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Abstract

Alkali-silica reaction (ASR) and reinforced concrete (RC) corrosion are two of
the major concrete deterioration phenomena that can affect concrete structures such
as jetties, bridges, and dams, causing harm to the structure lowering the lifespan and
the structural integrity, which eventually results in billions of dollars of rehabilitation
cost. Although ASR and RC corrosion mechanisms are well-known and have been
studied significantly in the past years individually, there have been small amounts of
research regarding ASR and RC corrosion combined effects and how ASR can affect
the corrosion of steel in RC structures. This study aims to determine how ASR can
impact chloride-induced corrosion in RC structures utilizing accelerated laboratory
test methods. ASR generates an expansive gel that causes concrete to expand and
crack over time. These cracks may open the way to other deteriorating effects, such
as chloride ions. Previous research on ASR speculates that ASR cracks could
accelerate chloride ions ingress leading to faster corrosion of the reinforcement
embedded in concrete. However, recent research show otherwise and suggest that
ASR can cause higher tortuosity in concrete that tributes to the lowering of
diffusion/migration coefficient of concrete which causes concrete affected by ASR
to resist the ingress of chloride ions. The investigation in this study is planned to be
carried out using experimental approaches. The experimental study is based on a
“Comparative Method” and will compare the time to corrosion-induced cracking and
migration coefficient in concrete specimens utilizing accelerated methods for
concrete with highly reactive dacite and non-reactive aggregate with 1.25% alkali
boosting. The chloride migration coefficient of reactive specimens decreased over
the 150-day test duration compared to specimens prepared with non-reactive
aggregate. Furthermore, accelerated chloride-induced corrosion (ACIC) tests on
reactive specimens show a higher time to cover crack due to corrosion than non-
reactive specimens over the 150-day testing. Additionally, the mechanical properties
of the specimens prepared with a reactive and non-reactive aggregate such as
compressive strength, tensile strength and modulus of elasticity were measured. The
compressive and tensile strength of the reactive specimens, which expanded by

0.12%, shows little change while the modulus of elasticity decreased over the 150-

XV



day testing period compared to non-reactive specimens. The results of this
experiment indicate that ASR within the concrete environment can lower the chloride
migration of the concrete and increase the time to chloride-induced corrosion crack

of the concrete cover.
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Chapter 1
Introduction

1.1 Introduction

Reinforced concrete (RC) structures are one of the essential and widely used
materials for construction in this era. This is because, despite its flaws, RC has good
compressive strength per unit cost, its constituent can be found almost in every part of
the world, it can be shaped with ease to reach the desired shape for the cause of the
structure, and it is reasonably resistant to harsh environments compared to other

materials (McCormac, 2016).

Due to its extensive use throughout its lifespan, RC endures numerous deleterious
effects such as carbonation, corrosion, aberration and erosion, chemical attacks, alkali-
aggregate reactivity (AAR), freeze-thaw deterioration and other degrading effects. The
level of strength loss and degradation due to these deleterious effects is related directly
to the aggressiveness of the environment and used materials in the RC structure.
Among the mentioned phenomenon, corrosion of embedded steel and AAR (mainly
Alkali-Silica Reaction (ASR)) are two of the significant causes of RC deterioration
that affects its overall performance and durability (Gjerv, 2014; Portland Cement
Association, 2002; Swamy, 1991).



Maintenance and rehabilitation of RC structures damaged by the aforementioned
phenomena are costly and can escalate to vast amounts if left unchecked. According
to the American Society of Civil Engineers infrastructure report card, the backlog of
rehabilitation projects in the united states for dams and bridges combined is estimated
to be over $212 billion (ASCE, 2017). As stated in the infrastructure maintenance
report in Australia by GHD, large parts of regional Australia are affected by salinity,
and salinity impacts are likely to increase by climate change heavily affecting
reinforced concrete infrastructure. Because of the mentioned conditions and high
costs, it is imperative to prevent RC structures premature deterioration and
appropriately design them to endure their expected design service life (GHD, 2015)
Because it is not economical to demolish and reconstruct the damaged structure
affected by combined effects of ASR and chloride-induced corrosion, all measures
should be taken to understand the process of how ASR would have an effect on
chloride-induced corrosion and taken into account for the sake of monitoring and
remedial purposes. ASR is not a common deteriorating effect compared to chloride-
induced corrosion when it comes to RC structures and it is rare, but it still poses a great

threat for structures around the globe as well as in Australia.
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Figure 1-1 Most of the structures affected by AAR reside near coastlines, making them prone
to corrosion in Australia (Poole & Sims, 2016)



Multiple structures in Australia have been diagnosed with ASR since 1980, but not
much research has been conducted on the combined effect of ASR and chloride-
induced corrosion on the diagnosed structures, as most of them are near the Australian
coastlines, and corrosion effects on such structures should be considered as it plays a
significant role on the lifespan of the structures. Lucinda Jetty, located at Lucinda,
Queensland, Australia, is an example of a structure diagnosed with ASR and chloride-
induced corrosion combined effect. Lucinda Jetty was constructed in 1979 and has
been monitored since the late 1980s and it has been found that the prestress strands
and stirrups have been subjected to extensive corrosion due to being exposed to
seawater splashes, it has also been confirmed that the concrete of the Jetty structure
has been subjected to ASR as well because of reactive aggregate usage (Berndt, 2019).
According to the investigations and reports done by Berndt (2019), the repair and
replacement of Lucinda Jetty girders damaged due to combined effects of ASR and
corrosion pose a great issue because of high costs. In Figure 1-2, a depiction of joint
ASR and chloride-induced corrosion deteriorating effect on Lucinda Jetty girder can

be seen.

Figure 1-2. ASR and chloride-induced corrosion combined effects. (A) corrosion of
prestressing strands, (B) corrosion of stirrups and (C) white ASR gel deposits (Berndt, 2019)

Considerable research has been conducted on the effects of ASR and chloride-
induced corrosion on RC structures separately. However, limited observations have

been made on the synergetic effects of ASR and corrosion in reinforced RC structures



premature failure, raising the question of how their joint effect can negatively impact

the serviceability of RC structures and influence them.

The few early speculations and empirical evidence by Somerville suggest that
corrosion has a low chance of occurrence when concrete cover is cracked due to ASR
(Somerville, 1985). Research done by the institution of structural engineers in 1992,
on the other hand, suggests that as the effect of ASR on the corrosion rate of RC
structures may not be clear, actions such as appropriate concrete cover and good
concrete quality should be taken so that the effect of ASR on corrosion rates would

not be serious (ISE, 1992).

Many pieces of literature on the effects of ASR and corrosion also suggest that cracks
induced by ASR can facilitate the corrosion of reinforcement within the concrete, thus
regarding ASR as a means of introducing the risk of corrosion to the concrete
environment (Poole & Sims, 2016; Saouma, 2020; Swamy, 1991). However, few of
the studies on ASR and subsequent corrosion indicate that ASR gel can indeed slow
the ingress of chloride ions which results in higher tortuosity resulting in a higher
Diffusion Coefficient (D,) in the concrete environment. ASR not only affects D, but
also influences, critical chloride threshold (Cr) and corrosion initiation time of the RC
(Trejo et al., 2017). The value change in these parameters can play a crucial role in the

corrosion process of concrete influenced by ASR.

1.2 Research Scope and Objectives of the Project

This research aims to investigate the effect of ASR and subsequent chloride-
induced corrosion on RC specimens through accelerated methods, including
evaluating time to chloride-induced corrosion crack in concrete cover utilizing
Accelerated Chloride-Induced Corrosion (ACIC) test and chloride migration
coefficient utilizing the standard NT Build 492. These tests will give us an insight into
the combined effects of ASR and subsequent corrosion, indicating if ASR and its
product ASR gel can impact the chloride diffusion and time to chloride-induced

corrosion crack in concrete cover.



1.3 Research Significance and Contributions

There are a limited number of publications regarding combined deterioration due
to ASR and chloride-induced corrosion, which makes this research essential. As the
number of structures around the globe diagnosed by ASR increases due to ASR’s time
dependant reaction, which may take decades to surface and considering that
reinforcement corrosion is an inevitable deteriorating effect in RC structures, it is
important to evaluate such structures that are undergoing ASR and subsequent
corrosion to better assess their conditions and propose the necessary remedial actions

in future studies based on the latest research for current and future structures to come.

14 Structure of the Thesis

The thesis is presented in five chapters.

Chapter 1: A brief introduction of the topic, scops and research significance.

Chapter 2: Contains a detailed literature review on the ASR and RC corrosion, the
ASR and corrosion mechanisms, the effect of ASR on mechanical properties of

concrete, effects of ASR and corrosion combined effects on mechanical properties.

Chapter 3: A full description of ACIC test method measuring time to chloride-
induced corrosion crack on specimens containing reactive and non-reactive aggregate
to see whether ASR and its by-product ASR gel can impact the corrosion process in
the concrete environment, evaluating the non-steady-state chloride migration
coefficient on reactive and non-reactive specimens to determine if specimens
undergoing ASR can impact the chloride migration/diffusion of the concrete by
comparing the non-steady-state chloride migration coefficient and lastly conducting
compressive strength, indirect tensile strength and modulus of elasticity tests on
concrete specimens undergoing ASR and comparing the results with specimens
containing non-reactive aggregate to see the impact of ASR on concrete mechanical

properties.



Chapter 4: Results and discussion on ACIC test, NT build 492 non-steady-state

chloride migration coefficient test and concrete mechanical properties.

Chapter 5: Summary and conclusion of the experimental project with

recommendations for future research.



Chapter 2
Literature Review

2.1 Overview

ASR and RC corrosion are vastly different concrete deteriorating mechanisms,
which cause premature deterioration of the structure. A detailed explanation will be
presented for both mechanisms separately, following their combined effects on
mechanical properties and structural behaviour. When ASR and chloride-induced
corrosion occur in concrete simultaneously, it can devastate the concrete as both
expand the concrete considerably. In the next sections, ASR and corrosion of the RC

and their combined effects are explained in detail.

2.1.1 ASR History

ASR is one of the common forms of alkali-aggregate reaction (AAR) in concrete.
AAR naturally consists of alkali-silica reaction, alkali-silicate reaction and alkali

carbonate reaction (Gillott, 1975).

ASR was first brought to light by Stanton in 1940. It was Stanton who first stated

that ASR is a deleterious reaction between the alkali hydroxyl and certain forms of
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hydrous silica that causes expansion and ultimately results in the premature
deterioration of the concrete, the first case of ASR damage that caught Stanton’s
attention was the pavement damage in the north of the town of Bradley in Salinas
valley built-in 1936- 1937 after two winters in 1938 some parts of the pavement
showed immoderate expansion and cracking through the pavement slabs. There were
also earlier structures like the King’s Bridge built in 1919-1920 that succumbed to
partial failure due to ASR, but it was the Salinas valley pavement failure that led to the
ASTM C227 (Standard Test Method for Potential Alkali Reactivity of Cement-
Aggregate Combinations) or the (Mortar-Bar Method), which was withdrawn since
2018 and was replaced by ASTM C1260 (Standard Test Method for Potential Alkali
Reactivity of Aggregates) that is still in use.

Research regarding ASR in Australia started in the year of 1943 by Commonwealth
Scientific and Industrial Research Organisation (CSIRO). Most of the research was
spearheaded by Harold Vivian. The research conducted in Australia from 1943 to the
late 1950s on ASR concluded that many factors might influence the ASR, such as
humidity and temperature, alkali content, water to cement ratio and particle size but
then understanding the mechanisms and how it can effects the RC structures were in

its infancy, and some aspects of it are still purely understood.

Since then, many recommendations and methods for evaluating and treating the
structures affected by ASR have been published worldwide, such as the Standards
Australia handbook for ASR (Pacheco-Torgal et al., 2014), RILEM reports (Nixon &
Sims, 2016; Saouma, 2020), A World review on ASR (Poole & Sims, 2016), United
States Federal Highway Administration (Thomas, Folliard, et al., 2013; Thomas,
Fournier, et al., 2013; Thomas et al., 2011) and many other reviews, publications and
testing procedures that have paved the way to better understand and take action to treat

the structures affected by this phenomenon and lower the risks related to it.



2.1.2 The ASR Mechanism

ASR, in its nature, is a deleterious long term phenomenon that occurs when the
metastable silica from the concretes aggregates reacts with the alkalis (Na* and K*)
and hydroxide ions in the pore solution of the hydrating cement to produce a hydrous
alkali silicate gel, which can swell and absorb large amounts of water, this irreversible
expansion can lead to cracks if the internal stress caused by the expansion exceeds the

tensile capacity of the concrete (Hou et al., 2004).

According to Rajanpour et al. (2015), the solubility of silica (Si0,) increases in a
high alkali environment, resulting in hydroxide (OH™) ions nucleophilic attack to
causes the silica arrangement in concrete to break down and dissolve, which would
result in the network dissolution of non-crystalline and cryptocrystalline silica, the
highly degraded silica structure can behave as a hygroscopic silica gel, the dissolved
silica can cross-link and become semi-solid and form ASR gel. This gel usually forms
around the Interfacial Transition Zone (ITZ) between the paste and aggregate, the ASR
gel can absorb the available water causing the gel to swell, resulting in expansion of
the concrete, which leads to cracking that can cause serious damage to the structure

(Rajabipour et al., 2015). In Figure 2-1, the reaction process of ASR can be seen.

'®
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£ %,
5 / 2
Paste
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2 [H0 el
"4
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l Aggregate

H,0 H,0

Aggregate

o

Paste Paste

Figure 2-1 The ASR procedure: (1) Reaction of metastable silica (reactive aggregate) with
alkali hydroxide resulting in network dissolution of silica, (2) Hygroscopic gel forms at
(ITZ), absorbing water from pore resulting in swelling and expanding and (3) Cracking of
aggregate and the surrounding cement paste as gel expands (Kreitman, 2011)



The chemical equation of ASR can be written as follows (Rajabipour et al., 2015).

Network dissolution: (= Si — OH)s + 3(OH™),q < (Si(0H)4)aq (2.1)
Ion exchange: (Si(OH)4)aq + Na*,q © ((HO) =Si—07 ... Na®),q + H" 4 (2.2)

Rajabpour et al. (2015) stated that as ASR progresses, the pH of the concrete is
reduced because of the network dissolution of silica as well as its reaction with
dissolved alkalis ions. It is also suggested that calcium ions may replace some of the
alkalis incorporated in silica gel, this exchange would result in recycling alkalis back
to the pore solution and calcium deficiency in concrete, increasing the pH and further
continuing the ASR by producing alkali calcium silicate hydrate gel, this can change
the reaction products and properties of ASR gel and effect expansion due to ASR
(Dron & Brivot, 1992; Rajabipour et al., 2015; Wang & Gillott, 1991).

Alkali recycling: 2((OH)3 = Si— 0 ...Na),q + Ca** & 2Na* + ((HO); = Si—
0..Ca..0 — Si = (OH)3) (2.3)

2.1.3 ASR Conditions

According to (Thomas et al., 2011), for ASR to thrive, some conditions must be

met:

1) Sufficient alkalis content which can be found in ingredients of concrete as well
as supplementary cementitious material (SCM) and external sources (e.g.
seawater and de-icing salt).

2) The presence of a sufficient amount of reactive aggregates such as opal,
cristobalite, tridymite and many other types can contain metastable silica that
would react with hydroxide.

3) A sufficient amount of moisture is required for ASR to thrive, at least 80 per
cent relative humidity is needed for ASR progress within the concrete
environment, the reaction intensity increases as relative humidity levels

increase above 80 per cent.
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Silica (SiO,)

Alkali (Na, K) Water

Figure 2-2 ASR progression will be halted if one of the three conditions in the triangle
ceases to exist in the concrete environment (Thomas et al., 2011)

In addition to the conditions mentioned above, heat is also one of the environmental
parameters that can directly affect ASR progression, increasing ASR kinetic and
influencing gel development (Maia Neto et al., 2021). Feldspar rich aggregates such
as granite can release a significant amount of alkalis to the pore solution at higher
temperatures (Bérubé et al., 2002), this increase in temperature also influences the
alkalis released from aggregates to concrete pore solution significantly (Sinno &

Shehata, 2021).

2.1.3.1 Alkalis

As mentioned, one of the essential factors that cause ASR to occur is the supply of
alkalis. Stanton (1940) discovered that most of the alkalis that are supplied to the
concrete are from portland cement (Stanton, 1940). Research by Bérubé & Frenette
(1994) stated that concrete specimens prepared with low alkali cement show less
expansion than concrete with high alkali cement. As stated by Mehta & Monteiro
(2017), the material in the clinker that is used to create the portland cement is the
source of the cement’s alkali environment, which are sodium (Na) and potassium (Ka)
that range between 0.2 to 1.5 per cent acid-soluble sodium oxide equivalent (Na;Ogg).
It must be noted that both sodium oxide and potassium oxide simultaneously exist in
concrete, but when expressing the alkali content of cement, it is calculated as
(Na30¢q), the conversion is based on the equivalent molar mass, the ratio of Na,0 to
K,O0 is about 0.658 (Equation 2.4), therefore depending on the content of acid-soluble
sodium oxide generally, the concretes pH level differs between 12.5 to 13.5, in the
presence of such an alkali environment, siliceous aggregates do not stay stable for long
(Mehta & Monteiro, 2017). The alkali supplied by the cement and also other resources

can also increase the pH level of the pore solution, which in return causes the solubility
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of the silica to increase. It is noteworthy to mention that even stable silica can be
dissolved at a high alkali environment to contribute to the ASR process. Figure 2-3
shows the solubility level of silica species at different pH levels, the solubility

increases significantly at higher pH levels due to the ionization of Si(OH)s,.

%Na;0.q = %Na,0 + 0.658 X %K,0 (2.4)
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---o--{Si(OH}}aq - -3 - {H3SiO4-Jaq
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—a— {H2SiO4=}aq —e—Total {Sijaq
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Figure 2-3 Solubility limit of amorphous silica in water at 25 °C as a function of pH, y-axis
and x-axis represent Si activity and pH, respectively (Maraghechi, 2014; Rajabipour et al.,
2015)

1.E-02 L

Calculated solubility limit of Si [M]

As the alkali content of cement plays a crucial role, it was recommended by Stanton
(1940) to limit the alkali hydroxide content of cement to less than 0.6% Na,0¢q to
prevent expansion (Stanton, 1940). Hence, since ASR is a long term reaction, to
facilitate accelerated ASR in the laboratory, it is essential to increase the Na,0.q to
more than 0.6% (usually 1.25%), by adding NaOH to the mixing water in accelerated
experiments such as ASTM C1293 and AS 1141.60.2 or by immersing the concrete in
one molar NaOH solution in experiments such as ASTM 1260 and AS 1141.60.1 to

obtain faster results.
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2.1.3.2 Aggregate Size and Content

Aggregate size, type and proportion can be important when it comes to aggregate
reactivity. Regarding the aggregate type, the mineral constituents of the aggregate
should be considered, as mineral constituents of the aggregate can play an important
role in the ASR expansion and gel composition (Swamy, 1991). As mentioned, some
aggregate types can even increase the alkalinity of the pore solution, further
accelerating the dissolution of silica. Amorphous and metastable silica is considered
the most reactive among the aggregate, these reactive aggregates can range from flint,
basalt, marl, shale, rhyolite, greywacke, and other various rock types (Rajabipour et

al., 2015).

Assessing the aggregate proportion and size and how it can affect ASR is another
key parameter of ASR. To understand this first, we must understand the meaning of
pessimum aggregate size and pessimum aggregate content. Pessimum aggregate size
and content is defined as maximal expansion in concrete formed from a specific
proportion or size of a reactive aggregate (French, 1980). At Stanton’s expansion tests
on magnesian limestone, it was found that the minimal amount of magnesian limestone
needed to cause ASR expansion was only 1% by the mass of the aggregate, the
expansion was at its maximum at 20% (the pessimum proportion), and there was little
or no expansion when the reactive aggregate was at 40% (Stanton, 1940). Similarly,
Binal (2015) experiments on various reactive aggregate types such as chalcedony,
andesite, opal and chert utilizing AMBT test showed different pessimum content ratios
for each of the aggregate types, as it can be seen from Figure 2-4 each aggregate type
shows different pessimum content ratio at different reactive aggregate content, 50%,
22% and 40% for chalcedony, opal and chert, respectively, however andesite shows
the same pessimum ratio at different reactive aggregate content, the pessimum content
can influence to such extent that it can completely mitigate ASR as seen in opal at 40%
reactive aggregate ratio, although it should be noted that pessimum content of an
aggregate may vary based on mineralogy of the rock type due to different amount of

amorphous silica (Binal, 2015).
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Figure 2-4 Pessimum ratio graph for chalcedony, andesite, opal and chert (Binal, 2015)

The grain size can also affect ASR expansion, as different gradations of a reactive
aggregate may result in different expansions or even go to the extent of mitigating the
ASR expansion. It is expected that ASR expansion would increase with the reduced
size of reactive aggregate particles, as it would provide more surface area of the
reactive aggregate, but that was not the case as different researchers such as French
(1980) and Stanton (1940) found different results based on their experiments. Multon
et al. (2008), experimental research on reactive siliceous limestone concluded that
maximum expansion was seven times larger for coarse 1.25 —3.15 mm aggregate than
that of the smaller 80 —160 um ones (Multon et al., 2008). Similarly, Binal (2015) and
Stanton (1940) experiments showed the same trend of more expansion in coarse

reactive aggregates than the finer ones.

Many pieces of research, as mentioned above, have been conducted on pessimum
aggregate size and content with different results. When evaluating an aggregates
activity in experiments such as AMBT where the aggregate is crushed to finer sizes
pessimum effect must be considered as not many aggregates show similar pessimum

ratios.

2.1.3.3 Moisture and Humidity

Humidity and moisture are pivotal for ASR progression as not enough supply may

halt the ASR progress, as shown in Figure 2-5.
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Figure 2-5 Correlation between relative humidity and expansion due to ASR (Swamy, 1991)

If sufficient moisture is not supplied, the ASR progression will cease. Thus, extra
care should be taken when a structure is in contact with an external water supply, such
as maritime environment, leakages, groundwater, and condensation (Poole & Sims,
2016). Because of the mentioned reasons, it is important to protect and minimize the
exposed parts of the structure against moisture and humidity by any means to prevent
ASR. Figure 2-6 depicts a bridge abutment in which its right side was exposed to
environmental conditions, resulting in a much more severe ASR than the abutment's

left side (Thomas et al., 2011).

Figure 2-6 ASR is much more severe on the right side of the bridge abutment where it is
exposed to environmental conditions, the left part covered by the bridge deck has minor ASR
cracking when compared to the right side (Thomas et al., 2011)
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2.1.3.4 Laboratory Test to Accelerate ASR Conditions

Since the discovery of ASR, multiple standards and recommendations have been
developed to assess the aggregate’s reactivity, including Concrete Prism Test (CPT)
such as ASTM C1293 and AS 1141.60.2 and Accelerated Mortar Bar Test (AMBT)
such as ASTM 1260 and AS 1141.60.1, which are considered more reliable than other
test methods and widely used by engineers to assess the reactivity of the aggregate and
categorize them based on the expansion (Thomas et al., 2008). Although these tests
have their flaws, for instance, crushing the aggregate may reduce the reactivity, not
detecting late expansive aggregates, alkali leaching, and long test results in the case of
CPT. Recent test method AASHTO TP 110 Miniature Concrete Prism Test (MCPT)
method can remedy these deficiencies and give accurate and promising results on the
reactivity of aggregates in less time (about eight weeks) with more accuracy than
AMBT and CPT as it considers the alkali leaching and aggregate size as well and show
good correlation with CPT test which takes one year (Latifee, 2013).

To sum up, the conditions that may affect ASR can be narrowed down in Figure
2-7, ASR prevention can be achieved by controlling these three major factors and
subfactors. To prevent and minimize ASR, precautions such as using low alkali
cement, limiting the amount of moisture supplied to concrete and utilizing SCM in the

concrete mix design should be considered (Poole & Sims, 2016).

Reactive aggregate » Aggregate reactivity

——————> Pessimum content
————>» Pessimum size
———— > Dispersion of reactive aggregate

Alkali content » Cement alkali content

————— > Aggregate alkali content
———» SCM alkali content
—— > Alkali Leeching

L > Exposure to seawater and deicing-salt

Sufficient moisture » Climate

—————————> Water to cement ratio

—————> Exposure conditions

Figure 2-7 Conditions that directly influence ASR
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2.1.4 Expansion and Cracking Due to ASR

As ASR occurs in the concrete environment and ASR gel is produced by absorbing
the water from the environment, it swells and expands, causing internal stress to the
concrete. If the internal stress caused by expansion exceeds the tensile strength of the
concrete, it will result in micro and macro cracking in the concrete environment, as
ASR progresses within the concrete, it takes time to show itself on the surface as
cracks, these cracks vary based on whether the concrete is reinforced or not, if the
concrete is not reinforced, the map cracking will occur, and if the reinforcement is
present, the cracks will be parallel to the reinforcement direction as it can be seen in

figure 2-8 (Fan & Hanson, 1998; Saouma, 2020).

Figure 2-8 Orientation of cracks in reinforced and plain concrete: Map cracking on the left
picture and cracking in the direction parallel to the rebar in the reinforced concrete on the
right (Kreitman, 2011)

The surface cracking due to ASR should not be confused with the structural
cracking as the interior of the structure cracks in a different way when compared to
ASR cracks (Courtier, 1990). As the complex chemical reaction of ASR progresses
within the concrete by the reaction between reactive siliceous aggregates and alkali
hydroxides, it generates ASR gel that applies pressure to the surrounding aggregate as

it absorbs moisture, causing microcracking (L. F. M. Sanchez et al., 2015).
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Figure 2-9 Influence of internal tension generated due to ASR on crack development and
propagation (Courtier, 1990)

These microcracks originate from the reactive aggregate and can either generate at
the surface or inside the reactive aggregate, in many volcanic and synthetic glasses,
the silica at the surface of the aggregate can quickly react with the alkaline pore
solution that leads to alkali-silica gel formation, but when reactive silica is not at the
surface of the aggregate and is present as reactive particles located within a non-
reactive aggregate in aggregates like greywackes and siliceous limestones alkali pore
solution cannot reach the reactive interior easily (Rajabipour et al., 2015).
Additionally, Maraghechi et al. (2012) research on soda-lime glass proves that, unlike
other natural aggregates, soda-lime glass experiences ASR within the cracks inside the
glass and not at the aggregate surface, making their reactivity dependent on the

availability of cracks within the aggregate (Maraghechi et al., 2012).

2.1.5 Effect of ASR on Mechanical Properties of Concrete

As ASR progresses in concrete, it causes localized expansion and microcracking
inside of the concrete that results in tensile stress in the surrounding material. As the
materials in concrete become stressed and expand, these internal stresses cause
anisotropic expansion, this anisotropic behaviour directly affects the concrete’s

mechanical behaviour (Kongshaug et al., 2020). Many pieces of research have been
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conducted on how ASR can affect the mechanical properties of the concrete since the

discovery of ASR by Stanton in 1940. Some of the important literature can be found

in Table 2-1 below.

Table 2-1 Research done regarding mechanical properties of concrete affected by ASR by
chronological order adapted from (Mohammadi et al., 2020)

Researches | ASR Condition Aggregate Samples Mechanical properties
High-pressure
Modulus of elasticity,
Cao et al. autoclave at 70 Reactive Cylinder and
compressive strength,
(2021) and 80 °C with aggregate prism
and tensile strength
three cycles
Extracted
Kongshaug crushed .
60°C and 100% cylinder cores
et al. reactive Modulus of elasticity
RH from lab cast
(2020) cataclasite
cubes
Extracted
concrete cores
Barbosa et Reactive '
Extracted cores from severely | Compressive strength
al. (2018) aggregate
damaged
bridges
In water RH Fourteen
Islam and Mortar bar
100% at 20 °C reactive
Ghafoori (ASTM Modulus of elasticity
andin 1.0 N aggregate
(2018) C1260)
NaOH at 80 °C groups
Conditions
Shi et al. Reactive Activated slag
comply with Compressive strength
(2018) natural sand mortars
ASTM C1260
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Researches | ASR Condition Aggregate Samples Mechanical properties
Conditions
) comply with Five Compressive strength
Munir et al. mortar cubes
ASTM C1260 different and modulus of
(2018) and prisms
and ASTM sources rupture
C227
Submerged in Reactive
water at 80 °C sand
Lietal. cementitious
andin 1 N containing Flexural strength
(2016) mortar
NaOH solution volcanic
at 80 °C glass
Greywacke _
Alaud & Compressive strength
IN NaOH at and Granite
van Zijl. Cylinders and modulus of
80°C coarse
(2016) elasticity
aggregates
Fourteen
Islam and submerged in ] Mortar bar
reactive
Ghafoori. 1.0 N NaOH at (ASTM Compressive strength
aggregate
(2015) 80 °C C1260)
groups
Reactive and Compressive strength,
Yurtdas et Prisms and
60 °C, RH 95% | non-reactive ) modulus of elasticity,
al. (2013) _ cylinders
material and flexural strength
None, slow
o Conditions ) ) Flexural, compressive,
Giaccio et ) and highly Prism and o
comply with ) ] modulus of elasticity
al. (2008) reactive cylinder
ASTM C1293 and Poisson’s ratio
aggregates
Marzouk Submerged in Highly and Compressive strength,
Normal and
and NaOH solution | moderately Modulus od elasticity,
high strength
Langdon at 80 °C for 12 reactive Uniaxial tension and
concrete
(2003) weeks aggregate modulus of rupture
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Researches | ASR Condition Aggregate Samples Mechanical properties

Compressive strength,

direct tensile strength,

Highly and Prism,
Ahmed et Submerged in ) . tensile splitting
slow reactive | cylinder and
al. (2003) water, 38° C strength, flexural
aggregate cube

tensile strength, static

modulus of elasticity.

Reinforced Compressive strength,
Fan and 0.5 N NaOH Reactive and

concrete splitting tensile
Hanson solution at 38 non-reactive
beams and strength and dynamic
(1998) °C aggregate .
cylinders modulus

The main findings regarding the mechanical properties of concrete affected by ASR

based on the literature provided in the Table 2-1 are presented below:

2.1.5.1 Modulus of Elasticity

Across the literature (Alaud & van Zijl, 2016; Giaccio et al., 2008; Islam &
Ghafoori, 2018; Jones & Clark, 1998; Kreitman, 2011; Marzouk & Langdon, 2003;
Saint-Pierre et al., 2007), it is unanimous that ASR reduces the modulus of elasticity
of concrete. For instance, Marzoul & Langdon (2003) experiments on the modulus of
elasticity of highly and moderately reactive aggregates on 75x150 mm concrete
cylinders exposed to NaOH and water at 80 °C over twelve weeks determined that the
modulus of elasticity of normal strength concrete containing highly reactive aggregate
and moderately reactive aggregate decreased by 80% and 20% respectively. Similarly,
experiments conducted by Aluad & van Zijl (2016) show the same trend of low
modulus of elasticity. However, specimens containing modestly reactive aggregate’s
modulus of elasticity decreased at late ages than that of highly reactive ones (Alaud &
van Zijl, 2016). Interestingly the modulus of elasticity measurement of highly
degraded specimens due to ASR was deemed inaccurate due to the formation of large
cracks (Islam & Ghafoori, 2018). Additionally, conducting modulus of elasticity
experiments on cylindrical cores extracted from three different severely damaged

bridge structures affected by ASR build from 1966 to 1976 determined that modulus
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of elasticity is strongly correlated with the crack orientation, extracted cylindrical
specimens with perpendicular cracks showed significantly reduced Young’s modulus

than that of the specimens with parallel cracks (Barbosa et al., 2018).

2.1.5.2 Compressive Strength

Experimental program conducted by Fan & Hanson (1998) on cylindrical
specimens containing reactive aggregate and submerged in 38°C alkali solution
determined that before visible ASR cracks appeared on the concrete surface, the
change in mechanical properties of concrete cylinders compressive strength was
insignificant, but after cracking a substantial amount of compressive strength over 24%
was lost (Fan & Hanson, 1998). Likewise, the compressive strength of highly reactive
aggregates in experiments conducted by Marzoul & Langdon (2003) was reduced by
28%, but the compressive strength of specimens containing moderately reactive
aggregate was unchanged and unaffected by ASR (Marzouk & Langdon, 2003). The
orientation of the cracks caused by ASR can significantly affect the compressive
strength as it does Young’s modulus (Ahmed et al., 2003; Barbosa et al., 2018).
However, Giaccio et al. (2008) experiments on slow reactive coarse aggregate show
increased strength gain on a par with control specimens made with non-reactive
aggregate, while other mechanical properties were reduced (Giaccio et al., 2008). Also,
high-strength concrete placed in NaOH solution surprisingly showed an increase of
10% to 21% in compressive strength (Ahmed et al., 2003). These conflicting results
may be due to the severity of the ASR damage to the specimens, as crack orientation
and the damage severity of the specimens can heavily influence the test results

(Barbosa et al., 2018; Schmidt et al., 2014).

2.1.5.3 Flexural strength

As mentioned, when ASR progresses in a concrete environment, it causes internal
tensile stress, which can be aggravated due to the factors mentioned in 2.1.3 (Swamy,
1991). Because flexural and tensile strength tests are related to concretes tensile
strength, these mechanical properties are expected to reduce due to expansion
(Mohammadi et al., 2020). Experimental research conducted by Ahmed et al. (2003)

on 100x100x500 mm? prisms with highly reactive aggregates shows a reduction of
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81.85% in flexural strength and 53.64% in tensile splitting strength (Ahmed et al.,
2003). Marzoul & Langdon (2003) experiments on normal strength concrete showed
a slight reduction of 8.77% in flexural strength, which is relatively low when it is
compared to Ahmed et al. (2003) experiments. Aggregates reactivity and expansion
may affect the flexural strength results as some aggregates show late expansive
behaviour than other reactive aggregates. The alkali content of the cement mix can
also be an influential factor in the flexural strength of specimens affected by ASR, as
Liet al. (2016) observed that an increase in the alkali content of cement resulted in the

loss of flexural strength due to ASR (Li et al., 2016).

2.1.5.4 Tensile Strength

After careful examination of the literature, it can be said that the tensile strength of
the concrete can be reduced due to ASR (Ahmed et al., 2003; Cao et al., 2021; Fan &
Hanson, 1998; Islam & Ghafoori, 2018). Marzoul & Langdon (2003) conducted tests
that showed a reduction of 31% and 37% in tensile strength of moderately reactive and
highly reactive specimens, respectively. Cao et al. (2021) experiment on reactive
aggregate utilizing accelerated autoclave test showed a reduction in tensile strength
after further expansion of the specimens. Similarly, Fan and Hanson (1998) observed

an average reduction of 24% compared to the corresponding 28-day results.

2.1.5.5 Summary of ASR Mechanical properties

Overall, ASR can reduce the mechanical properties of concrete such as compressive
strength, Young’s modulus of elasticity, flexural and tensile strength, reducing their
values as ASR progress in the concrete environment. Factors that may affect these
parameters are explained in chapter 2.1.3. To evaluate ASR damage and set a criteria
for the evaluation of ASR cracks in concrete modulus of elasticity and tensile strength
can be considered as they are the most sensitive out of all mechanical properties and
show less fluctuation in results from across the literature, other mechanical properties
vary from literature to literature, and some show slight or high decreases, and some do
not even show any change in mechanical properties, rendering them not as sensitive to
evaluate the progress of ASR (Mohammadi et al., 2020; Rivard et al., 2010; Saouma,

2020). However, some researchers argue that compressive strength is a better indicator
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for evaluating ASR cracks than Young’s modulus and tensile strength (Barbosa et al.,
2018). Nevertheless, a more reliable test method is still needed for assessing ASR in
concrete. Stiffnes Damage Test (SDT) is a non-destructive test method in which five
cyclic loading and unloading are done with 40% of concretes compressive strength on
extracted cores or cylinders with a length to diameter ratio of two (Sanchez et al.,
2014). From the output of the SDT, it is possible to extract the Stiffness Damage Index
(SDI) and Plastic Deformation Index (PDI), which appraise the amount of distress in
concrete based on extracted cores from structures affected by ASR or specimens

created in the lab (Sanchez et al., 2016).

Stiffiness Damage Index
SDI : Sum of SI/(SI -+SI) for cach cycle

Plastic Deformation Index
PDI : DI/(DI +DII)

Stress

I 3
A 4
J Y

-

DI DIl

Strain

Figure 2-10 The procedure of calculation SDI and PDI after five cyclic loadings and
unloading (Giannini et al., 2018)

Research conducted by Sanchez et al. (2016), Sanchez et al. (2015) and Sanchez et
al. (2014) on STD concluded that SDI and PDI show better results than hysteresis area
and plastic deformation due to taking dissipated energy/total energy into account and
show a better result in evaluating the ASR and is considered a powerful tool to assess
structures affected by ASR, but SDT still needs further experimentation and study to
be implemented in practical use in engineering (L. anchez et al., 2015; Sanchez et al.,

2014; Sanchez et al., 2016).
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2.2 Corrosion in RC Structures

Chloride-induced corrosion of RC structures is one of the dominant deterioration
effects in concrete structures (Babaee & Castel, 2018). Corrosion of the reinforced
embedded steel in concrete due to carbonation and exposure to environments that can
supply chloride ions such as aggregates containing salt, maritime environments, and

deicing salt can cause serious damage leading to high repair costs (Bohni, 2005).

When steel is exposed to the natural environment, it will corrode and return to its
lower level of energy, in the case of steel, it is oxides, but typically even if sufficient
moisture and oxygen are present in the environment good quality steel embedded in
concrete will not corrode that easily, this is because of the alkali nature of the concrete
pore solution that usually ranges between 12.5 and 13.5, in such alkaline environment
a thin oxide layer called the passive film surrounds the embedded steel that protects it
against corrosion, when this passive layer is destroyed by the moisture and oxygen
attacks it depassivates and the thin film gets destroyed and opens the way to the steel
corrosion. (Raupach, 1996). Table 2-2 shows the corrosion of steel reinforcement at
different pH levels. In the absence of Chloride ions in the solution, the passive layer
on the steel is stable as long as the pH is above 11.5, normally the pH of the concrete
is above 12 as long as there is around 20 weight per cent solid calcium hydroxide
Ca(OH),If the calcium hydroxide is leeched or concrete is very permeable, the pH of
the concrete will be reduced, and the steel will start to lose the passive protective film

opening the way to corrosion (Mehta & Monteiro, 2017).

Table 2-2 Reinforcement corrosion at different pH levels (Pullar-Strecker, 1987)

Concrete pH State of reinforcement corrosion
9.5 Commencement of steel corrosion
At 8.0 Severe corrosion
Below 7 Catastrophic corrosion

The whole electrochemical process in a steel reinforcement can happen in two ways
(Hansson et al., 2006); 1) If two different metals are embedded in concrete like steel
and aluminium or when significant variations exist on the steel's surface

characteristics, which is called macrocell; 2) If there are different concentration of ions
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in concrete near the steel reinforcement, cells may form to exchange ions which is
called microcell. It should be noted that it is also possible to form macrocells on in
single bar exposed to different environments within the concrete or where part of the
reinforcement extends outside of the concrete. This results in one of the two different
reinforcing steels, or the one steel with different concentrations of ions, in concrete
becoming anodic and catholic. Depending on what state the oxidation is, as the iron
transforms into rust, the volume increase can reach 600 per cent of the actual metal.
As corrosion products build up they increase the internal stress of the concrete over
time, eventually resulting in cracking of the concrete cover, which propagates from the
bar to the nearest surface, which can accelerate the ingress of other deleterious

material.

w

Volume, cm?

Fe FeO Fe,0, Fe,0, Fe(OH), Fe(OH); Fe(OH);3H,0

Figure 2-11 The increase in volume depending on the oxidation state of the embedded steel
(Mehta & Monteiro, 2017)

2.2.1 Corrosion Mechanism

The electrochemical process of chloride-induced corrosion in concrete operates
much like a battery, the anode and cathode are created by different surface areas of
steel creating poles, the voltage of the corrosion cell is created by a difference in

potential of steel surfaces in reinforced concrete (Raupach, 1996).

This difference in potential voltage can set up microscopic electrochemical cells or

microcells between anode and cathode, this is caused by the heterogeneity of the steel
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material, the heterogeneity differences in the surface of the steel can be places that
have scratches on the bar or even places that have residual stress, the pore solution acts
as electrolyte in the concrete, in chemistry anode and cathode reactions are called half-
cell reactions, the reaction that causes the corrosion of metal is the anodic reaction
which the oxidation happens and cathodic reaction is the reduction process. it is called
the reduction process because it results in a reduction of dissolved oxygen forming

hydroxyl ions (Nabavi, 2014).

The electrochemical corrosion process in RC can be described as below (Ji et al.,

2013; Nabavi, 2014; Neville, 1995):
The cathodic and the anodic sites are connected via the concrete pore solution,
which acts as the electrolyte. The anodic reaction consists of metal being consumed to

release electrons. The ferrous ions (Fe?*) from reaction (2.5) passes into the solution

from the anodic site, to be converted into rust in furthered reactions:

Fe —» Fe?* + 2e” (2.5)
These electrons pass into the cathodic site across the metal while the ferrous ions

in the pore solution are dissolved. Oxygen in the pore solution at the cathodic site

combines with the electrons to form hydroxyl (OH™) ions.

2H,0 + 0, + 4e~ — 4(0H") (2.6)

Ferrous (Fe?*) and hydroxyl (OH™) ions pass across the pore solution in opposite

directions, and ferrous hydroxide (Fe(OH),) precipitates.

Fe?* + 20H™ — Fe(OH), (2.7)

In addition, since there is moisture and oxygen, the ferrous hydroxide is oxidized

to ferric oxide.
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4Fe(OH), + 2H,0 + 0, — 4Fe(OH); (2.8)
2Fe(OH)3; — Fe,03 + 3H,0 (2.9)
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Figure 2-12 The process of corrosion in concrete where pore solution acts as an electrolyte
(Cao et al., 2013)

2.2.2 Fick’s Law of Diffusion

Fick’s law of diffusion states that the diffusion of a substance across a surface or
membrane is proportionate to the concentration gradient (Davis et al., 1995). Fick's
first law is presented below (Equation 2-5). In this equation, the concentration does
not change with time and is (steady-state) (Philibert, 2005).

09

J=-D— (2.10)

where:

mol

e ] is the diffusion flux (

)

m2.s
. . . . m?

e D is the diffusion coefficient (T)
. . l

e (is concentration (7:1—03)

e X is the depth from the concrete surface (m)

Fick’s second law of diffusion can be used to measure the diffusion as concentration

as time passes (non-steady-state).

09 %0
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Crank’s solution for Fick's second law can be written as below (Crank, 1975).

X

V4tD

C, = C; [1 — erf( (2.12)

where:

e (, is the chloride at a certain depth
e X depth

e (, surface chloride concentration

e D Chloride diffusion coefficient

e tis period of exposure

2.2.3 Chloride Threshold Level in RC Corrosion

As predicting the service life of RC structures are essential in this era, CTL is one
of the essential tools in service life assessment, the chloride threshold level (CTL) is
defined as the amount of chloride content that is needed to destroy the passive

protective film around the steel reinforcement to start the corrosion initiation (Sagiiés

et al., 2014).

CTL can be expressed in different forms, such as Cl~/OH~, total chloride
percentage, percentage of free chlorides and the weight of the concrete's binder, among
these, Cl~/OH~ appears to be more precise as but due to difficulty of OH™
measurement, free and total chloride is used in the industry, and it is measured and

obtained via natural and accelerated tests (Alonso & Sanchez, 2009)

Hausmann first did the measurement of CTL in 1967 by using a synthetic concrete
solution. Since then, many experiments have been conducted on CTL. Since then,
many experiments have been conducted on the evaluation of CTL. However, the
values vary in the literature as there are many factors that can influence the CTL. The
values that can directly affect the CTL can range from the type of cement, water to
cement ratio, steel chemical composition and various other factors (Bertolini, 2013).
This fact makes it hard to be able to predict the service life of a structure precisely as
there are different values of CTL due to the mentioned factors. According to Angst et

al. (2009), because of the factors influencing the results of CTL experiments, more
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research is needed to measure free chlorides precisely, raising the need for a reliable
test method for CTL measurement as it is an essential factor in predicting the service

life of RC structures.
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Figure 2-13 Time vs degree of corrosion and chloride concentration at reinforcement (Angst
etal., 2009)

2.2.4 Surface Chloride Concentration

Surface chloride concentration (Cs) is another factor that can influence chloride
diffusion in concrete. Csis dependent on the exposure time of the structure, but factors

such as concrete mix and curing methods can also influence Cs (Nabavi, 2014).
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Figure 2-14 Surface chloride concentration based on models and measured data (Gjorv,
2014)

2.3 Combined Effects of ASR and Chloride-induced Corrosion

ASR and chloride-induced corrosion are explained in detail in previous sections.
There are limited publications on the combined effects of ASR and chloride-induced
corrosion on how this combined deterioration can affect the durability and mechanical
properties of an RC structure. Based on assumptions and some field results, it is
commonly accepted that the expansion and crack caused by ASR can lead to the
ingress of other deleterious material into the concrete, including chloride ions (Poole
& Sims, 2016; Saouma, 2020; Thomas et al., 2011). However, that may not be the case
as there are conflicting results in the literature (Berndt, 2019; Mazarei et al., 2017,
Mikata et al., 2018; Mikata et al., 2020; Tordoff, 1990; Trejo et al., 2017). In the
following section, the publications regarding the combined effect of ASR and

corrosion, which are limited, will be reviewed.

2.3.1 Combined Deterioration Effect on Non-Mechanical Properties

2.3.1.1 Assessing prestressed post-tensioned bridges affected by ASR and
chloride-induced corrosion, Tordoff (1990)

Tordoff (1990) conducted research on seven sixteen-year-old prestressed post-
tensioned concrete bridges built-in 1974/75 suffering from ASR in the united
kingdom. The first cracks in the structure were observed in 1982. Initially, in 1983 the

cause of the cracks was diagnosed to be due to plastic shrinkage and drying shrinkage
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for longitudinal cracking and map cracking, respectively. Later in the year 1988, after
remediation works for the previous diagnosis, the cause of the cracks was diagnosed
as ASR, with the majority of the ASR cracks being hairline cracks and the maximum
width of the cracks being approximately 1 mm containing ASR gel with some other
cracks being empty with no signs of ASR gel. The crackings due to ASR did not cause
any length change, the reduction of 40 mm beam length shows that additional

prestressing did not occur due to ASR expansion.

Surface chloride levels were assessed from the said bridges to evaluate the
durability of the structures. The results showed an interesting aspect of the structure
affected by ASR. The chloride levels from extracted cores of all six bridges were so
low that it would suggest the bridge was not in an aggressive environment, while at
least two of the bridges were in an area where de-icing salt was used frequently.
Tordoff’s (1990) argued that concrete suffering from ASR can resist deleterious
external attacks such as the ingress of chloride ions. In his research, he argues that in
concrete suffering from ASR, the voids in the concrete could act as a reservoir for ASR
gel and prevent the ingress of chloride to an extent before severe cracking due to ASR.
The research also shows that despite cracking due to ASR, the strength of the beams
has not been reduced. Cracks caused by ASR can also widen due to gel pressure in
concrete pores as ASR progresses, particularly in unreinforced members. However, in

reinforced members, the gel is more likely to migrate.
Below is the chloride content by the weight of cement of the six bridges at 5-30 mm

and 30-60 mm depth compared to the corrosion risk at different amounts of chloride

content, which is within the negligible threshold.
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Figure 2-15 Figure depicting the risk of reinforcement corrosion with different amounts of
chloride content by weight of cement with the two black lines indicating the average chloride
content at 5-30 mm and 30-60 mm by the weight of cement (Tordoff, 1990)

2.3.1.2 Assessing conditions of Jetty affected by ASR and chloride-induced
corrosion, Berndt (2019)

Another real-world case of combined effects of ASR and chloride-induced
corrosion can be seen in Lucinda Jetty, located in tropical Coral sea Lucinda,
Queensland, Australia. According to Brendt (2019), the Lucinda jetty was one of the
first structures in Australia diagnosed with ASR. Lucinda jetty construction was
completed in 1979 with cracking due to ASR starting to show after two years of
construction. Except at the abutment, where the headstocks and piles are reinforced
concrete, the jetty is built up of precast prestressed concrete girder units supported by
steel headstocks and piles. Type A ordinary portland cement was used for the
construction with total alkali content of 0.59 to 0.84 (NaOH.q). the girders were

produced by two companies ASTM C289 tests were conducted on the used aggregates,
and the aggregates passed the test. Widespread cracking of the prestressed girders was
observed after two years of construction, with the cracking cause contributing to ASR.
As the jetty is located in a harsh maritime environment, it was subjected to seawater

splashes and extensive corrosion of prestressing strands and stirrups.

Early examination of the Jetty conducted by Tordoff et al. (1989) on extracted
cores demonstrated that the ASR damage is due to reactive volcanic rhyolitic tuff. It

was also found that the ASR gel composition and appearance were dependent on its
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location. Tordoff et al. (1989) observed that low calcium causes the ASR gel to be
fluid and easily extrude out of the cracks caused by ASR. In contrast, high calcium
content caused ASR gel to have binding properties similar to hydrated cement paste,
concluding that calcium content affects the ASR gel expansion, as was later
demonstrated by Thomas (2019) and Rajabpour et al. (2015) that calcium can play a
key role in ASR expansion and may aggravate the ASR expansion. Calcium ions may
replace some of the alkalis incorporated in silica gel, this exchange would result in
recycling alkalis back to the pore solution and calcium deficiency in concrete,
increasing the pH and further continuing the ASR by producing alkali calcium silicate
hydrate gel (Rajabipour et al., 2015; Thomas, 2019). Investigations show that the
structure in its current conditions is heavily corroded and affected by ASR in jetty
abutment where they were in contact with splash zones due to the higher moisture

content at abutment ASR has progressed severely when compared to other areas.

Figure 2-16 Extracted core from Lucinda jetty with (A) ASR gel forming around the
aggregate, (B) crack formation inside aggregate and (C) ASR gel forming in the interface of
paste and aggregate (Berndt, 2019)

S S

Figure 2-17 Corrosion of stirrups and prestress strands with heavy stirrup corrosion at the
bending location (Berndt, 2019)
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Field investigations by Brendt (2019) on the combined effects of ASR and chloride-
induced corrosion show that corrosion products were accommodated in the partially
filled or empty cracks caused by ASR expansion. This can be explained why extensive
corrosion was observed without delamination or spalling due to corrosion as ASR
cracks accommodated corrosion products. ASR expansion also has caused the fracture
of stirrups due to the combined effects of corrosion and transverse expansion.
Additionally, ASR can affect chloride diffusion, lowering its value by filling up the

gaps and preventing the ingress of chloride ions.

2.3.1.3 Assessing the combined effects of ASR and chloride-induced corrosion in
laboratory conditions, Trejo et al. (2017)

Trejo et al. (2017) is one of the first publications to simulate the combined effect of
ASR and corrosion of reinforced concrete in the laboratory environment. the main
objective of the research was to investigate the general belief that as cracks can provide
a pathway to RC corrosion (Win et al., 2004), ASR cracks can also contribute to this
cause as well. To be able to achieve a comprehensive result, the corrosion initiation
time, critical chloride threshold and diffusion coefficient were measured during the

experiment for reactive and non-reactive specimens.

Because of the lack of a global standard for the combined effects of ASR and
chloride-induced corrosion in RC structures, ASTM G109 and ASTM C1293
standards were modified to be able to simulate the combined effect in the lab
environment. Ten 285%152x114 mm specimens were fabricated with five specimens
containing fine-reactive aggregate and five specimens containing non-reactive
aggregate. The reactivity of the specimens was tested via ASTM C1260 and ASTM
C1293. In each specimen, three N 4 reinforcement were embedded while casting, the
end of rebars were drilled, and stainless steel screws were installed a 100-ohm resistor
then connected to the top and bottom rebars as per ASTM G109 specifications to
measure the current. To boost the alkalinity of the concrete mix to accelerate the ASR,
sodium hydroxide was added to increase the alkalinity of the concrete mix by 1.25%

(NaOHeq) by mass of cement. The specimens were subjected to 38°C and 95% relative
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humidity after the initial curing, during this exposure condition, the specimens were
ponded with 3% sodium chloride ( NaCl) solution for two weeks on the top reservoir
provided for the chemical admixture as per the requirement of ASTM G109 and
rotated to pond the bottom side with distilled water to prevent warping. The
conditioning specimens was according to the ASTM C1293 to be able to measure the
length change due to ASR. The schematic of the specimens with the top and bottom

reservoir can be seen in Figure 2-18.
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Figure 2-18 schematics of the specimens (Trejo et al., 2017)

To be able to measure the time to corrosion initiation, the readings from the 100-
ohm resistor were monitored and converted to coulombs as per ASTM G109
specifications when the average integrated microcell current reaches 150 coulombs.
After observing the corrosion initiation, the chloride content in various depths was

measured to be able to obtain the chloride diffusion coefficient.

The obtained results show that the reactive specimens expanded by 0.35 to 0.52 per
cent while the non-reactive specimens showed no expansion after 225 days of curing
age which is the corrosion initiation time in the reactive and non-reactive specimens,
indicating that accelerated ASR conditions did not have any effect on the corrosion
initiation. However, reactive specimens showed higher mean coulombs up to day 80
of exposure while non-reactive specimens showed higher mean coulombs after 80
days, this can be explained by the formation of ASR gel that can fill the gaps and pores,
resulting in lowering the transport of the chloride ions within the concrete
environment. The chloride diffusivity of the reactive and non-reactive specimens was
also measured after the corrosion initiation. The results show that the specimens
containing reactive aggregate have a lower diffusion coefficient than the non-reactive

specimens due to ASR gel filling the existing gaps and pores. This is also supported
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by Energy Dispersive X-Ray (EDX) analysis, which shows that chloride levels in ASR

gel are low, resulting in ASR gel blocking the transport of chloride ions.

ASR gel also affected the critical chloride threshold at the time of the corrosion
initiation. The results of the critical chloride threshold at the time of corrosion initiation
show that the reactive specimens had a lower critical chloride threshold compared to
the non-reactive specimens as the result of the pH of the surface of the steel

reinforcement being reduced due to ASR (Wang & Gillott, 1991).

2.3.1.4 Assessing the combined effects of ASR and chloride-induced corrosion in
laboratory conditions utilizing SCM, Trejo et al Mazarei et al. (2017)

All conditions of the experiment conducted by Mazarei et al. (2017), such as alkali
boosting, mixing procedure and curing, were the same as the experiment conducted by
Trenjo et al. (2017), with the difference being an addition of two types of specimens
with reactive aggregate containing 20% class F fly ash and 40% class F fly ash were
created to assess the effect of ASR on corrosion with added fly ash. The results of the
experiment show that the addition of the fly ash on non-reactive specimens lowers the
diffusion coefficient and the critical chloride threshold, with the lowering the diffusion
coefficient being more beneficial as it extends the time to corrosion initiation.
Specimens containing reactive aggregate with 20% fly ash showed longer corrosion
initiation time compared to reactive specimens containing 40% fly ash, this is due to
ASR gel formation in 20% fly ash specimens compared to specimens with 40%, which
showed no signs of ASR. Specimens containing 20% fly ash also showed a higher
critical chloride threshold compared to reactive specimens without fly ash as ASR gel
in specimens containing 20% fly ash did not reduce the pH of the pore solution as

much as the non-reactive specimens containing no fly ash.

2.3.1.5 Summary

From assessing the limited literature regarding the combined effects of ASR
(Berndt, 2019; Tordoff, 1990; Trejo et al., 2017) and chloride-induced corrosion, it is
unanimous that ASR gel can block the diffusion of the chloride ions within the

concrete environment due to ASR gel filling the cracks and voids and act as a barrier
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against the diffusion of the chloride ions. Additionally, due to ASR lowering the pH
of the concrete, the critical chloride threshold of the reinforcement is also lowered.
Interestingly the corrosion initiation time in reactive and non-reactive specimens in
Trejo et al. (2017) experiment occurred at the same time it is due to lower critical
chloride threshold and diffusion coefficient in the reactive specimens that compensate
each other so that the corrosion initiation time occurs at the same time as the non-
reactive specimens. The need for more extensive research on the combined effects of
ASR and chloride-induced corrosion can be seen. More research in this area is needed
to develop a universal testing method to be able to assess the combined effects of ASR
and chloride-induced corrosion. Conditions such as different reactive aggregate,
curing environment and concrete mix must also be studied for the role of ASR in

chloride-induced corrosion of reinforced structures. The main findings consist of:

e ASR gel can block the transportation of chloride ions due to filling the
concrete pore and existing void resulting in reducing the chloride diffusion
coefficient of the concrete.

e ASR may reduce the pH of the concrete pore at the steel-concrete interface
resulting in a lower critical chloride threshold.

e The corrosion initiation time of reactive and non-reactive specimens
occurred at the same time, which indicates that the low critical chloride
threshold and low diffusion coefficient of the concrete can counteract each
other to reach the same corrosion initiation time as non-reactive specimens.

e The addition of 20% fly ash by weight of cement can maximize the
durability of the concrete by increasing its corrosion initiation time due to
the formation of ASR gel which lowers chloride transportation. This effect
was not observed in specimens with 40% fly ash as there were no signs of

ASR occurring in the concrete due to fly as completely negating ASR.

2.3.2 Effect of Combined Deterioration on Flexural Capacity

Mikata et al. (2020) and Mikata et al. (2018) are the first publications to evaluate
the effect of combined deterioration due to ASR and chloride-induced corrosion on the

Shear capacity and flexural capacity of RC beams. More research is needed to evaluate
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the combined effects of ASR and chloride-induced corrosion on RC mechanical

properties as there are limited publications regarding this topic.

2.3.2.1 MiKata et al. (2020)

Due to over 30 structures currently damaged by ASR and succumbing to subsequent
corrosion and steel bar fracture in Japan, the study of the combined deterioration is
vital to evaluate the state of the damaged structures and propose remedial actions and
be able to clarify the residual performance of shear capacity of RC members affected

by the combined deterioration effect due to ASR and corrosion.

A total of twelve beams were cast, the details of the specimens and the ultimate

shear capacity of the specimens are provided in Table 2-3 and Figure 2-19.

Table 2-3: Test specimens and ultimate shear capacity (Mikata et al., 2020)

Ultimate shear
) ) Anchorage of shear Mix proportion type of )
Series Specimens ) capacity
reinforcement concrete
Pus Vy
N-1-14 Sound Normal 102 50.8
N-2-14 Fractured Normal 102 50.8
Normal (N)
N-1-15 Sound Normal 113 56.7
N-2-15 Fractured Normal 113 56.7
Reactive coarse
A-1-14 Sound 101 50.5
aggregate
Reactive coarse
A-2-14 Fractured 101 50.5
aggregate
ASR (A)
Reactive fine and coarse
A-1-15 Sound 105 52.6
aggregate
Reactive fine and coarse
A-2-15 Fractured 105 52.6
aggregate
Reactive coarse
AC-1-14 Sound 102 51
aggregate
Reactive coarse
AC-2-14 Fractured 102 51
ASR and aggregate
corrosion (AC) Reactive fine and coarse
AC-1-15 Sound 101 50.4
aggregate
Reactive fine and coarse
AC-2-15 Fractured 101 50.4
aggregate
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Figure 2-19 Specimen dimensions (Mikata et al., 2020)

All specimens were cured for four weeks under normal moist-curing conditions at
20°C. The A-series were placed in a chamber with 40°C and 90% humidity. As for the
AC series, they were placed in 40°C and 90% humidity chamber at weekends and

sprayed with 3% saline water and transferred outside on weekdays.

The expansion of the specimens containing reactive fine and coarse aggregate was
larger than that of specimens containing only reactive coarse aggregate. The axial
strain of specimens can be seen in Figure 2-20 ASR axial strain, which have expanded

considerably due to ASR.

——A-1-14
——AC-1-14
A-1-15

AC-1-15

0 100 200 300 400 500
Curing (day)

Figure 2-20 ASR axial strain (Mikata et al., 2020)

The failure models of the specimens in the experiment were different due to

specimens being both affected by ASR, corrosion and anchorage conditions. The
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specimens containing fractured was lower in fractured anchorage specimens than that
of the sound specimens. Additionally, in A and AC series specimens, the shear stress
carried were complicated due to ASR and corrosion cracks. It should be noted that the
ultimate load capacity of the AC-series was much lower than A and N series due to

corrosion.

2.3.2.2 Mikata et al. (2018)

To evaluate the combined effects of ASR and chloride-induced corrosion on the
flexural capacity of RC beams, four series of specimens. Normal (N) series, corrosion
(C) series, ASR-series and combined deterioration (AC) series. N-series contained ten
specimens, while other series each had eight. Half of the specimens of each series were
cast with hook, and the other half were cast with no hook. The A-series were kept in a
climate chamber with 40°C and 90% humidity. The AC series were also kept in a
climate chamber and sprayed with 3% saline water every weekday. As for the C-series,
the specimens were placed in a curing room and sprayed with 3% saline water every

weekday.
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Figure 2-21 Cast specimens dimensions and cross-section (Mikata et al., 2018)

ASR expansion of the beams were measured using contact gauge tips. The rebars'
corrosion was measured by removing the rebars after the loading test and removing
the rust by using di-ammonium hydrogen citrate solution and comparing the weight
loss with the initial weight of the rebar before casting. It is observed that the weight

loss percentage of the rebars increased throughout the experiment period.
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The experiments on the specimens show that the corrosion weight loss and chemical
prestress due to ASR can play a key role in the flexural capacity of the beams. Due to
corrosion, the ductility of the C-series were lower than other specimens. On the other
hand, due to the chemical prestress of ASR in AC-series, the loading force increased
after yield. However, the ultimate load of AC-series were lower than other specimens
in this experiment. The ultimate load capacity of AC and C-series decreased in
proportion to cross-section area loss of the reinforcement. Although chemical prestress
occurred in AC-series, the ultimate load ratio on the AC-series were lower than N

series due to corrosion.

2.3.2.3 Summary

It can be noted that the combined effect of ASR and corrosion can directly affect
the flexural capacity and shear capacity of the RC structures. From the literature, we
can conclude that despite the chemical prestress of ASR, corrosion can lower the
flexural capacity of the structure by lowering the cross-section of the reinforcement.
Cracks caused by the combined effects of ASR and corrosion can affect the shear
capacity result of the structure. In addition, specimens containing fractured anchorage
showed lower chemical prestress. More experiments are required on the topic of
combined effects of ASR and corrosion on mechanical properties of the RC structures

as there are very limited literature.

24 Summary

A comprehensive literature review has been conducted on ASR and chloride-

induced corrosion and their combined effects on RC structures.

From the literature, it is evident that ASR can adversely affect the mechanical
properties of RC. It has been observed that to evaluate ASR damage and set criteria
for the evaluation of ASR cracks in concrete modulus of elasticity and tensile strength
can be considered as they are the most sensitive out of all mechanical properties and

show less fluctuation in results from across the literature.
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From assessing the limited literature regarding the combined effects of ASR and
chloride-induced corrosion, it can be concluded that ASR gel can block the
transportation of chloride ions due to filling the concrete pore and existing voids
resulting in reducing the chloride diffusion coefficient of the concrete while reducing
the pH of the pore solution leading to a lower critical chloride threshold of the
reinforcement embedded within the concrete affected by ASR, which sets an
equilibrium in the concrete environment. Surprisingly, it was observed the addition of
fly to an amount that would not halt the ASR progression in concrete can increase the
time to corrosion initiation compared to specimens in which ASR progression was

halted due to the addition of fly ash.
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Chapter 3
Experimental Program

3.1 Overview

This experimental study is planned to utilize Accelerated Chloride-Induced
Corrosion (ACIC) test to investigate the effect of alkali-silica reaction on time to
corrosion-induced cracking in concrete cover due to chloride-induced corrosion and
their combined effect on the deterioration of concrete structures. Additionally, the
effect of ASR propagation on chloride ion migration/diffusivity is studied using NT
build 492 (chloride migration coefficient from non-steady-state migration
experiments) standard, which utilized an accelerated method to determine the chloride

migration coefficient in concrete.

Nabavi (2014) argues that the initiation of corrosion in concrete is assumed a
conservative method of estimating the end of service life of the concrete structure;
however, time to corrosion-induced crack on the concrete cover can also be considered
a reliable tool to be able to determine the end of service life (Nabavi, 2014). Thus, In
this experimental program to be able to evaluate the combined effects of ASR and
chloride-induced corrosion both during corrosion initiation and corrosion propagation

stages ACIC method is used.
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The results of both these tests on concrete specimens contacting reactive and non-
reactive aggregate can give us an insight into how combined effects of ASR and

chloride-induced corrosion can have an impact on chloride diffusivity in concrete.

This experimental study is based on a “Comparative Method” and will compare the
time to corrosion-induced cracking in reinforced concrete specimens with and without
reactive silicate aggregates. To accelerate the ASR process (NaOH) will be added to
the concrete mix to increase the (NaOHeq) to 1.25%, and the specimens will be
submerged in IM (NaOH) solution in the case of reactive siliceous aggregates.
Control specimens with non-reactive aggregates will be cast for the purpose of the
comparative method. The Accelerated Chloride-Induced Corrosion (ACIC) method is
selected to compare the time to corrosion-induced cracking in both categories of
samples, including reactive and non-reactive aggregate. As the mechanical properties
and migration confidant of the specimens are determined over time, reinforced
specimens will be tested at the same time to see the differences in time to corrosion-

induced cracking at the different time periods.

The following experimental phases present the road map of the investigation:

1. A proper design of concrete mix to achieve a characteristic compressive
strength of 40 MPa (structural concrete).

2. Sample preparation using both types of concretes with and without reactive
silicate aggregates.

3. Investigation on mechanical properties of both concrete categories.

4. Investigation on time to corrosion-induced cracking in concrete specimens
containing reactive and non-reactive aggregate utilizing the “Accelerated
Chloride-Induced Corrosion” method.

5. Investigation on chloride migration coefficient utilizing NT build 492 standard
in concrete specimens containing reactive and non-reactive aggregate and
evaluating whether ASR can affect the chloride migration/diffusion in

concrete.
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3.2 Materials and Concrete Mix Design
3.2.1 Aggregate

In this experiment for casting reactive specimens, a highly reactive coarse (10mm
and 20mm) dacite aggregate was used to accelerate the ASR along with none reactive
fine and coarse sand. For casting the non-reactive specimens coarse (10mm and
20mm), limestone was used along with the same non-reactive fine and coarse sand
Table 3-1. To achieve a less porous and good quality concrete sieve analysis of coarse
and fine aggregates are done according to AS 2758.1 and presented in Figure 3-1 and

Figure 3-2, respectively.

Table 3-1 Mix aggregates
Aggregate Size Status

20mm limestone 20 mm Non-reactive

10mm limestone 10 mm Non-reactive

Stockton dune sand Fine sand Non-reactive

Maroota coarse sand Coarse sand Non-reactive

20 mm dacite 20 mm Reactive

10 mm dacite 10 mm Reactive

100

90

Reactive (dacite)
80 coarse aggregate

70

Non-reactive
60 (limestone) coarse
aggregate

50
40

30

Percentage passing by mass (%)

20

10

1 10

Particle size mm (logarithmic scale)

Figure 3-1 Reactive and non-reactive coarse aggregate grading curves
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Figure 3-2 Non-reactive fine and coarse sand aggregate grading curve

Accelerated AMBT and autoclave experiments conducted by UTS researchers
Tapes (2020) and Cao et al. (2021) show that dacite aggregate, which is used in this
experiment for reactive aggregate purposes, is a highly reactive aggregate, making it

is susceptible to ASR Figure 3-3 (Cao et al., 2021; Tapas, 2020).

= Tapas, M.J. 2020
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Figure 3-3 Dacite aggregate reactivity comparison in autoclave and AMBT(Cao et al.,
2021)
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3.2.2 Cement

General-purpose cement with an alkali content of 0.5% (Na,O.q) by the mass of
cement were used to cast reactive and non-reactive specimens. The (Na,Ocq) is
calculated via %Na;0,q = %Na,0 + 0.658 X %K,0 equation. The oxide

composition analysis of the GP cement is provided in Table 3-2.

Table 3-2 GP cement oxide composition in concrete

Oxide composition Weight Percentage (%)
CaO 64.06
Si02 19.65

Al,O3 5
Fe>O3 3
SO3 2.39
MgO 0.9
K20 0.42
TiO» 0.2
NaxO 0.21
P>0s 0.04
Mn,03 0.1
LOI 4.03
Total 100
NazOeq 0.5

The alkalinity of the reactive concrete mix should be boosted to accelerate the ASR
process. For the purpose of accelerating the progress of ASR, the alkali content of
cement was increased to 1.25% Na,0.q by using (NaOH) pallets with 98% purity,
(NaOH) pellets were added to the concrete mix water 24 hours prior to the mixing as
(NaOH) generates a considerable amount of heat when initially mixed with water that
can negatively affect the strength and quality of the concrete. The reactive specimens
were also submerged in 1M (NaOH) (40gt/litre) solution (NaOH) to prevent alkali

leaching.

48



S

e

il

Figure 3-4 NaOH pallets with 98% purity

3.2.3 Concrete Mix Design

For the concrete mix design, it was chosen to be as close to concrete used in the
industry with characteristic compressive strength (f;) of 40 MPa, water to cement
ratio (W/C) of 0.4 and slump between 70 to 90 mm. The complete mix design and the

aggregate percentage are presented in Table 3-2 and Figure 3-5, respectively.

Table 3-3 Mix design representing material needed for one cubic meter of concrete

Material Concrete mix design
Cement 350 kg/m3
Water 140 kg/m3
Fine Sand 72 kg/m3
Coarse Sand 652 kg/m3
10mm Aggregate 220 kg/m3
20mm Aggregate 886 kg/m3
NaOH pallet 3.46 kg/m®
superplasticizer 0.17 lit/m?

49



Cement Water m®FineSand m Coarse 10mm 20mm
Sand Aggregate Aggregate

Figure 3-5 Mix design quantity and percentage

As this experiment mix design's water to cement ratio is relatively low (W/C=0.4),
a superplasticizer/high-range water reducer is required. For this purpose,
MasterGlenium SKY 8379 superplasticizer is used to reach the desired slump of 70 to

90 mm and increase the workability of the concrete while preparing the specimens.

Figure 3-6 MasterGlenium SKY 8379 superplasticizer
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33 Specimen Types and Preparation

The mixing process of concrete in this experiment was in accordance with AS
1012.2. Two types of specimens were cast for the purpose of this experiment. Normal
cylindrical (100mm % 200mm) for mechanical testing and NT build 492 (chloride
migration coefficient from non-steady-state migration experiments). Cylindrical
(@100mm x 200mm) specimens with an N12 steel reinforcement embedded in the
central axis of the cylinder with 7cm extension from the top base and 5cm spacing

from the bottom base for the ACIC test.

The N12 reinforcements were held utilizing a hollow plastic bar chair to avoid
movement of the rebar when casting and transferring the mould as the placement of
the rebar precisely on the central axis with the 50mm bottom spacing is crucial to the
ACIC test result as any reinforcement deviation may result in faster than usual
corrosion time. Also, 10cm of the rebars from the top end are coated with three layers

of epoxy to ensure that corrosion will not occur during the long curing period.

The schematic of both of the specimens are presented in Figure 3-7 and Figure 3-8.

Figure 3-7 ACIC cylindrical (2100mm % 200mm) specimen with N12 rebar embedded in the
central axis for ACIC test purposes
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Figure 3-8 Normal cylindrical ( @100mm x 200mm) specimen for mechanical properties test

Furthermore, specimens in this experimental test can be categorized into durability

and mechanical test, as presented below in Figure 3-9.

Sample Preparation

A 4 4

Limestone aggregate Silicate aggregate
Mechanical propertics Durability tests Mechanical properties Durability tests
tests tests
Compressive Compressive
Strength LS 7 Strength AL 7
Tensile < NT build 492 |« Tensile < NT build 492  |e
Strength Strength
Modulus of Modulus of
elasticity elasticity

Figure 3-9 testing categories
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34 Trial Bach

A trail mix was conducted using reactive and non-reactive specimens to evaluate
the mix design’s characteristic compressive strength and see if any adjustments were
required in the final mix. As presented in Table 3-4, the compressive strength of both
specimens containing reactive and non-reactive aggregate following the mix design
presented in chapter 3.2.3 is above 40 MPa, deeming the mix design acceptable for the

main reactive and non-reactive specimens’ fabrication.

Table 3-4 Trial mix results

_ Average compressive strength (MPa)
Specimen types
7-day 14-day 28-day
Reactive 40.3 44.56 50.32
Non-reactive 42.4 44.98 51.89

3.5 Final Concrete Mix and Batches

Six batches of concrete specimens, including normal (@ 100mm x 200mm) cylinder
for the mechanical test, (chloride migration test) and (@100mm % 200mm) cylinder
with N12 embedded rebar for ACIC test, were cast, with four batches for reactive with
batch name RB1, RB2, RB3 and RB4 four for non-reactive specimens. The other four
batches were cast with non-reactive aggregate with batch names NRB1, NRB2, NRB3
and RB 4. To be able to cast concrete with good quality, all of the coarse aggregates

in this experiment were washed and in a Saturated Surface Dry (SSD).

In addition, to determine the effect of chloride-induced corrosion crack time on
different slump values in reactive specimens, the RB1 slump was aimed at 90 to 110
mm to see the effects on the ACIC test and how it would compare to other specimens

with N12 embedded rebar.

All the mixing process was done in the UTS Tech Lab utilizing a horizontal pan
mixer. The concrete was prepared in accordance with AS 1012.2. The aggregate was
first poured into the mixer and mixed for two minutes. After the mixing of aggregates,

the cement is added and mixed for an additional 2 minutes. During this time, water
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and superplasticizer are added. For the batches containing reactive aggregate, the
mixing water is boosted with (NaOH) pallets which boosts the total alkali content of
the cement by 1.25% of the weight of cement. After this stage, the mix is set to rest
for two minutes and then a further two minutes of final mixing. The mix’s slump, air
content, and density are also measured utilizing AS 1012.3 and AS 1012.4,

respectively. The specimens are left for 24 hours to set before demolding and curing.

Table 3-5 presents batch numbers and expected specimens to be cast from each

batch.

Table 3-5 Batch number and expected number of specimens from each batch

Batch (2100mm x 200mm) (@100mm x 200mm) cylinder with embedded N12
Number cylinder rebar
RBI1 16 9
RB2 16 9
RB3 22 None
RB4 25 None
NRBI1 16 9
NRB2 16 9
NRB3 22 None
NRB4 25 None
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Figure 3-10 Pictures of concrete mixing process with slump, air content and density test

measurements at UTS Tech Lab

3.6  Curing of Specimens

The specimens initial curing method will comply with AS 1012.8.1. After
demolding the reactive casted specimens, are submerged in 25°C water to cure for
three days, then transferred to 38°C climate chamber and submerged in water. ASR is
a time-consuming process to simulate in laboratory conditions. A sufficient amount of
alkali, reactive aggregate, moisture, and heat is required to accelerate the ASR progress
and overcome this time-consuming process for faster results similar to other
accelerated tests such as AS 1141.60.1 and AS 1141.60.2 (Rajabipour et al., 2015).
Additionally, alkali leaching must also be considered in this process. Based on the
literature (Latifee & Rangaraju, 2015; Thomas et al., 2006), the alkalis in concrete can
leach out into the water, contributing to the delay of ASR progression, making it more
time-consuming. To overcome this issue, the reactive specimens are submerged in a
IM sodium hydroxide (NaOH) solution (40gr/l) to prevent alkali leaching. All the
cylindrical (@100mm x 200mm) specimens with an N12 steel reinforcement were
submerged in a manner to prevent water from touching the epoxy coated rebars to

prevent any premature corrosion despite being coated with three layers of epoxy.

Images of curing reactive and non-reactive specimens are shown in Figure 3-11.
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Figure 3-11 (Top) Reactive and non-reactive specimens in 38°C climate chamber with non-
reactive specimens being submerged in water and reactive specimens submerged in 1 M
sodium hydroxide (NaOH) solution, (Bottom) Non-reactive and reactive specimens cured in
25°C submerged in water.

3.7  Concrete Mechanical Properties

As mentioned in chapter 2.1.4, as the concrete expands due to ASR, it can cause
internal tension resulting in the expansion of the concrete. To evaluate how the
progression of ASR impacts the integrity of the casted concrete specimens,
compressive strength test, indirect tensile strength test and modulus of elasticity tests
will be conducted to assess the concrete as ASR progresses alongside with ACIC test

and chloride migration test.
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3.8 Expansion Measurement

ASR may take years to exhibit damaging expansion, and it can have a negative
effect both on the concrete and the reinforced structure (Fan & Hanson, 1998). In some
cases, expansion can even cause the reinforced steel rebar or stirrup to yield, causing
fractures. This effect combined with reinforcement corrosion has been seen in
structures such as Lucinda jetty in Australia and some bridge piers in japan. Because
of the mentioned reasons, it is important to monitor the expansion of specimens due to

ASR.

In order to measure the free expansion of the reactive and non-reactive specimens,
a Demountable Mechanical Strain Gauge (DEMEC) was used to measure the
expansion of cylindrical specimens for up to 150-days. At the third day for curing
DEMEC disks were adhered to the surface of the cylinders using epoxy adhesive from

three sides parallel to the central axis Figure 3-12.

100 mm

Legend:

®3im Demec studs

Figure 3-12 (Left) Side view of 100mm x 200mm specimen with attached DEMEC discs,
(Right) Top view of 100mm x 200mm specimen

3.9 ACIC Test

To evaluate the performance of the specimens containing reactive aggregate
undergoing ASR and non-reactive aggregates due to corrosion, the accelerated
chloride-induced corrosion test is utilized. Across the literature, some researchers
argue that the service life of a structure ends with corrosion initiation of the steel,

which is also known as the corrosion-free service life of the structure, this assumption
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is based on the fact that the period from corrosion initiation to cover cracking is
substantially shorter than the corrosion initiation time (Funahashi, 1990; Maage et al.,
1996; Nabavi, 2014). However, other researchers consider and evaluate corrosion-
induced cover cracking as the end of serviceability of the concrete structure (Andrade
etal., 1993; Bhargava et al., 2006; Cui & Alipour, 2018; Nabavi, 2014; Pantazopoulou
& Papoulia, 2001; Zhang et al., 2010). Thus, in this experiment, the concrete cover
cracking is assumed to be the end of service life based on the information from the

literature.

ACIC set up in this experiment is an Impressed Current (IC) method. The embedded
steel reinforcement will act as the anode, another steel bar will act as the cathode, and
a 15% sodium chloride concentration will act as an electrolyte. A 30 V constant direct
current will be connected to the Anode and Cathode. Any impulsive rise in electrical
potential will indicate the crack generation within the concrete cover during this test.
Utilizing a digital data logger, we can constantly monitor the circuit at any given time,
as shown in Figure 3-14 and Figure 3-15. During this test, the concrete reinforcement
acts as an anode and will attract OH™and Cl™ anions, the cathode will reduce O, to
OH™ and will attract Na* and H™ cations, through these chemical reactions, the
corrosion process is accelerated (Schueremans et al., 1999). The data logger utilized
in this experiment is a high-resolution data logger with up to eight true differential
inputs capable of monitoring voltage in the range of £2.5. The data logger is connected
to a computer containing PicoLog software which can monitor the voltage at any given
time increments. The software has built-in fluctuation detection, which can help to
estimate the chloride-induced cover crack more accurately by monitoring the spike in

voltage Figure 3-13.

PicolLog

The sudden spike in Voltage ’

start point \ /
/

b

Figure 3-13 (Left) PicoLog high-resolution data logger with terminal board and (right)
PicoLog software platform on computer
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Figure 3-14 ACIC test schematic
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Figure 3-15 ACIC test setup at UTS Tech Lab
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In this experiment, the time to chloride-induced corrosion crack is set as a criterion
for assessing the combined effects of ASR and corrosion of reinforcement by
comparing specimens containing reactive and non-reactive aggregate. Accelerated
corrosion testing is a reliable experiment since corrosion by itself is a long term

electrochemical reaction (Giineyisi et al., 2013; Saetta, 2005).

3.10 Chloride Migration Test

To elaborate more on the role of ASR on retarding the chloride ingress in concrete,
the Nordtest method NT build 492 (Chloride Migration Coefficient from non-steady-
state Migration Experiments) was utilized. Migration is defined as when ions within a
material move by the influence of an external electrical field, whereas diffusion is the
movement of ions from under a concentration gradient from a higher concentration to
a lower concentration zone. Chloride ingress speed in concrete is a defining factor
when it comes to concretes resistivity to chloride ingress. As this is a master’s project
and the limitation of time constraints the experimental progress, we use accelerated
migration instead of diffusion tests such as ponding. Accelerated tests such as ASTM
C1202, AASHTO T277, and NT build 492 are widely used and accepted in
determining and comparing the chloride ingress rate of concrete with different build

aspects and water to cement ratios.

To prepare the specimens for the migration test, the @100mm x 200mm cylindrical
specimens were cut in half into two @100mm X% 100mm cylinders and then by cutting
50 £ 2 mm at the end surfaces nearer to the first cut. The samples were transferred into
a vacuum container with a pressure of 10-50 mbar (1-5 kPa) for three hours. With the
pump still running, the vacuum chamber is filled with a saturated solution of calcium
hydroxide Ca(OH),, immersing the specimens, the vacuum is maintained for an
additional hour before air is allowed to reenter the vacuum chamber. The specimens
are to be kept in the solution for 18 to 20 hours. The specimens are then removed from
the vacuum chamber and rinsed with water to clean off the excess calcium hydroxide
Ca(OH), from the surface of the specimen and then dried with a piece of cloth to

prepare for the test.
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Figure 3-17 NT build 492 setup for migration coefficient measurement

The 50 mm disks are then put into a silicone rubber sleeve and tightened with
stainless steel clamps. The anolyte and catholyte solutions are in this experiment were

0.3 N (NaOH) with distilled water and 10% NaCl using tap water, respectively. The
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specimens are then introduced to a 30V initial electrical potential. This value is then
adjusted based on the current at the time of 30V initial electrical potential. The duration

of the test is also achieved with this method using the recommendations of NT build

492 Table 3-6.

Table 3-6 Test voltage based on initial current at 30V utilizing NT build 492 standard

Initial current IS[W Applied voltage u Possible new initial Test duration
(with 30 V) (mA) {after adjustment) (V) current  (MA) {hour)
h<5& 60 Ig < 10 %
5<ly<10 80 10 < Jy < 20 48
10< iy <15 60 20 < f < 30 24
15 < Iy < 20 50 25 < jy <35 24
20 < iy < 30 40 25 < fy < 40 24
30 < iy < 40 5 35 < Jy < 50 24
40 < Iy < 60 0 40 <y <60 24
60 < Ig < 90 25 50<ly<75 24
90 £ f < 120 20 60 < Iy < 80 24
120 < Iy < 180 15 60 < Iy < 90 24
180 < Iy < 360 10 60 < Iy < 120 24
Iy = 360 10 = 120 B

At the end of the test, the silicone sleeve and steel clamps are carefully
disassembled, and specimens are rinsed with water to remove the excess solutions on
the surface of the specimens. The specimens are then split axially into two pieces then
a 0.1 M silver nitrate solution is spayed on the split section to determine the penetration

depth Figure 3-18.

Figure 3-18 Chloride precipitation and direction of penetration
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The non-steady-state migration coefficient is calculated from the equation

underneath:
RT x4 — a/Xq
nssm — ZFE t (3-1)
where:
e EF= 02
L

e a=2 /ﬂ.erf‘l(l—zﬂ)
z FE Co

e Dusm: non-steady-state migration coefficient, m? /s
e z: absolute value of ion valence, for chloride, z = 1
e F: Faraday constant, F = 9.648 x104J/(V-mol)

e U: absolute value of the applied voltage, V

e R: gas constant, R = 8.314 J/(K-mol)

e T: average value of the initial and final temperatures in the anolyte solution,

K
e L: the thickness of the specimen, m
e xd: average value of the penetration depths, m
e t: test duration, seconds
e erf™1:inverse of error function
e ca: chloride concentration at which the colour changes ca= 0.07 N for OPC

concrete

co: chloride concentration in the catholyte solution, co~ 2

The test results are then compared to see the difference in non-steady state chloride
migration coefficient on reactive and non-reactive specimens and to determine if ASR

can influence chloride migration/diffusion in the concrete environment.

3.11 Summary

The experimental program has been thoroughly explained in this chapter. To be

able to produce good quality concrete, sieve analysis has been conducted for fine and
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coarse aggregates. Trail mixes were performed to cast specimens with and without
reactive aggregate, and their compressive strength was evaluated in 7, 14 and 28 days.

The results were acceptable.

The ACIC test has been explained in which cylindrical specimens with embedded
N12 rebar are exposed to a corrosive environment by analyzing the time to chloride-
induced corrosion comparative method on reactive and non-reactive specimens. It can
be determined if the combined effects of ASR and chloride-induced corrosion may

impact the time to corrosion-induced crack in RC structures and their service life.

Furthermore, NT build 492 standards is utilized to evaluate the non-steady-state
chloride migration confidant and to determine the influence of ASR and its by-product
ASR gel on chloride migration/diffusion of concrete specimens containing reactive

and non-reactive aggregates.
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Chapter 4
Results and Discussion

4.1 Introduction

In this chapter, the results of the experimental program are discussed. These

experiments will consist of:

e Assessing ASR’s influence on concrete mechanical properties, including
compressive strength, Indirect tensile strength and modulus of elasticity and
comparing them with control specimens. These tests will give a good
indication of how ASR can influence the mechanical properties of concrete.

e Conducting ACIC test to evaluate the time to chloride-induced corrosion
crack in reactive and non-reactive specimens. This test can give us
information on how the combined effects of ASR and chloride-induced
corrosion can impact the cracking time of concrete cover due to chloride-

induced corrosion in an accelerated test.

e Conducting the non-steady-state chloride migration test utilizing NT build
492 standard to evaluate the chloride migration coefficient of reactive and

non-reactive concrete specimens in order to determine if ASR gel which is
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a by-product of ASR, can influence the migration/diffusion of chloride ions

1n concrete.

4.2 Fresh Concrete Properties

In this section, the properties of freshly mixed concrete are presented. As it can be
seen, the batches slump, air volume and density are within the same range, ensuring
the consistency and homogeneity of the batches are the same. To evaluate the effect of
water content on time to chloride-induced crack utilizing the ACIC test, one of the
reactive batches, namely RB1, was selected to be cast with a higher slump between 90

mm to 110 mm.

Table 4-1 below presents the fresh concrete properties:

Table 4-1 Fresh concrete properties and number of specimens from each batch

(@100mm x
. ) (P100mm x 200mm)
Slump Air volume Density
Batch Number 200mm) cylinder with
(mm) (%) (kg/m?) :
cylinder embedded N12
rebar
RBI1 108 2.7 2556 15 10
RB2 88 2.7 2560 15 10
RB3 86 2.5 2558 22 None
RB4 87.5 2.6 2559 22 None
NRBI1 90 2.5 2559 15 10
NRB2 87 2.6 2561 15 10
NRB3 89 2.7 2557 22 None
NRB4 89 2.5 2558 22 None

4.3 Compressive Strength

Compressive tests are done according to AS 1012.9. The top surface of the
cylindrical specimens were ground utilizing a grinder device to achieve a plane surface
for the compressive strength test for uniform loading. The universal testing machine

apparatus can be seen in Figure 4-1.
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Figure 4-1 Compressive strength universal testing machine

The reactive and non-reactive specimens were tested on 7-day, 28-day, 56-day, 90-
day and 150-day to evaluate the effect of ASR as it progressed over time and compare
them versus non-reactive specimens. The average compressive strength results are
presented in Table 4-2. As it can be seen, the targeted compressive strength of

specimens are above the targeted 28-day compressive strength, which is 40 MPa.

Table 4-2 Average compressive strength test results for reactive and non-reactive specimens

) Average compressive strength (MPa)
Specimens type
7-day 28-day 56-day 90-day 150-day
Reactive 40.01 44.82 49.1 54.02 57.21
Non-reactive 43.4 45.6 50.23 55.5 59.89
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Figure 4-2 Compressive strength development in reactive and non-reactive specimens

From the acquired compressive strength test results on reactive and non-reactive
specimens over 150 days, it is evident that ASR did not affect the compressive
strength of the reactive specimens compared to non-reactive ones, as was expected
based on chapter 2.1.5.2. Not much reduction in compressive strength can be seen
in reactive specimens despite surface map cracking which appeared after
approximately day-120 of curing in in a 38°C climate chamber and submerged in
IM sodium hydroxide (NaOH) solution. A total of three specimens of each type

were tested for compressive strength at their respective test day.

Figure 4-3 External cracks on cylinders after 120-days submerged in 1M sodium hydroxide
solution in 38°C climate chamber
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It is expected that the compressive strength of the reactive specimens gets lower as
time passes and ASR takes place, causing the cracks to become more severe (Barbosa

et al., 2018).

4.4 Tensile Strength

To further evaluate the effect of ASR on the concrete specimens in this study,
indirect tensile strength in accordance with AS 1012.10 Figure 4-4 and Figure 4-5.

Figure 4-5 (left) Non-reactive specimen undergone indirect splitting tensile strength test
(Right) Reactive specimens undergone indirect tensile strength test

69



The test has been conducted on reactive and non-reactive specimens in 7-day, 28-

day, 56-day and 150-day. The results are presented underneath Table 4-3.

Table 4-3 Average splitting tensile strength test results

Average splitting tensile strength (MPa)
Specimens type
7-day 28-day 56-day 90-day 150-day
Reactive 4.59 4.49 4.46 4.45 4.39
Non-reactive 4.3 43 4.41 4.40 4.52
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Figure 4-6 Tensile Strength development in reactive and non-reactive specimens

From the obtained results, it can be concluded that ASR progression did not affect
the tensile strength of reactive specimens during 150-days of testing. A total of three

specimens of each type were tested for the tensile test at their respective test day.

4.5  Modulus of Elastisity

The modulus of elasticity tests has been conducted in accordance with AS1012.17.
The surface of the specimens was ground to achieve a uniform surface load. 10% and
40% of the compressive strength of the concrete specimens are used as an input for the
modulus of elasticity test. The test is run in three cycles, and the gradient of the third
and second cycle of the axial strain vs stress (MPa) is obtained as the modulus of

elasticity of the specimen. The testing apparatus can be seen in Figure 4-7.
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Figure 4-7 Modulus of elasticity testing apparatus

The test results for 7-day, 28-day, 56-day, 90-day and 150-day are presented below:

Table 4-4 Modulus of elasticity test results.

) Average modulus of elasticity (GPa)
Specimens type
7-day 28-day 56-day 90-day 150-day
Reactive 39.81 46.43 39.8 37.25 35.98
Non-reactive 43.46 53.55 53.2 54.1 553
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Figure 4-8 Modulus of elasticity development in reactive and non-reactive specimens

From the obtained results, it can be concluded that the average modulus elasticity

of reactive and non-reactive specimens increased from 7day to 28-day due to concrete
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hydration. However, the reactive specimens average modulus of elasticity is lowered
by 22.5% from 28-day to 150-day. On the other hand, the non-reactive specimens
show a slight increase of 3.8 from 28-day to 150-day. A total of three specimens of

each type were tested for modulus of elasticity at their respective test day.

4.6 Expansion Measurement

The free expansion measurement of the reactive and non-reactive specimens for
this study is conducted utilizing a demountable mechanical strain gauge (DEMEK).
After the 3-day initial curing in 25°C submerged in water, DEMEC disks were adhered
to the surface of the cylinders from three sides parallel to the central axis. After the 3-
day initial reading, the specimens were transferred to the 38°C climate chamber. The
reactive specimens were submerged in 1M sodium hydroxide (NaOH) solution, while
the non-reactive specimens were submerged in water. The attachment of the DEMEC
discs were similar to the study conducted by Fan and Hanson (1998). A total of six
specimens, three for reactive and three for non-reactive, were measured for expansion

due to ASR.

Table 4-5 Number of specimens for expansion measurement
Specimens type | Number of Specimens for expansion measurement

Reactive 3

Non-reactive 3

Figure 4-9 (Left) Mechanical DEMEC gauge for length change measurement and (Right)
DEMEC disks adhered to the surface of the cylindrical specimen
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The expansion result can be seen below in Figure 4-10:
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Figure 4-10 Expansion measurement for reactive and non-reactive specimens

It is observed that the reactive specimens in 38°C climate chamber submerged in
IM sodium hydroxide solution boosted with 1.25% of the weight of cement have
been expanded about 0.12% due to ASR in the age of 150 days accompanied by
cracking at the surface of the specimens A slight shrinkage is observed in non-
reactive specimens with no expansion in the 150-day measuring the duration. The

specimens are expected to expand more as the aging day progresses.

4.7 ACIC Test

4.7.1 ACIC Comparison In Pre and Post Cracking

At the first stages of the ACIC experiment, the ACIC setup has been tested
systematically to better understand the behaviour of accelerated corrosion and
estimate the time to corrosion-induced crack of test specimens correctly. For this
purpose, up to five non-reactive ACIC specimens cured for seven days were tested
and monitored for pre and post-cracking of the concrete surface due to chloride-
induced corrosion while constantly monitoring the time vs. voltage through digital

data logger. After each stage, the time to chloride-induced crack was measured,
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the time the rebars were extracted to weigh and evaluate any signs of corrosion.
The post crack specimens minimum and maximum crack width have been
measured as well. To prepare the cylindrical (100mm % 200mm) specimens with
an N12 steel reinforcement, the epoxy on the top of the rebar is removed and
cleaned with sandpaper to achive a smooth and clean surface to solder the wire to
the rebar. The specimen is then connected to the positive socket (anode), and the
other steel electrode (cathode) is then connected to the negative socket of the
power supply. The basis of this experiment suggests that if any crack appears on
the concrete surface, the voltage will spike. Thus, the connection to the data logger
is from the anodic wire utilizing the differential channel input. After the wires are
connected to the anode, cathode and data logger, the 15% salt (NaCl) solution is
then poured into the experiment tank and filled until 4cm to Scm from the surface
of the cylindrical specimen. The PicoLog software is then updated with the
experiments data and data logging intervals. After these steps, the DC power
supply is turned on for the experiment to commence until a spike in the voltage is
observed on the PicoLog software, indicating the surface of the concrete has
cracked and opened for the way to chloride ions to freely access the N12 rebar
embedded in the concrete specimen or anode. The process of preparing the

specimens can be seen in Figure 4-11.

Figure 4-11 Preparing the cylindrical (9100mm % 200mm) specimens with N12 steel
reinforcement for the ACIC test
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The result of the initial stage of ACIC experiment for pre and post cracking

evaluation on five non-reactive specimens can be seen in Figure 4-12 and Table 4-6.

Pre and post-crack corrosion comparison
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Figure 4-12 Comparison of data (potential in microvolts vs. time in hours) in pre and post-
cover crack on five different non-reactive specimens with seven days of curing

Table 4-6 Rebar weight loss percentage, time to corrosion-induced crack, minimum and
maximum crack width in pre and post-crack scenarios using seven days cured none-reactive

ACIC specimens
ACIC corrosion comparison specimen with 7-day curing
Category Pre-crack | Pre-crack Post- Post- Post-
1 2 crack 1 crack 2 crack 3
Rebar mass loss percentage 1.22% 3.41% 5.2% 7.87% 9.12%
Time (hours) 28 41 49 95 111
Minimum visible crack
None None 0.31 0.4 0.32
width (mm)
Maximum visible crack
None None 0.57 2 3.2

width (mm)

Some depictions of the experiment can be seen below Figure 4-13:
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Figure 4-13 (Top left) ACIC specimen during the test with corrosion byproducts oozing out,
(Bottom Left) Cleaned cracked specimen with crack pattern parallel to the embedded N12
rebar, (Top right) Extracted corroded N12 rebar with heavy corrosion and pitting signs,
(Bottom right) Corroded specimen cut parallel to the central axis to extract rebar, the
corrosion by-products can be seen on the surface of the concrete by brown, dark brown and
black colours

From the information gained through Figure 4-12 and Table 4-6, it is evident that
the time to corrosion-induced crack in the concrete cover is correlated with the items

listed below:

e The chloride-induced corrosion cracks occur when the time vs. voltage

curve starts to rise (49 hours).
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e We can assume that the rebar mass loss percentage associated with chloride-
induced corrosion crack to occur is between 3.41 and 5.2 per cent.

e As time progresses, maximum crack width and rebar mass loss increase as
well.

e From observing the Post crack-1 specimen, it is evident that chloride-

induced corrosion occurs as the U shaped curve starts to rise.

4.7.2 Main ACIC Test

After evaluating the specimens in pre and post-cracking situations and determining
the time to chloride-induced corrosion crack patterns, the main ACIC tests are
conducted. These tests were conducted in pairs with cylindrical (@100mm x 200mm)
specimens with N12 steel reinforcement for reactive and non-reactive specimens at the
age of 10-day, 30-day, 60-day, 90-day and 150-days. The reactive specimens were
cured for three days in normal conditions according to the AS 1012.8.1. After the
initial curing, all the reactive ACIC specimens were transferred to 38°C climate
chamber. The reactive specimens were also cured in 1M sodium hydroxide (NaOH)
solution in the 38°C climate chamber, while the non-reactive specimens were

submerged in water at 22°C.

The epoxy at the top of the rebars were cleaned and sandpapered for a clean surface
to solder the wire to the rebar, which acts as the anode. The specimens were closely
monitored utilizing the data logger and PicoLog software for any spike in voltage that

would indicate the cover cracking due to chloride-induced corrosion

ASR, in its nature, is a long-term deteriorating effect which is accelerated in this
study by boosting the alkali concrete of the cement to 1.25% (Na,0.q) and
submerging the specimens is 1M sodium hydroxide (NaOH) to prevent alkali leaching,
which can contribute to lowering the ASR process in a laboratory environment since
the specimens are submerged in water to have access to an unlimited supply of
moisture. If sufficient moisture is not supplied to the specimens, ASR progress will

cecase.
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The reactive specimens boosted with 1.25% (Na;0¢q) and submerged in 1M
sodium hydroxide (NaOH) solution showed white material, likely ASR gel exuding
out of the cylinder after the age of 120-day as shown in Figure 4-14. The ASR gel
gradually converts to C-S-H due to alkali recycling, and it is also carbonated when
exposed to air. This means that ASR was progressing through the reactive specimens
well before the age of 120-days filling the concrete pores with ASR gel until showing
itself on the surface of the specimens oozing out as a white substance. Research
conducted by Trejo et al. (2017) argues that ASR gel which fills the pore of the
concrete, can contribute to retarding the ingress of chloride ions and act as a barrier to
prevent chloride ions from entering (Trejo et al., 2017). Additionally, Energy-
dispersive X-ray (EDX) analysis done by Trejo et al. (2017) shows chloride levels in
ASR gel are low or non-detectable, further proving that ASR gel contributes to
lowering the diffusion of chloride ions (Trejo et al., 2017).

Figure 4-14 Reactive cylindrical (2100mm x 200mm) specimens with an N12 steel
reinforcement with ASR gel exuding and microcracking on the surface

The results from the experiment for 10-day, 30-day, 60-day, 90-day and 150-day
are presented in Figure 4-15, Figure 4-16, Figure 4-17, Figure 4-18, and Figure 4-19,

respectively.
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Figure 4-15 10-day ACIC test
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Figure 4-16 30-day ACIC test
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Figure 4-17 60-day ACIC test
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Figure 4-18 100-day ACIC test
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Figure 4-19 150-day ACIC test

The condition of some of the specimens after the ACIC experiment can be seen in
Figure 4-20. After the experiment, the minimum and maximum crack widths are
measured. Additionally, the N12 rebars are extracted for examination and rebar mass

loss percentage measurement Figure 4-21.
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Figure 4-20 Cover cracking of cylindrical specimens embedded with N12 rebar outlined
with red colour
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Figure 4-21 (Left) Extracted unclean corroded rebars, (Right) Sandblasted rebar the left
side of the rebar, which was covered in epoxy, has no signs of corrosion, while the right side
is heavily corroded with signs of pitting corrosion
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The chloride-induced corrosion cover cracking time, rebar mass loss, and maximum

and minimum crack widths are presented in Table 4-7 at the age of 10-day, 30-day,

60-day, 100-day and 150-day for reactive and non-reactive cylindrical specimens

embedded with N12 rebar for ACIC test.

Table 4-7 Time to chloride-induced corrosion crack, rebar mass loss, minimum and
maximum visible crack width on 10-day, 30-day, 60-day, 100-day and 150-day for reactive

and non-reactive specimens in ACIC test

Chloride-
Minimum | Maximum
induced
i i ) Rebar mass visible visible
Curing Specimen | corrosion
Category loss crack crack
duration number cracking _ _
) percentage width width
time ( ) ( )
mm mm
(hours)
Non- 1 50 4.18 0.21 0.8
reactive 2 45 3.97 0.34 0.71
10-day
1 70 4.9 0.21 0.68
Reactive
2 97 4.32 0.36 0.9
Non- 1 66 5.13 0.24 0.5
reactive 2 77 4.61 0.28 0.66
30-day
1 139 3.98 0.41 0.87
Reactive
2 180 4.85 0.23 0.81
Non- 1 75 5.02 0.26 0.98
reactive 2 73 4.1 0.17 0.65
60-day
1 133 5.31 0.37 0.77
reactive
2 219 4.94 0.44 0.87
Non- 1 73 4.01 0.2 0.87
reactive 2 67 5.05 0.19 0.76
100-day
) 1 138 5.09 0.31 0.91
reactive
2 208 4.21 0.29 0.77
Non- 1 79 5.1 0.18 0.58
reactive 2 91 4.04 0.21 0.87
150-day
1 112 3.98 0.21 0.62
reactive
2 240 4.83 0.35 0.7
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To better illustrate the different times of cover cracking due to chloride-induced

corrosion in reactive and non-reactive specimens, Figure 4-22 is presented.
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Figure 4-22 Average time to chloride-induced corrosion crack in reactive and non-reactive
specimens

Based on the information provided in Table 4-7 and Figure 4-22, for the ACIC test,
we can assume that the early improvement of time to crack from 10-day to 30-day in
all of the specimens are due to the hydration of concrete. As the concrete sets, the pores
are filled, and the tortuosity of the concrete increases resulting in a higher time to
crack. Reactive specimens results in ACIC tests compared to non-reactive specimens
indicate that as time passes and ASR progresses within the concrete environment, the
time to chloride-induced corrosion is increased, suggesting a reduction in concretes
chloride diffusivity in reactive specimens. All specimens show an average rebar mass
loss of 4.86 with pitting corrosion signs and were relatively consistent throughout the
experiment as the specimens were removed from the ACIC test as soon as any
indications of crack were observed by monitoring the data logger. Overall it can be
concluded that reactive specimens with a normal W/C ratio of 0.4 affected by ASR
show about 64.58% more resistance to chloride-induced corrosion crack compared to

non-reactive specimens with the same W/C ratio at the age of 150-day.

Comparing the reactive specimens with a higher W/C ratio of 0.42 and normal

W/C, which is 0.4, indicates that the water content of the concrete mix can play an
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essential role in the outcome of the test as the water content of the concrete increases
the time to chloride-induced corrosion crack in concrete cover decreases by a

considerable amount.

The alkali boosting of the reactive specimens have also been considered as they
may affect the passive layer, which protects the rebar. As ASR progresses within the
concrete, it consumes the available NaOH and reduces the alkalinity and pH of the
concrete (Rajabipour et al., 2015). In his study, Trejo et al. (2017) also observed that
the specimens affected by ASR have a lower critical chloride threshold, resulting from
ASR gel lowering the pH of the concrete environment. Assuming this factor and the
reduction of pH as ASR progresses, the non-reactive specimens were not boosted to
have an accurate result when it comes to non-reactive specimens chloride-induced

corrosion crack over a long period.

4.8 Chloride Migration Coefficient Test

To determine if ASR gel can affect the movement of chloride ions within the
concrete environment, the NT build 492 test was utilized to determine the migration
coefficient from the non-steady-state migration test. The testing procedure is explained

in detail in chapter 3.10.

Figure 4-23 (Left) NT build 492 test tank and (Right) Specimens ready for NT build 492 test
after extracting from the vacuum chamber

The tests were conducted on specimens with the age of 10-day, 30-day, 60-day,
100-day and 150-day on reactive and non-reactive specimens. The number of the

testing specimens can be seen below in Table 4-8.
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Table 4-8 Migration confidant values for reactive and non-reactive specimens

non-steady-state migration | Average
Curing Specimen i Standard
) Category coefficient Dy 5o Dyssm
duration number Deviation
(10712m?/s) value
1 9.11
Non-
2 8.98 9.14 0.18
reactive
3 9.33
10-day
1 8.88
Reactive 2 9.10 8.89 0.21
3 8.67
1 9.21
Non-
2 9.01 9.48 0.64
reactive
3 10.22
30-day
1 7.31
Reactive 2 7.89 7.5 0.33
3 7.3
1 9.81
Non-
) 2 9.32 9.42 0.35
reactive
3 9.13
60-day
1 6.8
reactive 2 6.21 6.58 0.32
3 6.73
1 7.5
Non-
) 2 8.11 8.06 0.53
reactive
3 8.57
100-day
1 5.98
reactive 2 6.32 6.11 0.18
3 6.03
1 7.89
Non-
) 2 8.01 7.76 0.33
reactive
3 7.38
150-day
1 5.56
reactive 2 5.70 5.46 0.3
3 5.12
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To better interpret the results, the age vs. average migration coefficient is plotted in

Figure 4-24.
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Figure 4-24 Average migration coefficient at different curing ages

At the age of 100 days, the specimens containing reactive aggregate showed signs
of microcracking on the surface and AR gel deposits after extracting the specimens
from the vacuum chamber. Some of the ASR gel deposits and microcracking were not
detectable before putting them inside the vacuum chamber and submerging them in
calcium hydroxide Ca(OH), . ASR gel deposits and microcracks are presented in

Figure 4-25.
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Figure 4-25 (Left) White ASR gel deposits on the surface of the NT build 492 test specimens
at the age of 100-day and (Right) Side view of the same specimen which contains
microcracks

The average penetration depth of reactive specimens was lower than that of non-
reactive specimens starting from day 30, resulting in a lower diffusion coefficient for

reactive specimens Figure 4-26, this trend was persistent through the rest of the tests.

Reactive specimen W 8| Lines indicating average penetration Non-reactive specimen

depth of chloride ions

Figure 4-26 Axially split reactive and non-reactive specimens at 90-day of curing age
undergone NT build 492 test indicating a lower penetration depth in reactive specimens on

the left compared to the non-reactive specimen on the right after spraying them with 0.1
silver nitrate

A low migration and diffusion coefficient value indicate that the concrete is less
porous and can better survive external attacks in harsh environments such as tidal

Z0ones.

There is a considerable difference in the migration coefficient of reactive and non-
reactive specimens starting from the curing age of 30-day, based on Figure 4-24

Average migration coefficient at different curing ages The lowering in migration
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coefficient in reactive specimens compared to non-reactive specimens is a good
indication of ASR gel affecting the chloride ions migration/diffusivity in the concrete
environment. An Improvement of 23.78%, 30.14%, 24% and 29.63% in chloride
diffusion coefficient can be seen in 30-day, 60-day, 100-day and 150-day,

respectively.

This can be explained by ASR gel blocking chloride ions' ingress due to filling the
void gaps (Berndt, 2019; Tordoff, 1990; Trejo et al., 2017). The experimental study
conducted by Trejo et al. (2017) shows that in addition to ASR gel reducing the
chloride diffusion, it also lowers the critical chloride threshold, which reduces the
chloride initiation time due to ASR lowering the pH of the concrete environment. The
lowering in migration coefficient and critical chloride threshold in reactive specimens
can set an equilibrium in the result of corrosion initiation time and lead to the same

corrosion initiation time in reactive and non-reactive specimens.

4.9 Summary

In this chapter, the results of the experimental program were presented. The effect
of ASR on concrete mechanical properties was experimented along with the combined
effect of ASR and chloride-induced corrosion in reactive and non-reactive specimens
utilizing ACIC test. The effect of ASR gel in retarding the ingress of chloride ions in
concrete was also measured using NT build 492 standards for non-steady-state
chloride migration coefficient measurement. From the gained results, it is evident that
ASR influences the ingress of chloride and time to chloride-induced corrosion crack
in reactive specimens utilizing accelerated test methods. ASR cracks were also

observed in specimens containing reactive aggregate.

4.9.1 Fresh Concrete Properties

The results of the slump test, density, and air volume measurements in creating
multiple batches show the concrete has good homogeneity and workability in both

reactive and non-reactive mixes.
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4.9.2 Concrete Mechanical Properties

The mechanical properties of reactive and non-reactive specimens were examined

over a 150-day curing age. The reactive cylindrical specimens expanded by 0.12%.

Results show that ASR did not significantly impact the concrete compressive
strength and indirect tensile strength. However, an average reduction of 22.56% in
Young’s modulus of elasticity was observed in reactive specimens affected by ASR.
This indicates that ASR damage is sensitive to Young’s modulus of elasticity and is a

good indicator of ASR progress in concrete.

4.9.3 Durability Performance

Preliminary ACIC tests have been conducted on non-reactive specimens to assess
pre and post crack behaviour of specimens undergoing the test and calculate rebar mass
loss, minimum and maximum crack width that occurs at the time of chloride-induced
corrosion crack. No signs of the crack were detected before any sudden rise in voltage
which indicates cover cracking has occurred in concrete. However, a reduction in rebar
mass was detected in pre-crack specimens. Post-crack specimens show that as time
passes, crack width and rebar mass loss increases after the initial crack has occurred.
It is essential to remove the specimens from the device as soon as any indications of a
sudden rise in voltage occur to be able to measure the minimum and maximum crack

width on the concrete cover and the percentage of the rebar mass loss accurately.

To investigate the combined effect of ASR and chloride-induced corrosion on time
to chloride induced-corrosion crack in concrete cover, tests were conducted on reactive
and non-reactive reinforced cylinders over 10-day, 30-day, 60-day, 100-day and 150-
day curing ages. The results show that the reactive specimens take a significantly
longer time to chloride-induced corrosion crack on the concrete cover and are about
68% more resistant to cover cracking at later ages compared to non-reactive specimens
due to corrosion. The water content can also heavily impact the ACIC test as it is
observed that RB1 with a higher W/C ratio showed faster crack time due to corrosion
than its counterpart with a normal W/C ratio. The rebar mass loss and minimum and

maximum crack width have been measured throughout all the experiments. The
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average crack width and rebar mass loss in reactive and non-reactive specimens were

in the same range.

Chloride migration coefficient tests on reactive and non-reactive specimens have
been conducted in 10-day, 30-day, 60-day, 100-day and 150-day curing ages. Reactive
specimens show a reduction in migration coefficient compared to non-reactive
specimens as time passes. Results gained on non-steady-state migration confidant
show that as ASR progresses within the concrete, ASR gel may fill the gaps and block
the movement of chloride ions in concretes interconnected pore, resulting in lower
migration coefficient in reactive specimens affected by ASR, making it more resilient

against chloride ions penetration.
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Chapter 5
Summary and Conclusion

5.1 Overview

ASR is a harmful long-term concrete durability issue and has been searched to a
reasonable extent in the past years since its discovery. However, its combined effect
with another deleterious phenomenon such as chloride-induced corrosion, which can
devastate RC structures, has not been well researched, and there are a limited number
of publications regarding their combined effects influence on mechanical properties

and durability performance.

This study has investigated the influence of ASR and chloride-induced corrosion in
RC structures and gives an insight into how their combined effects can influence a

structure suffering from both deleterious effects.

A complete literature review has been conducted on the effects of ASR on RC

structure serviceability, corrosion and their combined effects.

A preliminary mix design was conducted to ensure the characteristic compressive

strength (f;) of specimens were not below 40 MPa for the main concrete mix.
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Mechanical properties consisting of compressive strength, tensile strength and
Young’s modulus of elasticity have been conducted on reactive and non-reactive
specimens over 150 days to assess the impact of ASR on concrete mechanical

properties along with expansion measurement on cylindrical specimens.

Accelerated Chloride-Induced Corrosion (ACIC) tests have been conducted on
reactive and non-reactive cylindrical specimens embedded with rebar to evaluate the
combined effects of ASR and chloride-induced corrosion on time to cracking of
concrete cover. Additionally, non-steady-state chloride migration coefficients of non-
reactive and reactive specimens have been measured utilizing NT build 492 to assess
the effect of ASR by-product, ASR gel, on the transportation of chloride ions in

concrete.

It is worth mentioning that there are no standards for evaluating the combined
effects of ASR and chloride-induced concrete corrosion. There has been very limited
research regarding the combined effects of ASR and chloride-induced corrosion
throughout the literature, and none of them utilizes accelerated methods making this a

novel research.

5.2 Conclusions

e Reactive cylindrical specimens stored in 38°C climate chamber in 1M
sodium hydroxide solution showed signs of ASR-induced microcrack with
ASR gel exuding out of the concrete cover at the age of 120 days of curing.
Expansion of the reactive and non-reactive specimens was measured. The
maximum expansion of reactive specimens were 0.12%, while non-reactive
specimens showed no signs of expansion over 150-day of curing.

e The compressive strength of reactive specimens affected by ASR showed
relatively no reduction in compressive strength compared to non-reactive
specimens throughout the curing ages of 10-day, 30-day, 56-day, 90-day
and 150-day. ASR has not affected the concretes compressive strength

throughout the experiment.
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Indirect tensile strength tests have been conducted to measure the tensile
strength of reactive and non-reactive cylindrical specimens throughout the
curing ages of 10-day, 30-day, 56-day, 90-day and 150-day. Results show a
minimal amount of reduction in tensile strength in reactive specimens.
Young’s modulus of elasticity of reactive and non-reactive specimens were
also measured at the ages of 10-day, 30-day, 56-day, 90-day and 150-day.
The average modulus of elasticity of the reactive specimens were lower in
comparison with non-reactive specimens by 22.5%, indicating that ASR is
sensitive to the modulus of elasticity test and can be a good criterion in
evaluating the ASR progression in concrete.

Accelerated Chloride-Induced Corrosion (ACIC) tests were conducted to
assess the combined effects of ASR and chloride-induced corrosion in time
to chloride-induced corrosion crack on the concrete cover in cylindrical
specimens embedded with rebar. The obtained results indicate that as time
passes, the time to chloride-induced corrosion of reactive specimens
increases by a significant amount in comparison with non-reactive
specimens by 64.58% at the age of 150-day. All specimens show an average
rebar mass loss of 4.86 with pitting corrosion signs and were relatively
consistent throughout the experiment. The maximum and minimum crack
width of the reactive and non-reactive specimens were in the same range
throughout the ACIC tests. The water content of the concrete can
significantly influence the result of the ACIC test as well, as the water
content of concrete increases the time to chloride-induced corrosion crack
in concrete cover decreases as well.

The chloride migration officiant of reactive and non-reactive specimens
were measured utilizing NT build 492. The results show that both reactive
and non-reactive specimens migration officiant lower as time passes
because of the concrete hydration process filling up the pores and gaps
within the concrete. The reactive specimens show a lower migration
officiant than non-reactive specimens with an average of 23.78%, 30.14%,
24% and 29.63% in 30-day, 60-day, 100-day and 150-day, respectively.
This indicates that ASR and its by-product ASR gel can influence the
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chloride migration in concrete and lower its value as ASR progresses within

the concrete environment.

5.3 Recommendations for Future Studies

More research is needed on the topic of combined effects of ASR and chloride-
induced corrosion as there are very limited number of publications on this topic. ASR
and Chloride-induced corrosion are both time-consuming deteriorating effects, making
it very challenging to simulate them in the laboratory environment for the results to
correlate with structure in the field damaged by combined effects of ASR and chloride-
induced corrosion as there are no universal standards on this topic. Experiments such
as surface chloride content and critical chloride threshold level can also be evaluated
in future studies. Longer-term test duration is also recommended for better results as
there were time restrictions because this was a master’s degree project, and the tests

were conducted during the Covid peak.

The addition of Supplementary Cementitious Material (SCM) such as ground
granulated blast furnace slag, fly ash, and silica fume can be assessed in concrete, and
tests such as ACIC and chloride migration coefficient can be conducted. Additionally,
diffusion tests such as ponding can be conducted in a longer period of two to three
years to evaluate better the effect of chloride diffusion on concrete affected by ASR as

ASR progress takes a long time in concrete.

The influence of different types of aggregate with different reactivity and sizes can
also be evaluated on the combined effects of ASR and chloride-induced corrosion as
different reactive aggregate sizes and reactivity types may influence the combined
effects of ASR and chloride-induced corrosion. Additionally, further tests can be

conducted on full-scale structures to achieve a more realistic result.

Accelerated autoclave test can also be utilized to accelerate the ASR progress in a
much shorter duration to evaluate the combined effects of ASR and chloride-induced

corrosion and evaluate the migration or diffusion confidant. Petrographic and
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Scanning Electron Microscopy analysis can also be conducted to evaluate the effect of

ASR gel on preventing the ingress of chloride ions.
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