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EXECUTIVE 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 blast-
furnace 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, values in the order of 10 m?/s vs. the commonly reported
10™ m?/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.



10.

11.

12.

13.
14.

15.

16.

17.

The effect of partially replacing cement with SCMs on the steady-state diffusion
coefficient (Ds) 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 to
various degrees. Note that the D, values were all very low (in the order of 10 m%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.

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 values in the order of 10 m%s in concrete and of 10** m%s in
mortar. This highlights the important role of coarse aggregates in slowing down the
chloride ingress into concrete.

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 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.

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

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

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.

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

The cumulative charge generally increases with chloride diffusion coefficients.

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

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.

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.

The weight loss of mortar specimens was the greatest in the presence of diluted NaCl
solution, followed by the diluted CaCl,, and then by the diluted MgCl, 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, and MgCl, 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 (PDESs) 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/m® 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" m%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.

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.

The service life of reinforced concrete decreases as the cracking level of the concrete
increases. When the crack density is over 200 m?, 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.

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.

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/m®) 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.

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.

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 (Ds values in the order of 102 m?/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.

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.

Caltrans should consider additional research phases for this work, such as the
development and field evaluation of various types of high performance corrosion-
resistant 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.



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.

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.

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.



CHAPTER 1. INTRODUCTION
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 longer-
lasting 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-in-
place members and 3 inches for prestressed components), and 2) low water-to-
cementitious 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 Atrticle 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’



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" m%s to 10"°m?/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



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 (CI") has only a small influence on pore
water pH, concentrations as low as 0.6 kilograms per cubic meter (kg/m® 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 CI™ 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
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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), — C-S-H
This reaction can also be generally represented as:
H4Si0,4 + Ca(OH),—> H,Si04* + Ca** + 2 H,0 —> CaH,Si0, - 2 H,0

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,SiO4 - 2 H,0).

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.
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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.
Guneyisi 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 high-
volume 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 3.48x10*m?%s to 7.35x10°
¥'m?/s and 1.01x10™?m?/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 CI/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 [C3A] content in cement) [79].
The effect of GGBFS addition on the sulfate resistance of concrete was more complex,
dependin