 2001.
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E2. ASTM C 618 Class N fly ash - natural pozzolan

Resource Materials Testing, Inc.
_______________________________________________________________________
171 Smith Hollow -- Murphy NC 28906
1-877-217-5147

TO:

REPORT OF NATURAL POZZOLAN ANALYSIS
Western Pozzolan Corporation
PROJECT NO.: RMT-453
Attn: Mr. Steve Beck
SAMPLE NO.: 15186
1748 Senecio Drive
DATE RECEIVED: 7-14-06
Larkspur, CO 80118
DATE REPORTED: 9-27-06

PROJECT NAME: Pozzolan Evaluation
SAMPLE ID: Raw Lassenite Material
CHEMICAL ANALYSIS:
SPEC Nat Pozz
Silicon Dioxide, SiO 2 , %
Aluminum Oxide, Al 2 O 3 , %
Iron Oxide, Fe 2 O 3 , %
Sum of SiO 2 , Al 2 O 3 & Fe 2 O 3 , %
Calcium Oxide, CaO, %
Magnesium Oxide, MgO, %
Sodium Oxide, Na 2 O, %
Potassium Oxide, K 2 O, %
Sulfur Trioxide, SO 3 , %
Moisture Content, %
Loss on Ignition, %

RESULTS:
70.92
16.63
4.85
92.40
2.84
0.66
2.03
1.73
0.34
9.39
4.62

PHYSICAL ANALYSIS:
SPEC Nat Pozz
Amount Retained on No. 325 Sieve, %
Sieve Uniformity, % Points from Ave
Strength Activity Index
Portland Cement @ 7 days, % of Control
Portland Cement @ 28 days, % of Control
Water Requirement, % of Control
Autoclave Expansion, %
Density
Density Uniformity, % from Ave
Increase of Drying Shrinkage, %*
Reactivity with Cement Alkalis, %*
Reduction of Mortar Expansion, %
Mortar Expansion, % of LA Cement Control
Air Entrainment of Mortar, %
Uniformity*
Multiple Factor*

ASTM C-618 ---------70/50 Min
------------4.0 Max
3.0 Max
10.0 Max

RESULTS:

ASTM C-618 -

32.9
----

34 Max
5 Max

82
106
-0.01
2.28
-------

75 Min
115 Max
0.8 Max
5 Max
0.03 Max

---0.6
----------

---100 Max
---20
255 Max

*Optional Requirements applicable only when requested by purchaser. This material
meets the requirements of ASTM C 618 for natural pozzolans.
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BSE Photos of the Class N Fly Ash Particles
Generally, more than 70% (typically 83-86%) of the class N fly ash particles can pass the
number 325 sieve (according to the ASTM C 430 test method). A typical particle size
distribution curve is shown as follows.
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E3. ASTM C 1240 Silica fume
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E4. ASTM C 618 (Class N) calcined natural pozzolan – metakaolin

Resource Materials Testing, Inc.
“Specialists in Fly Ash Testing”
REPORT OF NATURAL POZZOLAN ANALYSIS
TO: Grace Davison
Attn: Mr. Mark Burkhart
213 Kaolin Road
Aiken, SC 29801

PROJECT NO. RMT-462
SAMPLE NO.: 16663
DATE REC.: 10-24-08
DATE REP.: 11-05-08

PROJECT NAME: Grace Davison Standard Metakaolin
SAMPLE ID: Oct 2008 IL DOT PRO Sample
CHEMICAL ANALYSIS:
Silicon Dioxide, SiO 2 , %
Aluminum Oxide, Al 2 O 3 , %
Iron Oxide, Fe 2 O 3 , %
Sum of SiO 2 , Al 2 O 3 & Fe 2 O 3 , %
Calcium Oxide, CaO, %
Magnesium Oxide, MgO, %
Sodium Oxide, Na 2 O, %
Potassium Oxide, K 2 O, %
Sulfur Trioxide, SO 3 , %
Moisture Content, %
Loss on Ignition, %

PHYSICAL ANALYSIS:
Amount Retained on No. 325 Sieve, %
Sieve Uniformity, % Points from Ave
Blaine Fineness, cm2/g
Accelerated Strength Activity Index ASTM C1240
Portland Cement @ 7 days, % of Control
Autoclave Expansion, %
Density
Density Uniformity, % from Ave
Increase of Drying Shrinkage, %*
Reactivity with Cement Alkalis, %*
Reduction of Mortar Expansion, %
Mortar Expansion, % of LA Cement Control
Air Entrainment of Mortar, %

RESULTS:
51.68
42.45
2.31
96.44
0.36
0.28
0.08
0.32
0.06
0.64
0.50

RESULTS:

AASHTO M 295 - SPEC
---------75 Min
------------5.0 Max
3.0 Max
6.0 Max

AASHTO M 295- SPEC

3.5
----28,115

10 Max
5 Max
-----

121
-0.06
2.79
---------

85 Min
-----------------

-------------

-------------

*Optional Requirements applicable only when requested by purchaser. This material
meets the requirements of AASHTO M 295, AASHTO M 321, and ASTM C 618 for the
parameters tested.
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SEM Photo of the Metakaolin Particles
Advanced Cement Technologies’ PowerPozzTM HRM is a manufactured pozzolanic mineral admixture
which significantly enhances many performance characteristics of cement-based mortars, concretes, and
related products.
PowerPozzTM, derived from purified kaolin clay, is a white, amorphous, alumino-silicate which reacts
aggressively with calcium hydroxide to form compounds with cementitious value.
Produced under ISO 9002, PowerPozzTM is subjected to strict process quality controls to assure product
uniformity and consistent performance.
Used at 5-15% replacement of cement by weight, PowerPozzTM will contribute to: increased strength;
reduced permeability; greater durability; and effective control of efflorescence and degradations caused
by alkali-silica reaction (ASR) in concrete.

PowerPozzTM is milled and classified to exacting particle size distribution specifications.
In optimizing the PSD for PowerPozzTM, a number of factors were considered to be important:
•
•
•
•
•
•
•

Pozzolanic reactivity and rate of reaction
Micropacking characteristics when used with Ordinary Portland Cement (OPC)
Effect on water demand and /or water-reducing admixture demand
Dispersion efficiency in batching and mixing processes
Dry product handling and storage characteristics
Effect on fresh product rheological characteristics
Color, brightness, reflectivity
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The PowerPozzTM Particle Size Distribution (PSD) is illustrated below:

PowerPozz High Reactivity Me
Particle Size Distribution

Percent Passing (%)
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MicroTrac Particle Size (micron
The material is 99.9% finer than 16um, and has a mean particle size of 3um (as measured by
MicroTrac laser diffraction granulometer method). The PSD of PowerPozzTM has been
engineered with a range of OPC - based applications in mind. ACT has the ability to custom
grind and classify to meet unique customer requirements.
All information, while provided in good faith , with every effort made to assure accuracy, is provided by Advanced
Cement Technologies at no charge, and without warranty--express or implied. Data given, unless otherwise stated,
are based on standard testing procedures which are available on request. Variations do occur in individual tests
and the results stated herein cannot be taken as minima or maxima for specification purposes.
As we cannot anticipate all possible applications of our products, nor variations in manufacturing equipment,
formulae, methods, or practices, we guarantee only that the products will meet the specifications of Advanced
Cement Technologies at the time of sale. Advanced Cement Technologies reserves the right to change
specifications should it become necessary to do so. The products are sold without without express or implied
warranty, with all warrantees of fitness of purpose being disclaimed, and on the condition that the purchaser is
responsible for the determination of the product’s suitability for a particular purpose.
Statements concerning the possible use of our products are not intended as recommendations for use. No liability
is accepted for any infringements of any existing or future patents.
All products sold, unless otherwise stated, will be subject to the general sales conditions of Advanced Cement
Technologies.
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E5. Ultra-fine fly ash (UFFA)
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Ingredients of UFFA (from Material Safety Data Sheet)
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Particle Size of Ultrafine Fly ash
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SEM Photo of the UFFA Particles
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E6. ASTM C 989 GGBFS - Ground granulated blast-furnace slag
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E7. Type I/II low-alkali Portland cement
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