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ABSTRACT

CHLORIDE BINDING AND DESORPTION MECHANISM IN BLENDED CEMENT
CONTAINING SUPPLEMENTARY CEMENTIOTUS MATERIALS EXPOSED TO DE-

ICING BRINE SOLUTIONS

Concrete, the most widely used construction material globally, faces significant challenges
due to its porous nature, particularly from chloride-induced corrosion. This corrosion, primarily
caused by chloride ions penetrating concrete, affects over 7.5% of U.S. concrete bridges, incurring
annual costs ranging from $5.9 to $9.7 billion. Chlorides enter concrete from various sources,
including de-icing salts. Maritime infrastructures also suffer from severe chloride-induced
corrosion because seawater contains a high concentration of chloride ions. Irrespective of how
chlorides enter the concrete, chlorides can exist in concrete in two forms: free and bound chlorides.
While bound chlorides are beneficial, they can be released due to environmental factors like
carbonation and chemical attacks, exacerbating corrosion rates. These attacks cause pH reduction

in concrete and subsequently can result in the release of bound chlorides (chloride desorption).

This dissertation aims to address three main objectives: (1) investigate factors influencing
chloride binding measurements due to lack of a standardized method for chloride binding
measurements, (2) study chloride desorption mechanisms in different cementitious systems
exposed to de-icing brines, and (3) analyze pH and compositional changes in blended pastes under

chloride contamination and carbonation.

il



First, factors impacting chloride binding measurements were identified, such as sample
form and saturation level, solution composition, and solution volume. Vacuum-saturated samples
exhibited higher chloride binding than partially saturated or dried samples, with powdered samples
showing the highest binding. Secondly, chloride desorption mechanisms were investigated in both
Ordinary Portland Cement (OPC) pastes and pastes containing supplementary cementitious
materials (SCMs) like fly ash, slag, and silica fume. Results indicated that the type of cation in the
brine solution influenced bound chloride levels, with SCMs improving chloride binding capacity.
Slag inclusion was effective in promoting chloride binding, while silica fume showed the least
effect. The degree of chloride desorption under acid attack depended on the acid-to-paste mass
ratio. The results reveal that inclusion of fly ash and slag is favorable in terms of chloride
desorption, and silica fume is not recommended for use when chloride-induced corrosion is a

concern. MgCl, and CaCl: de-icers demonstrated a lower chloride desorption compared to NaCl.

Finally, the synergistic effects of chloride contamination and carbonation were examined
in OPC and fly ash-containing pastes. Carbonation led to over 95% chloride desorption after two
weeks, with fly ash-containing pastes exhibiting lower pH levels due to reduced portlandite
content. Incorporation of fly ash is not recommended when carbonation is a concern. Therefore,
caution should be exercised when considering fly ash inclusion in mixtures where both chloride

contamination and carbonation are simultaneous concerns.

This dissertation shed lights on primary factors influencing chloride binding
measurements, enhancing the accuracy of chloride binding results. This dissertation contributes to
understanding chloride desorption in cementitious systems, essential for enhancing the durability

and service life of concrete structures.
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Chapter 1 : Introduction

1.1. Overview

Concrete is the second most consumed material in the world after water, the most consumed
human-made material, and the most-used construction material [1]. It has been used to construct
buildings, roads, and bridges due to its strength, durability, and versatility. Even floating bridges
like the Evergreen Point Floating Bridge in Washington, and a colossal neoclassical sculpture, the

Statue of Liberty in New York, are made of tons of concrete [2].

However, concrete is a porous and permeable material, and different chemical agents
applied to concrete surface can penetrate the concrete, making the concrete vulnerable to various
types of deterioration and causing corrosion of the reinforcing steel [3]. While building codes
provide comprehensive guidelines for the design of concrete structures, they offer limited

specifications concerning the corrosion resistance and service life of concrete infrastructures.

Chloride ions enter concrete from a variety of sources. Chlorides can be internally
introduced into concrete through various constituent materials such as aggregates, cement,
admixtures, and even water during the mixing process [4, 5]. The external chloride ions are
primarily introduced to the concrete from marine environments and de-icing salts. Maritime
infrastructure are suffering from severe chloride-induced corrosion because seawater contains a

high concentration of chloride ions and they have significant economic and social values [6].

In winter seasons, the surfaces of concrete pavements and reinforced concrete bridge decks
are treated with chloride-bearing de-icing salts to minimize the risk of icy roads and sidewalks,

reducing the number of car accidents and injuries from falls on frozen sidewalks [7].



The application of de-icing salts is a low-cost solution and the most common method to
quickly melt snow and ice when cold weather arrives. The most common de-icing salts are sodium
chloride (NaCl), calcium chloride (CaCl,), and magnesium chloride (MgCl) [8]. For example, in
Fort Collins, Colorado, a magnesium chloride brine, Meltdown Apex, is the primary liquid deicer,
which the producer claims delivers a 12°F improvement in freeze point over other deicers [9].

The are contradictory reports regarding the sufficient concentration of chlorides, expressed
as a chloride threshold value or a critical concentration, that potentially initiates chloride-induced
corrosion [10-13]. However, if a concrete infrastructure is near an external or internal source of
chloride, reaching a critical concentration and initiating chloride-induced corrosion is only a matter
of time and will eventually happen.

When the amount of chlorides at the surface of the embedded reinforcing steel reaches a
high enough concentration and sufficient oxygen and moisture are present, chloride-induced
corrosion initiates. Chloride-induced corrosion is one of the leading deterioration on concrete
infrastructures, causing spalling and cracking, loss of bond between reinforcements and concrete,

and reduction in the cross-section of reinforcements [14, 15].

Figure 1.1 presents a basic depiction of the process of chloride-induced corrosion.
Reinforcements in concrete are protected from corrosion by a protective layer, called passive film.
The passive film is formed due to a high pH level in sound concrete, which is typically around
12.5 to 13.5[16]. The film is a thin and dense layer of iron oxide on the steel surface that acts as
an effective protective film on the surface of embedded reinforcing steel in concrete [17]. Before
corrosion takes place, first this passive film should be broken. Chloride and carbon dioxide in the

presence of moisture and oxygen can break the passive layer.

Upon the introduction of chloride ions to the concrete surface, chloride ions eventually



make their way to the surfaces of the reinforcing rebars, due to the porosity of concrete and
interconnected pores in concrete. The presence of chloride ions results in partial or complete loss
of the passive layer on steel reinforcement in concrete, which is usually called reinforcement
depassivation. Reinforcement depassivation leads to a significant risk of active corrosion on
reinforcements [15,16]. Continuing chemical reactions between chloride ions and reinforcements
result in the formation of rusts and pits and corrosion on the surfaces of reinforcing rebars. More

details are provided in Chapter 2.
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Figure 1.1. Simplified chloride-induced corrosion mechanism

1.2. Problem Statement

As mentioned earlier chloride ions can enter concrete either from external or internal
sources. Irrespective of how chlorides enter the concrete, chlorides can exist in concrete in two
forms: free and bound chlorides [18]. Free chlorides are the primary cause of chloride-induced
corrosion in concrete structures because they can move freely in concrete pores, reaching the rebar
surface to initiate corrosion. Figure 1.2.a displays a schematic representation of free and bound
chlorides in concrete.

The free chloride ions in the pore solution are able to actively participate in the corrosion
of reinforcement rebars [19]. The pore solution of cement pastes is an essential yet often

overlooked component of hydrated cements [20]. The pore solution refers to the liquid phase



within the microstructure of hydrated cement paste. It is a highly alkaline solution, primarily
composed of hydroxide ions, sodium, potassium, calcium, sulfate, silicon, and aluminium [20].
Several studies reported that reinforcement depassivation is more related to the pore solution
composition such as CI'/ OH™ ratio rather than chloride concentration [21-23] which shows the

importance of concrete pore solution in chloride-induced corrosion process.

Some of these free chlorides in concrete pore solutions can either form a physical or
chemical bond with the cement hydration products, becoming bound chlorides [24, 25]. Bound
chlorides are those chloride ions that are adsorbed by the concrete matrix and cannot actively

participate in reinforcement corrosion. Therefore, chloride binding is a favorable phenomenon.

a) pH of the concrete
pore solution is
around 13

Chemically-Bound

b) pH of the concrete
pore solution falls
(~9to 12)

Figure 1.2. Schematic representation of a) free and bound chlorides in concrete and b) released
bound chloride in concrete due to pH reduction

Although chloride binding is a beneficial process, chloride binding cannot be assumed to

be permanent and lasting forever. In real case scenarios, most concrete infrastructures, such as



concrete pavements and bridges, are subject to environmental attacks such as carbonation and
chemical attacks. These chemical attacks cause pH reduction in the concrete pore solution and
subsequently can result in reduced chloride binding capacity [26] and the release of bound

chlorides. In other words, chloride binding is a reversible process.

In previous studies, there is a lack of understanding of the degree to which chloride binding
is reversible. Changes in concrete composition over time, often due to chemical attacks, such as
carbonation, acid attack, and sulfate attack, and the decrease in pH can lead to the reversibility of
chloride binding, as shown in Figure 1.2b. It should be noted that carbonation in concrete is when
atmospheric carbon dioxide (CO;) penetrates into concrete and reacts with cement hydration
products such as Ca(OH),, forming carbonic acid (H2CO3) within the concrete pore solution,
resulting in a pH drop in the pore solution. In such scenarios, chlorides previously bound to the
cement hydration products can dissociate and re-enter the pore solution, raising the concentration
of free chloride as shown in Figure 1.2b. In this thesis, we refer to this phenomenon as "chloride
desorption". In terms of concrete durability, chloride desorption is an unfavorable mechanism
because it releases some previously bound chlorides into the concrete pore solution, increasing the

concentration of free chlorides and the corrosion risk of reinforcements in concrete structures.

To the best of the author's knowledge, current service life models do not take into account
the chloride binding reversibility. However, in reality, when the pH of the concrete pore solution
changes, whether due to carbonation, acid attack, or sulfate attack, the chloride binding capacity
and the concentration of free chloride ions in the concrete pore solution also change. This leads to
an increased risk of corrosion. In other words, existing service life models tend to overestimate the
lifespan of concrete infrastructure by simply neglecting the chloride desorption phenomenon.

Therefore, investigating the chloride desorption mechanism and providing reliable information



and data for incorporating the desorption mechanism in service life modeling would significantly

enhance the reliability of current service life predictions.

This thesis aims to address the chloride desorption phenomena, as defined earlier, in
various cementitious systems in low pH environments. This study investigates how much bound
chloride would disassociate from cement hydration products and return to cement pore solution
when there is a reduction in pH. This thesis also aims to provide an understanding of how
incorporation of diverse types and replacement levels of supplementary cementitious materials
(SCMs) can potentially impact chloride binding, and more importantly, chloride desorption when

the pH drops within different ranges.

1.3. Significance

Chloride-induced corrosion impacts the strength and serviceability of more than 7.5% of
the concrete bridges in the U.S. [27], resulting in significant social and economic losses. Official
reports on the annual direct and indirect costs of chloride-induced corrosion in concrete
infrastructure are rarely easy to find whether from federal or non-federal agencies. The primary
challenge may be related to the difficulty in distinguishing between various forms of concrete
deterioration. Based on a Federal Highway Administration (FHWA) report in July 2007, the annual
direct cost of rebar corrosion in concrete bridges is $5.9 to $9.7 billion in the U.S. If indirect costs,
such as traffic delays, detours, and road closures are also considered , the total cost of chloride
induced corrosion can be much higher [28]. Another quite dated report by Building Research
Establishment (BRE) in UK estimated the annual cost incurred in UK due to the corrosion damage

to concrete is around £ 750 million [29].

While chloride-induced corrosion is a widespread concern across the globe, there are still

many aspects of it that have not been fully understood, highlighting the need for more in-depth
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research. Gaining a better understanding of chloride binding and desorption mechanisms
contributes to the mitigation and delay of chloride-induced corrosion in concrete infrastructures,

ultimately leading to cost savings in repair, maintenance, and rehabilitation projects.

Contrary to the chloride binding capacity of cementitious materials, which has gained lot
of attention and also been incorporated in service life modelling, the chloride desorption
mechanism is barely investigated. The chloride desorption mechanism is an underrated
phenomenon which contributes to the reduction of the lifespan of concrete and significantly
impacts chloride-induced corrosion rate and magnitude by increasing the concentration of free
chlorides in concrete pore solution. Therefore, there is an undeniable need to thoroughly
investigate the process to understand how much bound chloride in different cementitious materials
and under diverse low pH environments potentially disassociate and return to the concrete pore
solution. This novel research can significantly contribute to the body of the current knowledge by

methodically investigating the chloride binding mechanism.

1.4. Outline of the Dissertation
This dissertation contains five chapters providing background, materials and methods,

results, and discussion for four separate yet connected objectives.

Chapter 2: Comprehensive Background and Literature Review: This chapter provides a

comprehensive literature review of previous findings and knowledge gaps on chloride binding
capacity in cementitious systems and explores current understanding of the chloride desorption
mechanism in various cementitious systems. At the end of this chapter, the research questions and

objectives are presented.

Chapter 3: Methodology: The third chapter presents a detailed description of the materials,




equipment, methods, calculations, and testing procedures employed in this research project. To
maintain clarity and coherence in the presentation of research methodology, each defined objective

is accompanied by its own dedicated methodology section.

Chapter 4: Results and Discussion: This chapter summarizes the results of this project

based on experimental tests. For clear and cohesive presentation of outcomes, the results and

discussion for each specific objective are distinctly outlined in separate sections.

Chapter 5: Conclusion and Recommendation for Future Works: Chapter five emphasizes

the key findings from the four investigations, outlines the contributions of this research, and offers

guidance for future scholars in the domain.



Chapter 2 : Background and Literature Review on Chloride Binding and

Desorption in Blended Cement Exposed to Brine Solutions

2.1. Introduction

Concrete infrastructures are of great importance to societies, providing the means to
connect cities, transport people and goods, and protect the land against flooding and erosion.
Reinforced concrete is used in the majority of civil and construction projects. Concrete performs
well under compression and steel is strong in tension. The unique combination of reinforcing steel
and concrete helps bear high loads in diverse civil projects including roads, bridges, building,

pipes, parking garages, etc.

While concrete is one of the most economical construction materials, even well-designed
and constructed concrete structures are prone to deterioration due to poor durability performance.
Reinforced concrete structures are frequently exposed to a variety of environmental conditions
such as chemical attack, carbonation, freeze-thaw cycles, acid rain, etc. One of the leading
durability problems for reinforced concrete structures is corrosion of reinforcements with related

cracking on the concrete surface and spalling of concrete cover [30].

Corrosion of the reinforcing steel in reinforced concrete leads to unserviceability of the
structures and aesthetics problems. More importantly, rebar corrosion in reinforced concrete poses
economic liability to private or public owners [31], forcing them to repair and rehabilitate the
corroded reinforced concrete structures. The corroded reinforced concrete structures are
unsustainable, as maintaining them in operation necessitates the consumption of additional
precious natural resources. One of the most fundamental causes of reinforcement corrosion and

degradation of concrete structures, is chloride-induced corrosion [32].



Rebar corrosion can be initiated by the penetration of chloride in concrete, such as from
exposure to seawater or road deicing salts. Chloride-induced corrosion is a widespread concern
across the globe, impacting diverse infrastructures including but not limited to bridges, pavements,
and marine structures. While chloride-induced corrosion has been studied for decades, there are
still many unanswered questions regarding corrosion onset and rate, the critical chloride
concentration that initiates the corrosion, impacts of cracking and spalling on corrosion rate,
impacts of concrete composition on corrosion rate and corrosion initiation, effects of chloride

binding on corrosion rate, etc. [31].

Chloride-induced corrosion causes colossal economic losses worldwide [33]. The chloride-
induced corrosion leads to strength reduction, cracks, and serviceability in reinforced concrete
structures. Transportation agencies annually spend billions of dollars of taxpayer’s money on the
maintenance, repair, and construction of reinforced concrete structures [31]. A considerable portion
of these infrastructures are in cold-climate regions and in marine environments where they
frequently are in contact with deicers and seawater, increasing the risk of chloride-induced
corrosion [34]. Seawater and de-icers are two main sources of external chlorides. Seawater
contains roughly 3.5% salts by weight, primarily including ions such as Na*, Mg?**, C1", and SO4*"
[32]. Chloride bearing de-icing salt solutions are being used in winters to melt snow. The snow
removal practices in different states recommend different application rates of brine salt solutions
on pavements, depending on temperature, weather conditions, and type of maintenance activity
[35]. In addition, after the snow melts, there is no washing-out process to remove excessive salts
sprayed on concrete surfaces. The washing-out process can be highly effective in mitigating the

risk of chloride-induced corrosion. This process helps remove chlorides-bearing salts from the
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concrete surface before chloride ions have a chance to penetrate the concrete.

Understanding the chloride-induced corrosion mechanism and parameters that impact this
phenomenon is a key step in improving longevity of reinforced concrete infrastructure. In this
chapter, first a detailed description of chloride-induced corrosion in reinforced concrete is
provided. Following on this, the impacts of chloride binding on chloride-induced corrosion is
explained. Then, a review of prior studies on chloride binding in cementitious systems and key
factors impacting chloride binding capacity is presented. Then a review of testing methods for
chloride binding measurements is presented. Following on this, previous findings and current
knowledge of chloride desorption is provided. At the end, a summary of knowledge gaps in the

existing body of knowledge, proposed research questions, and primary objectives is presented.

2.2. Chloride-Induced Corrosion Mechanism

The onset of chloride-induced corrosion requires the presence of chloride ions, originating
either from seawater or deicers, in combination with oxygen and humidity. When the chloride
concentration exceeds a specific threshold, chloride-induced corrosion in reinforcement concrete
can occur. This threshold value is typically called chloride threshold value or critical chloride
content [31]. After more than 60 years of intense research, still there is a significant discrepancy
on reported values of critical chloride content in the literature review [31] due to differences in
measuring methods and experimental conditions [12, 31]. Reported critical chloride concentrations
that initiated chloride-induced corrosion for Portland cement, range from as low as 0.05% to as
high as 3% (percentage of cement weight) [12]. As per the Federal Highway Administration
(FHWA) criteria, a chloride ion concentration of 0.15%, by weight of the cement, is acceptable but
that 0.3% is considered dangerous and unacceptable [36]. ACI Committee 222 has been developing

a standard method for testing and measuring the critical chloride value. However, the document
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has not yet been released while this thesis is under investigation.

For reinforcing rebars in concrete, the concrete acts as a barrier that restricts the penetration
of water and oxygen to the reinforcements’ surface. Additionally, the alkaline environment within
the concrete's pore solution contributes positively by forming a thin protective layer, known as a
passive film, approximately a few nanometers thick, on the steel. However, this protective film
becomes unstable in the presence of chloride ions or when the pH drops below around 9 [36].
Unfortunately, concrete is porous which permits chloride ions from de-icing salts or seawater to
seep in. Atmospheric CO> can react with concrete to reduce the alkalinity of the concrete pore
solution. The breakdown of the passive film by either chlorides or the CO» reaction, known as
carbonation, leads to localized corrosion, resulting in significant metal loss. The rate of this
localized corrosion can reach up to as high as one millimeter per year at high chloride ions

concentration [37].

Corrosion of embedded steel reinforcements in concrete is an electrochemical process.
Corrosion in reinforcing steel rebars in reinforced concrete structures involves the establishment
of an anode and a cathode. The steel reinforcement plays as electrode and the concrete pore
solution plays as electrolyte, i.e. an aqueous medium [38], forming a corrosion microcell at the
microscopic level on the reinforcements. This microcell consists of adjacent anodes and cathodes.
It should be noted that both an anode and a cathode can exist on the same metal piece, often due
to a potential difference, or voltage, between two points on the metal [39]. This potential
difference, which is the driving force for the microcell formation, is the measure of energy transfer
between two circuit points, prompting electron flow from one point to another to achieve balance
[40]. Factors contributing to these potential differences include the metal's non-uniformity,

variations in the physical and surface conditions of steel, and the electrolyte's non-uniformity [37,
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40]. For instance, areas of steel exposed to salts or solutions with lower pH levels can experience
these differential conditions. An engineering example is reinforced concrete columns and piers in

seawater environments supporting a bridge deck.

In the formed microcell on the surface of embedded steel in concrete, four primary
reactions take place, ultimately leading to the formation of rust on the reinforcements. Equations
(2.1) to (2.4) shows these four reactions [38, 41]. Within the corrosion microcell, the anodic area
is where the corrosion process occurs. The anodic reaction, also known as oxidation, is shown in
Eq. (2.1). This process involves consumption of steel reinforcements and release of electrons. The
anodic reaction is the oxidation of iron (Fe) to iron II ions (Fe**), releasing electrons in the process.
The anodic reaction is balanced by the cathodic reaction. The electrons released by the anodic
reaction travel through the steel reinforcement to the cathodic area. Eq. (2.2) shows the cathodic
reaction, known as reduction reaction. The cathodic reaction involves the reduction of oxygen in

the presence of water, forming hydroxide ions (OH").

Additionally, chloride ions react with steel reinforcements to create ferrous chloride, as
illustrated in Eq. (2.3). Subsequently, in the presence of moisture, ferrous chloride reacts with
water, leading to the formation of ferrous hydroxide [40], commonly known as rust, on the

reinforcement's surface, as shown in Eq. (2.4).

Fe —» Fe* +2e¢ (Oxidation reaction) (2.1)
0.50, + H,0 +2¢° —> 2(OH) (Reduction reaction) (2.2)
Fe’" +2Cl — FeCl, (Ferrous chloride formation) (2.3)
FeCl, +2 H,O —»2HCI + Fe (OH) (Rust formation: Ferrous Hydroxide) (2.4)
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When corrosion happens, the volume of the rust is roughly two to six times greater than
that of iron steel [42]. The growth of rust generates tensile stress on the adjacent concrete, resulting
cracking, delamination, and spalling of concrete cover. Figure 2.1 displays a cross section of
corroded reinforced concrete. In addition, HCI forms as a result of the ferrous chloride and water
reaction, creating an acidic environment lowering the pH of the concrete [43]. Formed HCI will

precipitate again into two H" and C1” ions, which can again react with Fe*" and form more rust.

Passive film

Concrete

Figure 2.1. Schematic drawing of rebars corrosion on a cross section of reinforced concrete

2.3. Impacts of Chloride Binding on Service Life Prediction of Concrete Structures and the
Chloride-Induced Corrosion Risk

There is not a single definition of the service life of a concrete structure, and it should be
defined based on the project requirements, importance, etc. The service life of a structure can be
defined as the time to corrosion initiation or the time the first repair is needed. In other words, the
end of service life should be clearly defined whether by the owner or specific standard in the

contract. One definition for end of service life if when the foreseen and expected function
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(including but not limited to safety, appearance, structural or architectural requirements, etc. ) is

no longer fulfilled [44].

The service life predictions for existing concrete structures provide valuable insights on
remaining service lifetime and use to plan repair and maintenance, if necessary [45]. In the service
life-based design for new structures, the industry practice is that take into account the exposure
condition of a concrete structure and design concrete mixture based on weathering and
environmental factors. In addition, primary parameters in concrete mix design like w/cm ratio, min
strength, min concrete cover, and maximum acceptable crack widths are selected in such a way to
fulfill exposure condition such as frequent exposure to chloride ions. Service life models can be

utilized for both new and existing concrete structures.

Several models are proposed to estimate the service life of reinforced concrete in a
corrosive environment. Figure 2.2 shows an overview of service life prediction for concrete
structures including primary inputs, common modeling software, and main outputs. As shown in
Figure 2.2, exposure conditions such as the presence of chloride in the environment (in seawater
or during winter season by using brine solution) and chloride transfer properties (such as chloride
ion diffusivity) are two main inputs in the service life prediction models for concrete structures.
Previous investigations showed that chloride ingress and transfer properties are influenced by
chloride binding capacity of cementitious materials. The greater the chloride binding capacity of
the concrete, the lower chloride ionic transport will be [46], meaning the longer the service life of
concrete structures. This phenomenon has been addressed in Fickian service life models by
incorporating the chloride binding capacity of a cementitious system in the chloride diffusion

coefficient or as a sink term in service life models using the Nernst—Plank equation [47-49]. This
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suggests that a key factor in extending the durability of concrete structures is enhancing their

ability to bind chloride ions.
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Figure 2.2. Overview of service life prediction for concrete structures: inputs, modeling software,
and outputs

Chloride binding reduces the quantity of mobile chloride within concrete at almost all areas
exposed to a chloride solution [50]. In addition, the chemical and physical bonds that form
between the cement hydrates and chlorides can immobilize some fraction of the ingressed
chlorides and slow the transport of the free chlorides in the concrete pore solution [51-53]. Thus,
the chloride binding limits the free movement of chlorides inside concrete pores and is considered

a favorable mechanism for reducing the risk of corrosion from a durability standpoint.

Chloride diffusion models are being used in service life prediction to estimate how fast
chloride ions can ingress in a concrete structure. Several formula and models have been developed
to predict how chloride diffuses in concrete containing different types of binders [54]. Each of

these chloride diffusion models uses a different formula for chloride binding, often referred to as
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a chloride binding isotherm. Consequently, accurate prediction of chloride transport goes hand to
hand with understanding the chloride binding capacity of the binder. This involves employing
chloride binding equations based on empirical data to predict the chloride binding capacity, thereby
improving the prediction of the actual amount of chlorides available for causing corrosion in

models that estimate the service life of concrete structures [55].

Therefore, increasing the chloride binding capacity of a cementitious system is one of the
best practices to mitigate the risk of chloride induced corrosion and delay the time by which the
chlorides can reach the steel. Increasing the chloride binding capacity in concrete reduces the
availability of free chlorides to interact with concrete components and attack the reinforcement,
enhancing the durability of concrete structures [56]. However, it should be taken into account that

chloride binding is a reversible process.

The mentioned software packages in Figure 2.2 are capable of advanced modeling to take
into account cracks, multi-layer systems (like having a coating on top and bottom of the concrete
surface), and repairs (like having a 2’ cover on top of the concrete surface after 50 years). While
these numerical service life prediction models consider multiple properties as inputs including but
not limited to concrete aging (which can change the concrete microstructure), changes in concrete

pore solution pH, and chloride binding, the chloride desorption have not been considered yet.

2.4. Literature Review on Chloride Binding in Cementitious Systems

Chloride binding refers to a process by which chlorides form a physical or chemical bond
with cement hydration products and are removed from the pore solution. Bound chlorides in
cementitious systems are generally classified as chemically bound chlorides, in which chlorides

substitute anions such as OH , COs*, SO4?" in the interlayer of the AFm phase to produce Friedel's
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salt (CasAl2(OH)12C12.4H>0) [57], and physically bound chlorides, which are mainly adsorbed on

the surface of calcium silicate hydrates (C-S-H) [58].

Numerous variables can influence the mechanism of chloride binding. The factors most
frequently reported as affecting chloride binding capacity of cementitious materials include, but
are not limited to, chemical composition of cementitious materials [22, 23, 59-61], amount of water
in the mixture (usually represented as a water to cement ratio) [62-64], curing condition [61, 65],
chloride solution type and molarity [66-68], exposure solution condition (duration, temperatures,
etc.) [69-72], testing sample saturation, chemical admixture types and dosage [73-76], testing
sample type (Paste, mortar, and concrete), testing sample form (Disk, powder, or synthesized pore

solution).

2.4.1 Impact of Binder Composition on Chloride Binding Capacity

Many research works have investigated how the composition of the binder affects the
mechanism of chloride binding [61, 77, 78]. The aluminum content, significantly affects
chemically bound chloride due to formation of more AFm (hydrated calcium aluminate phases)
phases that have the ability to chemically react with chloride ions and form a new phase [19].
Ipavec et al. [79] studied the impact of different SCMs and limestone on chloride binding. Their
findings suggest that chloride-bearing AFm compounds, like calcium monochloroaluminate
hydrate (Friedel's salt), are the main forms of chemically bound chlorides. Rasheeduzzafar et al.
[21, 59] noted that an increase in tricalcium aluminate (C3A) enhances chemical chloride binding
and Friedel's salt formation. They found that chlorides mixed into the concrete bind more
effectively than those entering from external sources.

The binding capacity of AFm phases, such as monosulfate, is stronger compared to C-S-

H. However, given the higher prevalence of C-S-H in hydrated cementitious systems, the
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proportion of chemically bound chlorides in Friedel’s salt versus adsorbed chlorides on C-S-H
depends on free chloride concentration. At concentrations below 1 M, chemical binding dominates,
but at higher levels, physical binding becomes more significant [68].

The CaO-to-Al>O3 ratio (C/A) in the binder also influences chloride binding capacity. Both
CaO and AL>Os3 contribute to forming C-S-H and AFm phases, enhancing chloride binding. Wang
et al. [80] studied varied binder chemical compositions and reported that when the C/A ratio is
between 3 to 7 chloride binding capacity is maximum. At a C/A ratio above 7, chloride binding
relies more on aluminum content and calcium is excessive. Conversely, a C/A ratio below 3 results
in excess alumina, the chloride binding is highly linked to the calcium content.

For many decades, blended cements composed of ordinary Portland cement (OPC) with
supplementary cementitious materials (SCMs) have been the first line of defense against durability
issues and to extend the service life of concrete structures. The incorporation of supplementary
cementitious materials (SCMs), which change the chemical composition of binders, influences
chloride binding capacity in concrete [56, 61, 63]. The impact of various SCMs on chloride binding
capacity has yielded mixed results. Using fly ash and slag generally enhances chloride binding,
while silica fume tends to reduce it. The chloride binding capacity in cementitious systems with
SCMs largely depends on the SCMs aluminum content [79]. Additionally, incorporating an SCM
alters the pore solution chemistry, typically lowering its pH [81], due to the pozzolanic reaction
where portlandite is consumed to form C-S-H [82, 83]. The three most commonly used SCMs in
the concrete industry are fly ash, slag, and silica fume. In the following section the impacts of these

SCMs on chloride binding are reviewed in detail.
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2.4.1.1. Impact of Fly Ash Incorporation on Chloride Binding Capacity

Among various products available commercially, fly ash has been the cheapest and perhaps the
most widely used SCM in the world [84]. Fly ash, a coal-fired power plant byproduct, is the most
prevalent SCM in the United States, mainly due to its abundance. Geng et al. [56] reported that
replacing 30% of OPC with class F fly ash and slag improves chloride binding capacity, with fly
ash showing higher efficacy. Xu et al. [52] found similar results, noting that silica fume inclusion
reduces chloride binding, but partial replacement of cement with fly ash and slag increases it.
Ramirez-Ortiz et al. [85] examined the chloride binding performance of different cement pastes in
NaCl solutions using ultrasonic detectors. Their results showed that incorporating 40% fly ash
(40% fly ash + 60 % OPC) resulted in the highest chloride binding, followed by 10% silica fume
(10% silica fume + 90% OPC), 20% fly ash (20% fly ash + 80% OPC), and OPC (100% OPC, no

SCMs).

2.4.1.2. Impact of Slag Incorporation on Chloride Binding Capacity

The availability of fly ash has been considerably reduced due to recent environmental
restrictions placed on coal-fired power plants [86]. Therefore, many state highway agencies and
departments of transportation in the United States are exploring alternatives to fly ash. In recent
years, the US concrete industry has used increasing amounts of ground granulated blast-furnace
slag (GGBFS) cement, a by-product of steel production.

According to the Slag Cement Association, most states in the US witnessed an average increase
of 11% to 14% in the annual consumption of GGBFS between 2015 and 2019 [87]. The increased
usage of GGBFS is mainly due to the growing concerns about reducing the carbon footprint of
concrete and the positive effects of GGBFS in this matter. The cradle-to-gate impact of producing

GGBFS on global warming potential is almost seven times lower than that of OPC [88, 8§9].
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Moreover, research shows that GGBFS concrete has a lower permeability [90-92], is more resistant
to sulfate attack [93, 94] and the alkali—silica reaction [95, 96], and compared to Type I/Il OPC,
GGBFS-blended concrete generates less hydration heat, making it more suitable for mass
concreting [97, 98].

The chloride-induced corrosion resistance of GGBFS concrete, among various durability
issues, has received significant attention in the past 20 years [57, 99-104]. Research has shown
that incorporating GGBFS in concrete can refine the concrete microstructure and immobilize the
free movement of chloride ions in the concrete pore solution, slowing the ingress of chlorides in
concrete [105, 106]. Compared to OPC, slag containing concrete contains less CaO but more
AL O3, leading to the formation of more AFm and C—S—H phases with a lower C/S ratio [107].
AFm phases are capable of chemically reacting with chloride ions [108], forming Friedel’s salt
which is a form of chemically bound chloride. Chlorides adsorbed on C-S-H gel is the main form

of physically-bound chloride [109], enhancing chloride binding capacity.

2.4.1.3. Impact of Silica Fume Ash Incorporation on Chloride Binding Capacity

Silica fume has long been used to enhance the performance of high-strength concrete,
improving both concrete mechanical strength and durability. In the concrete industry, the preferred
type is densified silica fume, which is highly pozzolanic and rich in amorphous silica (over 85%).
This amorphous silica reacts with portlandite (Ca(OH).) to form more C-S-H, enhancing the
concrete's strength, density, and microstructure. Compared to other SCMs like fly ash and slag,
densified silica fume features much smaller particles (0.1-0.5 pm) and a larger BET-specific
surface area (greater than 13 m?/g), leading to its typical usage being restricted to 5-10% of the

weight of cementitious materials [110].
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Incorporating silica fume in cement paste affects the chloride binding capacity in several
ways. Silica fume incorporation in a mixture decreases chemical binding due to a reduction in
aluminum-bearing hydrates (AFm phases) because there is almost no alumina content in silica
fume that can participate in formation of AFm phases [111, 112]. The inclusion of silica fume can
improve physical chloride binding by creating more C-S-H. However, the Ca/Si molar ratio of C-
S-H is lowered, which results in a lower chloride binding capacity. Additionally, incorporating
silica fume into concrete mixtures lowers the pH of the pore solution, which negatively impacts
the stability of Friedel’s salt [113], lowering the chloride binding capacity. Thomas et al. [114]
reported that adding 8% silica fume (92% OPC + 8% silica fume) to ternary concrete reduced its
chloride binding capacity. Similarly, Xu et al. [115] observed that partially replacing cement with
silica fume could diminish the chloride binding capacity, attributing this effect to several factors:
a decrease in pore solution pH, a lower Ca/Si ratio, and the dilution of C3A.

While these changes can negatively impact chloride binding, silica fume positively
influences the physical characteristics of paste and concrete such as permeability and porosity.
Silica fume inclusion enhances particle packing [116, 117] and serves as a nucleation site for
cement hydration [118-121], significantly decreasing permeability and porosity, thereby boosting
the material's overall durability [122, 123].

2.4.2. Impact of Brine Solution Type on Chloride Binding Capacity

Another key factor influencing the chloride-binding characteristics of cementitious
systems is the type of cation present in the chloride salt. Sodium chloride includes sodium ions
(Na®) that carry a single positive charge. Calcium chloride and magnesium chloride contain
calcium ions (Ca?*") and magnesium ions (Mg?*), respectively, with a double positive charge. The

distinct cations of sodium chloride, calcium chloride, and magnesium chloride potentially
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influence their solubility, conductivity, and reaction in various solutions and chloride binding in
cementitious systems [124, 125].

It is well-known that bound chloride quantities for binders exposed to CaCl, and MgCl,
solutions are higher than NaCl solution. However, there are discrepancies in the reported results
for CaCl, and MgCl,. Some investigations reported higher chloride binding capacity for MgCl»
than CaCl, and others reported the opposite.

Zhu et al. [124] reported that the chloride binding capability and the pore solution pH are
considerably affected by chloride cation type with binding capacity of Ca*"> Mg?" > Na". They
concluded that Na" resulted in a rise of the pore solution pH, increasing the solubility of Friedel’s
salt and releasing the bound chlorides. Conversely, Mg>" leads to a decrease of the pore solution
pH through consuming hydrated C—S—H, consequently producing a lower pH and less free chloride
ions than Na'. Having Ca*" can form more C—S—H compared to Na* and Mg**. C—S—H binds more
chloride ions than M—S—H, therefore, a higher bound chloride capability resulted in Ca** than Mg?*
and Na".

De Weerdt et al [126] found a higher or equal chloride binding capacity when the cation is
Mg?* compared to Ca®". They reported that, in general, bivalent cations, such as calcium and
magnesium, resulted in higher chloride binding compared to monovalent sodium. They reported
that the main reason for their observation is that adsorption of calcium onto the calcium silicate
(aluminate) hydrate C(-A)-S-H) surface increases when a binder is exposed to Mg?" and Ca*".
Calcium uptake increases the positive charge of C(-A)-S-H surface, facilitating the retention of
chloride ions within the diffuse layer.

Babaahmadi et al. [127] found that exposure of cement binders to CaCls resulted in a higher

chloride binding compared to NaCl. The underlying reason is twofold, first the formation of more
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CIl-AFm (chemically chloride binding) in binders exposed to CaCl,. Second, exposure to CaCl,
results in a greater extent of physical chloride binding compared to NaCl exposure. The former is
attributed to a higher reduction in aluminum uptake in the C-S-H (or C(-A)-S-H) when binders are
exposed to CaCl> and the latter is explained by the higher calcium concentration in the exposure
solution, coupled with the lower Al/Si ratio in the C-S-H (or C(-A)-S-H).

Past studies have indicated that the pore solution's pH rises when NaCl is present, while it
decreases with the presence of CaCl, and MgCl, [73, 74, 124]. When NaCl reacts with cement
hydration products the following reaction happens as described in Eq. (2.5). The sodium and
hydroxide ions combine to form sodium hydroxide, as shown in Eq. (2.6). Sodium hydroxide is a

strong base, leading to an increase in the pH of the pore solution.

C3A + Ca(OH); + 2NaCl + 10H20 — 2Na" + 20H" + C3A.CaCl, + 10H20 (2.5)
Na"+ OH — NaOH (2.6)
In general, an increase in the pH of the pore solution leads to a decrease in the amount of
bound chlorides [111, 128, 129]. This is because chlorides first form a chemical bond with
tricalcium aluminate or its hydrates to form Friedel’s salt [130]. The pH of the pore solution
increases in the presence of NaCl, and the solubility of Friedel's salt is also pH dependent. An
increase in the pH of the pore solution leads to a decrease in the number of bound chlorides and

an increases the solubility of Friedel’s salt [62, 129].

Ca?" from calcium-bearing salts, however, can contribute to the development of more C—
S—H, which can take up more chlorides from the solution and release H" back to the solution in
return, leading to a significant reduction in the pH of the solution [131]. The presence of Mg**
can lead to the formation of brucite and an increased Ca/Si ratio in the C—S—H gel, which in turn

can increase the chloride uptake capability of the C—S—H [82].
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2.4.3. The Relationship between Free and Bound Chloride in Cementitious Materials

The interaction and relations between free and bound chloride concentrations in different
cementitious systems has been extensively studied [19, 132, 133]. The relationship between free
and bound chloride ions in various free chloride concentrations at a specific temperature is
described as chloride binding isotherms.

Extensive research [134-136] has proposed various models and equations to estimate
chloride binding, calculating the proportion of chlorides that penetrate concrete and actively
contribute to the corrosion of reinforcing steel bars. This knowledge is crucial for predicting when
rebar corrosion in concrete structures will begin. Thus, accurate determination of the chloride
binding isotherms of cement-based materials is vital for forecasting the service life of reinforced
concrete structures. The Langmuir and Freundlich isotherms are two commonly used equations in
this field of research. They help estimate chloride binding and describe the relationship between
free and bound chlorides in cementitious systems.

These isotherms, shown in Equations (2.7) and (2.8), predict chloride binding levels based
on known concentrations of free chloride. Free chloride levels can be easily determined using

methods like titration, whether dealing with chloride-containing deicers or seawater chloride ions.

a,C
C L 2.7)
b | Langmuir (1 T ﬂLCf )
C —a,CPr (2.8)
b | Freundlich F~f .

Cr: Measured free chloride
C». Calculated bound chloride
a. and f: Values calculated numerically by fitting Eq. (2.7) or Eq. (2.8) to the results obtained

from titration results
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When the B value in the Langmuir isotherm is zero, the model simplifies to a linear
equation, commonly referred to as a linear chloride binding isotherm. A key distinction between
the Langmuir and Freundlich isotherms is their behavior at high chloride concentrations. The
Langmuir isotherm's slope gradually levels off at high concentrations of free chloride, while the
Freundlich isotherm’s slope can continue to increase indefinitely.

The concrete matrix has a limited amount of hydration products available for binding
chlorides, both physically and chemically. Once these binding sites and hydration products are
fully utilized, no additional binding can occur, meaning the rate of chloride binding eventually
drops to zero. Consequently, the binding capacity of cementitious systems is finite. In research
literature, this capacity is often quantified as the rate of change in bound chloride relative to free
chloride. Equations (2.9) and (2.10) demonstrate how the binding capacities are calculated for the

Langmuir and Freundlich isotherms, respectively.

oC, a

ﬁ Langnuir = —LZ (29)
! (1+5.C)

oC B

i Freundlich — aFﬂFCff (2 10)

2.4.4. Effects of pH of Concrete Pore Solution on Chloride Binding Capacity

Previous research has shown that the pH of the pore solution increases in the presence of
NaCl and decreases in the presence of CaCl, and MgCl [82, 124, 128]. In general, an increase in

the pH of the pore solution leads to a decrease in the number of bound chlorides [111, 128, 129].

In the chloride binding process, chloride ions first form a chemical bond with tricalcium

aluminate or its hydrates to form Friedel’s salt C3A.CaCl>.10H>O [130]. The solubility of Friedel’s
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salt 1s pH-dependent, and, therefore, the rise in pH as a result of the exposure to NaCl solution can

increase the solubility of Friedel’s salt and reduce the concentration of bound chlorides [62, 129].

Ca?" from calcium-bearing salts, however, can contribute to the development of more C—
S—H, which can take up more chlorides from the solution and release H" back to the solution in
return, leading to a significant reduction in the pH of the solution [131]. Similarly, the presence of
Mg?* can lead to the formation of brucite and an increased Ca/Si ratio in the C—S—H gel, which in

turn can increase the chloride uptake capability of the C—S—H [82].

Alkali content affects chloride binding in two ways. Increased alkali levels inhibit chloride
binding, as chlorides and alkalis compete for binding with hydration products like C-S-H.
Additionally, higher alkali content raises pore solution pH [137], lowering the CI'/ OH™ [59].
Tritthart et al. [131] found an inverse relationship between OH™ concentration in the pore solution

and bound chloride numbers, as C1” and OH™ ions compete for adsorption on hydrated cement.

2.4.5 Limitations of the Chloride Binding Test Method

In the early 1990s, Luping and Nilsson [138] introduced an equilibrium testing procedure
to measure the bound chlorides in mortar samples using ordinary Portland cement. The original
test proposed by Luping and Nilsson takes at least 59 days to complete. The test involves exposing
pulverized pieces of vacuumed mortar samples to a saturated lime solution at different known
chloride concentrations and measuring the concentration of the supernatant solution after the
sample reaches equilibrium with the solution.

Although extensive research has been conducted to examine the various factors that impact
chloride binding in cementitious materials [4, 18, 58, 62, 63, 77, 78, 82, 97, 101, 106, 124, 131,

136, 139-153], little attention has been paid to the effects of changes to the testing protocol. There
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are several factors that can affect the results of chloride binding tests, such as the sample's
saturation state, the exposure solution's composition, the form of the sample or its surface area-to-
volume ratio, and the solid-to-exposure liquid mass ratio.

The state of saturation of a sample plays a crucial role in chloride binding, and it is
important to take this into consideration when evaluating the performance of a sample in real-
world conditions [154]. When a sample is in a dry state, capillary action is strong and liquid is
drawn into the capillaries. This increases the concentration of chlorides and increases the chances
of chloride binding in the pores [155]. However, in a saturated sample the pressure of the liquid in
the pores partially counteracts the capillary forces, resulting in a weaker driving force for
additional liquid to be drawn in. This means that the movement of chlorides is instead governed
predominantly by diffusion [139, 156]. As such, ignoring the saturation state of a sample can lead
to inaccurate estimates of its behavior and performance in real-world conditions [157].

In chloride binding tests, there is also a lack of standardization when it comes to different
exposure solutions. Some tests use pure chloride solutions made with water, while others add other
ions to create a solution that more closely resembles the pore solution found in concrete. This lack
of standardization can lead to discrepancies between results when comparing different tests and
exposes a need for further research and development in order to achieve a more uniform standard
[111, 157]. The presence of ions such as calcium, magnesium, and sulfates in the exposure solution
can impact the stability and solubility of chlorides and their ability to bond with cement hydration
products [56, 144, 158-161]. The pH of the pore solution can also affect the bonding ability of
chlorides, with higher pH promoting chloride bonding and lower pH inhibiting it [129, 150]. The
choice of exposure solution, such as a saturated lime solution or synthetic pore solution, can result

in different outcomes, due to differences in ionic composition and pH. This may lead to inaccurate
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results, as the exposure solution may not reflect realistic conditions in the concrete's pore solution.
Choosing the right exposure solution is crucial for achieving accurate results and ensuring their
relevance to real-world scenarios.

The selection between solid, crushed, and ground concrete samples, can also have a major
effect on the precision and consistency of the results in chloride binding tests [162]. Powder
concrete samples, which are made by grinding or pulverizing a solid concrete sample, tend to have
a larger exposed surface area, making them more likely to bind chlorides. By contrast, solid
concrete samples are more representative of field conditions and have less surface area and lower
chloride binding potential than pulverized samples. Furthermore, the shape of the sample can affect
the distribution of chloride ions inside the sample, potentially impacting the accuracy of the results.
For instance, pulverized concrete samples are exposed to uniform chloride concentrations, while
the concentration of ingressed chlorides decreases with depth in solid samples. Although the
chloride binding capacity in solid samples is averaged over depth and may lead to an
underestimation of binding capacity, it may provide a more representative value for actual field
conditions.

Another overlooked testing parameter in chloride binding tests is the mass ratio of solids
to exposure liquid. The quantity of exposure fluid used normally depends on the area of the sample,
but this may vary based on the test method and equipment. It is important for the chloride solution
to be enough to fully submerge the concrete sample. Despite this, there is no available information
or experimentation looking into the effects of solid-to-exposure liquid ratio on chloride binding
results. This ratio can have an effect on the exposure's uniformity and the distribution of chloride
ions in the sample, which may then lead to inaccuracies in the results.

In real case scenarios, the majority of concrete infrastructures, including concrete
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pavements and bridges, are exposed to carbonation and chemical attacks that can lead to release
of bound chloride, which in this dissertation, it is called “chloride desorption”. Chloride
desorption, which means the release of bound chloride from cement hydration products, increases
the concentration of free chloride in the concrete, increasing the risk of chloride induced corrosion.
In the following section, a review of current knowledge and reports on change in chloride binding

after a pH change and chloride desorption mechanism is provided.

Many researchers have adopted or modified the Luping and Nilsso method to estimate the
chloride binding capacity of various cementitious systems, however, it has several drawbacks
including:

1) The test has a tendency to oversimplify actual environmental conditions, such as the
impact of the exposure environment and the presence of other impurities, which may affect the
accuracy of the results.

i1) The test frequently concentrates on short-term performance and may not precisely reflect
the long-term behavior of concrete in real-world situations.

ii1) The methods used in the test are not standardized, making it challenging to compare

findings across different laboratories and studies.

2.5. Literature Review on Chloride Desorption Mechanism

Various studies examining the effects of pH changes on chloride binding in cementitious
materials have noted alterations in chloride binding capacity at different pH levels. Although these
studies did not specifically focus on or discuss the mechanism of chloride desorption, their findings
offer worthy insights.

As mentioned earlier, the release of bound chlorides, often triggered by a decrease in the

alkalinity (lowering of pH) of the cement pore solution, can initiate due to processes such as
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carbonation [163], sulfate attack [164], and acid attack [83]. Bound chlorides can be released to
their free state in the pore solution if the pH of the concrete pore solution falls below 12 [66, 165].

Long et al. [166] have observed that up to 88% of bound chlorides in powdered cement
samples exposed to a 3 M NaCl solution were released when the pH dropped below 9. Similarly,
Hemstad et al. [83] have reported 100% chloride desorption in paste specimens subjected to a 4
mol/L HCI solution. Cheng [140] has also found that a fully carbonated OPC paste with a pH of 7
is incapable of any form of chloride binding.

Many gaps in understanding remain regarding the chloride desorption mechanism, and
little is known about the roles of different types of SCMs in resisting the release of bound chlorides.
2.5.1. Impacts of Carbonation on Chloride Desorption Mechanism

When atmospheric carbon dioxide (CO.) enters concrete, it reacts and forms carbonic acid.
The pH levels in fully carbonated concrete varies according to different studies: Chang [140] found
it to be around 7, Geng et al. [167] noted it closer to 9, and Sun et al. [168] observed 8.3.

It is important to note that since chloride ions move through concrete faster than
carbonation, it is generally more representative of what actually happens in the field, to first expose
concrete to chlorides before carbonating it [169].

Carbonation also affects how concrete binds with chloride. Carbonation breaks down
certain hydration products, like C-S-H, which are essential for trapping chlorides [3]. Carbonation
can dissolve Friedel’s salt [169], as shown in Equations (2.11) and (2.14). This process can increase

the concentration of free chlorides in the concrete.

CO,+H,0 — H,CO, (2.11)
H,CO, +Ca(OH), —CaCO, +2H,0 (2.12)
CO, +H,0+ C-S-H — CaCO;, +Si0,.nH,0 (2.13)
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3Ca0.Al,0,.CaCl,.10H,0 +3CO, — 3CaCO, + Al,0, +Ca™ +2CI +10H,0 (2.14)

In binders that include supplementary cementitious materials (SCMs), the rate and extent
of carbonation, especially in the C-S-H phase, are higher than in ordinary Portland cement (OPC)
under similar conditions. This is largely due to the reduced presence of portlandite in SCM
binders[163, 170]. Zheng et al. [163] conducted research on how carbonation affects chloride
binding in binders with various compositions and water-to-binder ratios. They found that SCM-
containing binders had a lower pH after carbonation and a corresponding decrease in chloride
binding as the pH dropped.

Chang [140] reported on the chloride binding capacity in two sets of binders: one
carbonated before chloride exposure and the other exposed to chlorides before carbonation. The
results indicated that, in both scenarios, the amount of bound chloride dwindled to nearly zero after
complete carbonation.

2.5.2. Impacts of Acid Attack on Chloride Desorption Mechanism

An acid attack on cementitious materials comprises several complicated processes and
typically involves the dissolution of hydrated phases capable of binding chlorides [171]. The
chemical reactions of an acid with a general formula of HA and cement hydration products can
dissolve the main hydrated phases, producing calcium salts. The generic forms of the acid reaction

with portlandite and calcium silicate hydrate are shown in Equations (2.15) and (2.16) [171].

2HA +Ca(OH), - CaA, +2H,0 (2.15)
2xHA + xCaOx ySiO, xnH,0 — CaA, + ySi(OH), +(x+n—-2y)H,0 (2.16)

During an acid attack, a highly porous layer of silicate hydrates and ferric hydroxide is
formed on the surface of the concrete (or paste). This layer acts as a buffering layer against the
drop in pH and progression of acid damage [172, 173]. An acid attack on cementitious systems is
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followed by shrinkage cracks leading to increased permeability of the concrete [171, 174].
Therefore, when chloride ions are present during an acid attack, they can enter the concrete through
these cracks.

The current state-of-the-art in chloride binding indicates that the dissolution of hydrated
phases can significantly reduce the chloride binding capacity of cementitious systems. In one
study, Hemstad et al. [83] observed reduced chloride binding at pH below 12, and no chloride
binding at pH below 9 in OPC samples exposed to hydrochloric acid. They attributed the reduction
in chloride binding to the dissolution of the AFm phase, which is primarily responsible for the
chemical binding of chloride. In addition, they observed a higher free chloride concentration when
acid molarity and volume were increased.

Similarly, Long et al. [166] reported that at pH levels below 9, 88% of the previously bound
chlorides in an OPC system disassociated and returned to the pore solution. They noted that the
highest desorption of bound chlorides was detected at a pH of 9. Gutberlet et al. [175] also
observed the conversion of monosulfate to Friedel’s salt and ettringite when hydrated Portland
cement disks were exposed to hydrochloric acid. In a recent study, Teymouri et al. showed that
despite the common view that a continuous reduction in the pH of the exposure solution leads to
a continuous release of bound chlorides, the desorption of bound chlorides is a very complex
phenomenon involving releasing and rebinding of chlorides by the hydrogels that are produced
during an acid attack.

Based on the findings reported in previous studies [83, 166, 176], a reduction in the pH of
the pore solution, whether triggered by carbonation, sulfate, or acid, can significantly influence the
chloride binding mechanism, leading to chloride desorption in cementitious systems. In terms of

acid attack, there is a complex interplay between leaching of cement hydration products, formation
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of new phases, alteration of microstructure, cracking, and increased concrete permeability. A few
investigations have studied how acid attacks lead to chloride desorption in cementitious systems
[66, 83, 176]. In addition, while chloride binding mechanism for various cementitious systems
have been investigated, it is not yet clear what proportion of bound chlorides are released and
returned to the concrete pore solution when samples made of blended cement are exposed to a low
pH environment.
2.5.3. Impacts of Sulfate Attack on Chloride Desorption Mechanism

Sulfate ions, which can come from sources like seawater, soil, groundwater, and industrial
waste, have a notable impact on concrete. When sulfate ions are present in the pore solution, they
reduce the system's ability to bind with chlorides. This is because they lead to the creation of more
ettringite, a substance incapable of binding with chloride ions. Furthermore, these sulfate ions can
transform Fridel’s salt into ettringite, increasing the concentration of free chlorides in the pore
solution and heightening the risk of corrosion caused by chlorides [177]. Additionally, these ions
vie with chlorides for absorption onto C-S-H phases. The C-S-H phases tend to bond more readily
with sulfate ions, integrating more sulfates and consequently diminishing the concrete's capacity
to bind with chlorides [115, 159, 177].

When sulfates enter concrete, they first react with portlandite to create gypsum (CaSOs).
This gypsum then interacts with C3A, forming a substance called ettringite [115, 178]. Research
by Geng et al. [56] has shown that chloride binding stability in pastes changes under attacks from
sodium sulfate (Na2SO4) and magnesium sulfate (MgSQO4). They noticed that while most bound
chlorides are released under a sulfate attack, the presence of MgSO4 leads to less conversion of
Fridel's salt to ettringite due to brucite formation, which hinders ionic movement. The same

observation was reported in [159]. Sulfate ions don't just increase free chlorides; they also compete
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with them for space on C-S-H phases. C-S-H tends to bond more with sulfates than chlorides,
leading to a reduced ability to bind chlorides in the concrete. De Weerdt et al. [ 128] have proposed
that sulfate ions encourage the conversion of AFm to ettringite while increasing sulfate binding in
C-S-H.

In marine environments, where seawater's sulfate concentration is high, nearly 2700 ppm
SO4> [179], concrete samples often show significant chloride release. This is mainly due to the
transformation of Fridel’s salt into ettringite. Xu et al. [115] found that the extent of chloride
release is influenced by factors like the water-to-binder ratio, the total chloride content, and the
type of sulfate cations present. Their studies revealed that out of various sulfate salts, exposure to

potassium sulfate (K2SOj4) resulted in the highest chloride desorption.

2.6. What Has Been Accomplished and What Remains to be Addressed in Chloride Binding
and Chloride-Induced Corrosion Research?

Chloride-induced corrosion is a complex process depending on multiple factors including
but not limited to concrete properties, construction practices, reinforcement type and condition,
chloride ion concentration, and concrete permeability. The complexity increases as the moisture

content and humidity levels vary across different structures [180].

Numerous studies have been conducted on the diffusion of chloride and chloride binding
capacity in concrete containing various cementitious materials, assessing the impact of different
environmental conditions [71, 136, 181, 182]. These studies have adequately highlighted the prime
role of chloride binding mechanism in delaying chloride ingress and the onset of reinforcement
corrosion [183]. The formation of chemical and physical bonds between cement hydrates and
chlorides can effectively immobilize some of the penetrating chlorides, reducing the movement of

free chlorides within the concrete pore solution [51-53].
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There are still many unanswered questions necessitating further research, including the
roles of SCMs and the cation of the chloride salt in the desorption mechanism of bound chlorides.
Although the positive impacts of SCMs on increased chloride binding capacity have been well
documented [53, 77], the role of SCMs in suppressing the release of bound chlorides when the pH
of the pore solution drops remains unclear, and the current state-of-the-art in chloride-induced
corrosion and service life modeling is limited to quantifying the portion of released chlorides due

to the decreased pH of the exposure environment.

2.7. Identified Knowledge Gaps

Based on the previous research findings described and analyzed in the current literature
review on chloride binding mechanism and chloride desorption phenomenon the following
knowledge gaps are recognized:

1- There is an undeniable need for standardizing the chloride binding testing procedure to
minimize the risk of result variations under varying testing conditions. These testing conditions
included but are not limited to saturation states, solution chemistry, sample form, and solid-to-
liquid mass ratios. In addition, these testing conditions must be representative of the real-case
scenario. For instance, exposing powdered (grinded) paste or concrete samples to salt solutions
and measuring chloride binding capacity is not representative of the real condition. Another
example is that using fully dried paste or concrete samples and then exposing them to salts for
measuring the chloride binding capacity is not realistic, leading to misleading results.

2- There is limited knowledge of the chloride desorption mechanism in conventional concrete
and concrete containing SCMs such as fly ash, slag, and silica fume. As an underrated
phenomenon that can impact the chloride-induced corrosion rate in concrete structures more

details and methodic investigations are needed to have a full grasp of chloride desorption
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mechanism. The existing methods for estimating the service life of concrete structures
effectively assess the rate of chloride binding and its impact on the initiation of corrosion.
However, there has been no empirical or theoretical research so far to evaluate the kinetics of
chloride desorption and its effects on the residual service life of concrete structures.

3- The chloride desorption mechanism and pH change in cement exposed to de-icing brine
solutions under carbonation as one of the most critical durability issues. The combined and

synergic impacts of these phenomenon have not been fully addressed.

2.8. Research Questions and Objectives

The overarching aim of this dissertation is to enhance the existing body of knowledge
regarding chloride desorption mechanism and address current shortcomings in the reliable service
life prediction of concrete infrastructure. Based on the recognized knowledge gaps in the literature
review and preliminary data research questions are developed and listed in Table 2.1.

Table 2.1. Proposed research questions

Proposed Research Questions

Question 1 How does the type of brine solution affect chloride binding measurements in
specimens (varying in shape, saturation conditions, and solution-to-sample mass

ratios)?

Question 2 What are the chloride binding and desorption capacities of Portland cement

concrete when exposed to NaCl, CaCl,, and MgCl, brine solutions?

Question 3 How does exposure to brine solutions impact the chloride binding capacity and

desorption in cementitious systems containing slag, fly ash, and silica fume?

Question 4 What are the combined effects of brine solutions and carbonation on pH change

over time and chloride desorption in Portland cement paste?

The approach of this thesis is to conduct a methodical and comprehensive study of the

chloride desorption behavior in different cementitious systems, containing ordinary Portland
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cement (OPC) Type I/Il and the three most commonly used SCMs in construction projects
including fly ash, slag, and silica fume. In addition, due to the absence of standardized testing
protocols for chloride binding measurements, this dissertation investigates the impact of various

testing protocols on chloride binding capacity in cement pastes.

These objectives are conducted in a sequential order, with the knowledge gained at each
step informing the subsequent ones. The first objective recognizes the lack of uniformity in current
practices for chloride binding measurements and provides recommendations for future chloride

binding measurements, which were utilized in testing procedures for the other objectives.

Following this, the second and third objectives focus on exploring the chloride desorption
mechanism in pastes containing OPC and various types and replacements of SCMs. Finally, the
fourth objective bridges the gap between laboratory findings regarding chloride desorption and
their practical application. This objective investigates how environmental factors, like carbonation
and exposure to a brine solution, affect the pH of cementitious systems, thereby impacting chloride
binding and desorption, facilitating the estimation of chloride desorption in real infrastructure over

time by measuring pH levels.

Obijective 1: Investigate the factors impacting chloride binding measurements: No standard

method for chloride binding tests has yet been introduced. This objective aims to investigate the
impact of various factors on chloride binding capacity to establish a standardized testing
methodology. Four key factors will be evaluated, including the saturation state of the concrete
sample, the composition of the exposure solution, the form of the sample, and the solid-to-exposure
solution mass ratio. By controlling these factors, this study aims to ensure consistent and

comparable results in future investigations.
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Objective 2: Investigate the chloride binding and desorption capacity for ordinary Portland

cement (OPC) cement paste: This objective represents one of the first systematic efforts to
investigate the kinetics of chloride desorption in Type I/II cement. In this objective, the dissociation
behavior of bound chloride in a low-pH environment is utilized as an indicator for comparing the

chloride-binding strength of OPC paste when exposed to de-icing salt solutions.

Obijective 3: Investigate the chloride binding capacity and desorption for pastes containing

SCMs: This objective explores the chloride binding and desorption mechanisms in ordinary
Portland cement and seven different blended binders including 15% and 30% fly ash, 25% and
50% Slag, 5% and 10% silica fume, when exposed to different de-icing salt solutions in a low pH

environment.

Objective 4: Synergic effects of exposure of blended cement pastes containing fly ash to

NaCl salt solution and carbonation on pH and composition of pastes: The primary goal of the last

objective is to monitor change in pH and composition of pastes over time to measure the release
of bound chloride (chloride desorption) under carbonation. This objective aims to bridge the gap
between laboratory and field measurements. Chloride desorption in pH dependent. By using a
straightforward pH measuring technique, this approach offers a practical method for estimating

chloride desorption in cement over time.
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Chapter 3 : Methodology

To ensure clarity and coherence in presenting the research methodology, a separate
methods section for each objective is provided. It is important to note that all cementitious
materials, salts, and equipment were sourced from a single, respective source, ensuring uniformity

and accuracy throughout the study.

3.1. Objective 1: Evaluating the Effects of Sample Forms, Saturation Rates, and Solution
Types on Chloride Binding Measurements

Figure 3.1 provides a summary of experimental variables for this objective. The primary
aim is to assess the influence of sample forms, saturation rates, and solution types on chloride
binding measurements. The investigated factors included three different saturation levels of pastes
right before immersion in salt solutions (0%, 50%, and fully saturated), four exposure solutions
with varying chemical compositions including pure NaCl, NaCl dissolved in Ca(OH),, NaCl
dissolved in (Ca(OH)> + KOH), and NaCl dissolved in pore solution (Ca(OH),+NaOH,+KOH),
three sample forms (disk, crushed, and powder), and three solid-to-exposure solution mass ratio

(1:3, 1:6, and 1:10).

Paste samples were made using ordinary Portland cement (OPC) meeting the requirements
for Type I-II Portland cement as specified by ASTM C150 [184] and AASHTO M 85 [185]
standards. Table 3.1 lists the oxide composition of OPC cement. All solutions including NaCl,
Ca(OH)y, (Ca(OH)> + KOH), and pore solution (Ca(OH),,+NaOH,+KOH were prepared using
ACS-grade NaCl, Ca(OH),, KOH, and NaOH with distilled water. The details of solution

preparations are provided in the following sections.
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OPC Paste samples were prepared using a 5-liter mortar mixer (Humboldt Mfg.) with a
water-to-cement ratio (w/c) of 0.4, following the mixing process outlined in ASTM C305 [186].
Once mixed, the samples were poured into disk-shaped molds that were 33 mm in diameter and
15 mm deep. A total of 64 disks were produced and then sealed in molds and placed in an
environmental chamber at a temperature of 25°C and a relative humidity of 95%. After 24 hours,
the samples were removed from the molds, stored in Ziplock bags, and sealed before being cured

in the environmental chamber at a temperature of 25°C and relative humidity of 95% for 28 days.

Table 3.1. Chemical composition of ordinary Portland cement

Si0;  ALOs3
19.24 3.80

FeyO3
2.75

CaO MgO SO; Na,O KO LOI
59.05 1.5 249 0.17 0.60 9.90

Cement Type I/11

Summary of Experimental Variables for Objective 1

Cementitious Materials

Salt Solution and
Concentration

Samples Preparation

Chloride Measurement
Tests

Portland cement Type
/I
ASTM C150

NaCl (0.3,0.7, 1, and 2
Molar)

Three sample shape
(Disk, Crushed,
Powder)

After Making Stock
Solutions

Three Saturation
Condition (0, 50%,
100%)

After 14 days exposure
of samples to salts

Three liquid to solid
ratios( 1:3, 1:6, and
1:10)

Four solutions (Pure
NaCl, CH, CH+KH,
and Pore solution)

Figure 3.1. Summary of experimental variables for objective 1

Figure 3.2 displays a visual representation of the experimental design implemented in this

study. The figure utilizes various colors and patterns to indicate the specific types of samples,
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saturation state, and chloride solution chemistry that were utilized to test each variable. For
instance, samples in the form of disks (represented with a net pattern) were used to examine the
effect of saturation state and solution chemistry. All the samples that were utilized to test the impact
of solution chemistry, sample form, and solid-to-exposure were in a dry state, which is indicated
by a light grey color. Finally, crushed samples were used to assess the influence of the solid-to-
exposure solution mass ratio. The asterisk accompanying each sub-experiment indicate that the
exposure solution used in that particular experiment was prepared using plain distilled water and

NaCl at a specific concentration.

NaCl concentration® | NaCl concentration |
[ |
03M 07M 1M 2M 03M 07M 1M 2M
. >\_ e o = '.\""‘
- 90OO® [« SOGS
a) 2| 50% (NN SR (K (8% b)©| CH+KH
E G z o - .S - 4 g
g ng o
| 0% = | CH+KH+NH ¢ ;
| ) . e
NaCl concentration™ NaCl concentration*®
| | [ |
03M 07M 1M 2M 03M 07M 1M 2M
— 5 Q — P P SRy, oEE,
b emasiucy S i) _%v&_;o_ 5
Powder =| L:10 %ﬁgﬁgﬁ“ S o i
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] g £ s
= = P
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) 2| Crushed Z| 16 o Q%% %@%é
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: = gk dosh  godh S50
“| Disk 2| 1:3 Mi% e e
— wn wy Wy O

E Dried sample E 50% saturated - 100% saturated
B8 Disk 48 Crushed

Powder

Figure 3.2. Schematic drawing of test setup (a) saturation state, (b) solution chemistry, (c)
shape form, and (d) solid-to-liquid ratio. (CH: Ca(OH),; KH: KOH; NH: NaOH)
(The * indicates that the exposure solution was prepared by dissolving NaCl in distilled water)
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3.1.1. Sample Saturation

The impact of saturation state on chloride binding was examined using disk samples. The
disks were first subjected to a temperature of 57°C within a vacuum oven for a period of one week.
To ensure complete drying and prevent carbonation, soda lime and silica gel pellets were placed
inside the oven. Following the drying process, a total of 16 disks were weighed and submerged in
distilled water. They were then left inside a BACOENG vacuum chamber, as shown in Figure 3.3,
for 36 hours, during which a vacuum pump produced negative pressure of 82 kPa (0.82 bar) within
the chamber. Following this, the weight of the samples in the fully saturated state was recorded.
To achieve a saturation level of 50%, 8 fully saturated samples were placed in an oven and exposed
to a temperature of 57°C. Their weight was monitored at 15-minute intervals to determine the point

of 50% saturation based on the difference between their dry and fully saturated weights.

Figure 3.3. The experimental setup used for saturating disk samples

3.1.2. Exposure Solutions

To investigate chloride binding capacity of OPC samples, four different concentrations of
chloride (0.3, 0.7, 1, and 2 M) were used in this study. NaCl solution is the most commonly used
deicer and, as such, was tested in different concentrations ranging from 0.3 mol/L to 2 mol/L. The
initial step was to make a 2 M NaCl solution (stock solution) by dissolving 116.88 g of NaCl
powder in distilled water. The stock solution was then diluted to create 0.3, 0.7, and 1 M NaCl
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solutions, which were then used to study the effects of saturation state, sample form, and the

sample-to-the exposure solution mass ratio.

To investigate the impact of exposure solution chemical composition on chloride binding,
three alternative solutions were used. The first solution was made by dissolving 2 grams of
Ca(OH): in 500 mL of distilled water and then adjusting the final volume to 1 L in a volumetric
flask. The second solution was created by mixing 2 grams of Ca(OH); and 10.64 grams of KOH
in 500 mL of distilled water and adjusting the volume to 1 L. Lastly, a synthetic pore solution was
prepared in compliance with ASTM C1876 [187] by dissolving 2 grams of Ca(OH)2, 7.6 grams of
NaOH, and 10.64 grams of KOH in distilled water and adjusting the final volume to 1 L. To create
the chloride exposure solution, 116.88, 58.44, 40.91, and 17.53 g of NaCl powder were dissolved

in 500 mL of each of these solutions and the volume was adjusted to 1 L.

3.1.3. Preparing Different Sample Forms

Three different sample forms were used. Disk-shaped, crushed, and powdered samples.
Disk-shaped samples were cast using plastic molds. Then, these samples were used to make
crushed and powdered samples. For crushed samples, a standard manual compaction hammer,
commonly used to compact soils in accordance with ASTM D3282 [188], was employed to
produce crushed samples and minimize any inconsistencies. Figure 3.4a shows the procedure to
make crushed samples. The hammer had a weight of 2.54 kg (5.60 1bs.) and drops from a height

of 305 mm (12 in). All crushed samples were generated by a single drop onto disks shaped pastes.

Figure 3.4b shows the procedure for grinding pastes. Paste samples were ground into a fine
powder using a mortar and pestle. The grinding process is shown in Figure 3.4 and lasted

approximately 5 minutes for each sample until they reached a uniform texture.
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Figure 3.4. (a) crushed and (b) powdered paste samples

3.1.4. Sample-to-Exposure Solution Mass ratio

To simulate different sample-to-exposure solution mass ratios, first 10 g of crushed samples
were weighted and then 30, 60, and 100 g of exposure solution (corresponding to 1:3, 1:6, and
1:10 solid-to-exposure solution mass ratios) were added to the testing containers. Throughout this
procedure, care was taken to ensure that all pieces of the sample were covered by the solution and

that none were protruding, as shown in Figure 3.5.
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Figure 3.5. Setup to study the effect of sample-to-exposure solution mass ratio

3.1.5. Chloride Binding Test

The process of chloride binding was carried out by exposing samples to chloride solutions
for a period of 14 days in sealed capped glass containers, as illustrated in Figure 3.5. The containers
were kept in a room with a temperature of 23°C £ 2°C. Throughout the 14 days, the samples were
subjected to regular shaking. The rationale behind this method was to ensure that all samples were
uniformly exposed to the chloride solution until they reached equilibrium, while avoiding salt
precipitation. According to previous studies, a 14-day duration is adequate for the chloride
concentration in samples to reach an equilibrium with the chloride concentration in the solution

[46, 62, 138].

At the end of the 14-day period, the concentration of chloride in the glass containers was
measured by extracting 2 mL of the supernatant solution and analyzing its concentration using an
automatic titrator (TS5, Mettler Toledo), with 0.05 M AgNOs being used as the titrant. The titrator

used in this study was equipped with a combined silver ring electrode (DMil41, Mettler Toledo),
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which is a recommended electrode for argentometric titration of halides in aqueous solutions.

Accordingly, the bound chloride concentration was computed using Eq. (3.1):

_ (ci—cp)xvx35.45

Ch 3.1)

Mdry

Cyp: bound chloride concentration (mg Cl7/g paste)

Ci: initial free chloride concentration of the exposure solution (M)

Cr: measured free chloride concentration (M) of solution inside the glass jars after 14 d

V: volume of the exposure solution (mL)

mgry weight of the sample (g), (35.45 is the molar mass of chlorine (g/mol))

Langmuir and Freundlich isotherms, as discussed in detailed in chapter 2 section 2.4.3, are
commonly used to model chloride binding results. The experimental results were fitted to these
isotherms to determine which one better describes the chloride binding behaviour in the OPC paste
samples. The model with the lowest sum of squared errors was chosen as the best fit. The
concentrations of free and bound chlorides in this study were expressed in units of M and mg Cl—/g

paste, respectively.
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3.2. Objective 2: Chloride Binding and Chloride Desorption Capacity of Portland Cement
Paste Exposed to Salt Solutions

Figure 3.6 summarizes experimental variables for objective 2. In this objective chloride
binding and desorption for OPC cement exposed to three brine solutions with different
concentrations was investigated. Cement pastes were prepared with an OPC meeting the Type I/I1
requirements of ASTM C150 and AASHTO M 85 [185] standards and a water-to-cement ratio of
0.4. This water-to-cement ratio was selected based on preliminary testing to minimize bleeding.

The cement and its oxide composition were the same as the cement used in objective 1.

Summary of Experimental Variables for Objective 2

[ [ [ [ [

.. . Salt Solution and . Chloride Measurement ..
Cementitious Materials L Souhon Samples Preparation Additional tests
Concentration Tests

L NaCl (0.1, 0.3, 0.5,0.7,

. After Making Stock
Portland cement Type - 1. and 2 Molar) H Disk-shaped molds Selulzoﬁs ¢ XRD
Im i
ASTM C150 .
¢ CaCl2(0.1,0.3,0.5, | | Water to cement ratio = After 14 days exposure TGA
0.7, 1, and 2 Molar) 0.4 of pastes to salts

28 days sealed-cured
H inside the
environmental chamber

| MgCl(0.1,0.3,0.5,
0.7, 1, and 2 Molar)

Dry samples in a
vacuum oven at 55°C

Grinding samples to
powder

Figure 3.6. Summary of experimental variables for objective 2

American Chemical Society (ACS) -grade MgCl,, CaCl,, and NaCl salts were dissolved in
distilled water to make chloride solutions with concentrations of 0.1, 0.3, 0.5, 0.7, 1, and 2 M,
respectively. The paste mixing procedure followed ASTM C305 guidelines. Immediately after
mixing, the paste was poured into a 100 mm x 200 mm plastic mold and seal-cured at room

temperature (20+1°C, 68+33.8°F) for 28 days. Next, the hardened paste was ground into a fine
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powder using a custom-made profile grinder and passed through a 150-um (No. 100) sieve. The
ground powder was then used for chloride binding, chloride dissociation, X-ray diffraction (XRD),

and thermogravimetric analysis (TGA), details of which are provided in the sections that follow.

3.2.1. Chloride Binding Test

To remove all free moisture from the hydrated cement paste, approximately 600 g of
ground OPC paste was dried for 1 week in a desiccator at 50+2°C (1224+35.6°F) until no change
in mass greater than 0.1% was measured. During this process, beakers containing soda-lime and
sodium hydroxide were stored inside the desiccator to minimize carbonation and to keep the
relative humidity inside the desiccator below 10%, respectively [71]. Next, 12.5 g of dried ground
cement paste was mixed with 37.5 ml of chloride solution (solid-to-liquid ratio of 1:3) in a 250-
ml beaker. The materials in the beakers were mixed well, sealed with a low-density polyethylene
plastic wrap, and stored in a room at a fixed temperature of 23+1°C (73.4+33.8°F) for 1 week.
Previous research has found that chloride concentrations generally stabilize after a week [62].
Upon completion of the exposure period, the solutions were stirred carefully with a glass rod and
then vacuum filtered through No.l Whatman® filter paper. To prevent loss of the chlorides, the
filter paper was washed three times with distilled water. The concentrations of the chlorides in the
filtrate solutions were determined using a potentiometric titrator (Model TS5, Mettler Toledo) as

described in section 3.1.5. Two replicates were used for measuring chloride binding.

3.2.2. Chloride Desorption Test

Five replicate beakers containing 12.5 g of dried ground OPC paste were exposed to 37.5
ml of 2 M MgCl,, CaCl,, and NaCl solutions (total of 15 samples). The process of drying the
ground OPC paste was the same as the procedure followed in the chloride-binding test. One of the

replicates was used as a baseline to quantify the chloride-binding capacity of the paste, while the
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other four were used in the desorption analysis. The samples were covered with wrapping plastic

and stored at a fixed temperature of 23+1°C (73.4+33.8°F) for 1 week.

The concentrations of the baseline free chlorides were determined first, similar to the
chloride-binding isotherm testing, described in section 3.2.1. In addition, the pH of the solutions
was measured using a pH meter (SevenCompact, Mettler Toledo). Then, 5, 10, 15, and 20 ml (0.17,
0.34, 0.51, and 0.68 fl oz) dilute nitric acid (1:1) was added to the remaining four beakers,
respectively. This step was repeated for all three salts. The suspensions were stirred well with a
glass rod and left to sit overnight. After that, the suspension was filtered, as discussed for the
binding test, and the pH and concentrations of chlorides in each beaker were measured by

potentiometric titration.

Theoretically, if there was no dissociation (i.e., no chlorides dissociated due to a reduction
in the pH of the solution), the concentration of chlorides in the new solution (the original salt
solution plus added acid) would be lower than in the original solution due to the dilution effect.
However, if the chlorides did dissociate and were released into the solution, then AC, which is the
difference between the adjusted concentration of chlorides in the new solution after the addition
of acid and the molar concentration of the free chlorides before the addition of acid, would be

positive. AC can be expressed using Eq. (3.2):

Vf +a
AC =C, -C, (3.2)

C,: molar concentration of chlorides after the addition of acid
Vr: volume of added 2 M chloride solution (ml),

Vira: volume of the chloride solution plus the added acid (ml)
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The plot of AC values for each concrete sample versus their corresponding pH values represents

the chloride desorption isotherm of that sample.

3.2.3. Analytical Tests

X-ray diffraction (XRD) and thermogravimetric analysis (TGA) were carried out on
representative ground paste samples before and after exposure to 0.7 M and 2 M NaCl, CaCly, and
MgCl, solutions. In addition, post-exposure reaction products and phase changes within the
samples after adding 25 ml of 1 molar nitric acid were characterized using XRD and TGA. The
XRD recording was performed using a Bruker D8 Discover DaVinci. The X-ray tube functioned
at 40 kV with a current of 40 mA. The diffraction patterns were recorded in the 20 range of 10°—
70° and analyzed using the Bruker DIFFRAC EVA software (version 5.1.0.5) loaded with the

Crystallography Open Database (COD) [191, 192].

TGA was performed using the Q500 Thermogravimetric Analyzer (TA Instruments), as
shown in Figure 3.5. The TGA tests were carried out in a nitrogen gas atmosphere at temperatures
of' 50-500°C and a heating rate of 20°C/min to monitor the mass loss owing to the dehydroxylation
of Friedel’s salt. A digital microscope was used to investigate the extent of damage owing to

chloride attack and acidic corrosion after chloride binding and desorption tests, respectively.
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3.3. Objective 3: Chloride Binding and Chloride Desorption Capacity of Cementitious
Materials Containing Fly Ash, Slag, and Silica Fume

In this objective, the chloride binding capacity and then chloride desorption in cementitious
materials containing three SCMs including fly ash, slag, and silica fume were investigated. The
study also examined the impact of pH changes on the disassociation of bound chloride. Figure 3.7

displays a summary of experimental variables for this objective.

Summary of Experimental Variables for Objective 3

Cementitious Materials Sale Soluuoq kil Samples Preparation Chlarigs Messipement Analytical test
Concentration Tests
Portland cement . : P—
NaCl (0.1,0.3, 0.5,0.7 ; Chloride Binding after
/ H ? ’ —  Disk-shaped molds B H XRD
A;’%’IF\); lC/IIISO 1, and 2 Molar) 1sk-shaped molds 14 days
CaCl2 (0.1, 0.3, 0.5, | | Water to cement ratio = ’l(}:i:'ductfl-on, Of‘pH (ny T
Class F fly ash 1 07,1, and 2 Molar) 0.4 7] aceing five Vorumes of 1 GA
ASTM C618 I : 1 M nitric acid)
56 days sealed-cured ] -
- - L MgCl2 ((0-1- 0.3,0.5, L - side the | Chioride desorption 14 | || pH Misiiitoritig
Ground granulated 0.7, 1, and 2 Molar) environmental chamber days after pH reduction
— blast-furnace slag
ASTM C989 3 R
Visual Observation

"| (Using digital microscope)

Silica fume

ASTM C1240

Figure 3.7. Summary of experimental variables for objective 3

OPC conforming to the ASTM C150 [184] and AASHTO M 85 [185] specifications for
Type I-II Portland cement, and three supplementary cementitious materials, namely Class F fly
ash (FA), slag (SG), and silica fume (SF), were used as binders in this study. Table 3.2 shows the

cementitious materials chemical compositions.
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Table 3.2. Chemical composition of cementitious materials

SiO>,  ADLO3; FeO3 CaO MgO SO; NaxO KO LOI
Cement Type /I 1924 380 275 59.05 1.5 249 0.17 0.60 9.90
Fly ash 5424 18.16 1042 7.37 146 130 124 271 1.13
Slag 3140 15.70 040 37.70 8.60 2.50 - — 0.60
Silica 9540 090 130 090 140 - — — 1.70

3.3.1. Mix Design Proportions

Table 3.3 presents the mix design proportions used in this study. The investigation focused

on the chloride binding and desorption characteristics of various cementitious systems, utilizing

paste samples. These samples were cast with a water-to-binder ratio (w/b) of 0.4, following the

guidelines of ASTM C305, utilizing a 5-liter mortar mixer. Post-mixing, the samples were poured

into cylindrical disc-shaped molds, each measuring 33 mm in diameter and 15 mm in depth.

Table 3.3. Summary of mix design proportions for pastes

Mix Cementitious SCM Replacement Level Mix Label
Number Material with Type I/II (%)
1 Type I/II 0 (100% Type I/1I) Reference (OPC)
2 Type /Il + Fly ash 15% Fly ash FA 15
3 Type VIl + Fly ash 30% Fly ash FA 30
4 Type /I + Slag 25% Slag SG 25
5 Type IV1I + Slag 50% Slag SG 50
6 Type I/II + Silica 5% Silica SF 5
7 Type I/II + Silica 10% Silica SF 10

Upon removal from their molds, the samples were stored in Ziplock bags and kept in an

environmental chamber, where they underwent a curing process under the same conditions (25°C

and 95% RH) for a duration of 56 days. Then, the samples were dried in a vacuum oven at 55°C

until a constant weight was achieved.
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Figure 3.8 displays a sample set up for pastes containing fly ash for binding and desorption
tests when samples are exposed to NaCl, CaCl,, and MgCl, solutions with concentrations of 0.1,
0.3, 0.5, 0.7, 1, and 2 Molars. Seven different pastes were used and a total of 462 disk samples
were used for this objective. More than 500 titrations were performed to measure the chloride

concentrations in solutions.

[ .

Salt Solution Salt Solution

Paste Paste

Figure 3.8. Experiment setup for binding (left) and desorption tests (right)

3.3.2. Chloride Binding Test

Three chloride salt solutions, sodium chloride (NaCl), calcium chloride (CaClz), and
magnesium chloride (MgCL), were prepared in six targeted concentrations: 0.1, 0.3, 0.5, 0.7, 1,
and 2 M. Initially, reagent-grade salts of NaCl, CaClz, and MgCl> were solubilized in distilled
water to achieve a solution with a chloride concentration of 2 M. This resultant solution was then
methodically diluted to yield solutions at the desired concentrations. The paste samples were
subjected to 60 ml of chloride solutions for a duration of 14 days, contained within sealed glass
vessels at a controlled ambient temperature of 23°C £ 2°C. For each chloride concentration, two

samples were evaluated. Figure 3.9 shows a simplified chloride binding testing procedure.
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Salt Solution Exposure Titration
(2 weeks)

Figure 3.9. Chloride binding testing procedure

The concentration of free chloride in the exposure solution was quantitatively determined
using an automatic chloride titrator (Model T5, Mettler Toledo). In total, two hundred and fifty-
two samples, comprising two replicates per each of the seven mixes, across six different chloride
solutions and three distinct salts, were utilized in the chloride binding experiments. The bound

chloride concentration was calculated using Eq. (3.3):

_ (ci—cg)xvx35.45

Cp (33)

Mdry

Ci: Initial chloride concentration of the exposure solution (M)

Cr. Measured free chloride concentration (M) after 14 days

V: Volume of the exposure solution (ml)

mdry: Sample’s oven-dried weight (g), and 35.45 is the molar mass of chlorine (g/mol)

Cp: Bound chloride concentration (mg Cl /g paste)
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3.3.3. Chloride Desorption Test

To evaluate the release of bound chlorides in samples subjected to low-pH environments,
an initial set of ten replicate paste samples from each mix was exposed to 2 M salt solutions for a

period of 14 days. This procedure paralleled the chloride binding method previously described.

Following the two-week exposure period, the pH of the equilibrated solutions was
determined at room temperature using a pH meter. Nitric acid (70%) with a density of 1.400 g/mL
and a molar mass of 63.01 g/mol was used to prepare nitric acid solutions. 1M nitric acid in
volumes 5, 10, 15, 20, and 25 ml were added to the containers to reduce their pH. Prior to each
measurement, the pH sensor was calibrated with a standard buffer solution at a pH of 9 to minimize

measurement inaccuracies. Figure 3.10 summarizes the desorption testing procedure.

(i

k-
;\cid ‘
Salt Solution
wieAc / 1 -'T
Nitric Acid Paste =
IM \? _
Acid Exposure Titration
(2 weeks)

Figure 3.10. Chloride desorption testing procedure

After adding acid to samples, the samples were capped to prevent evaporation and left for
two weeks at room temperature until the pH reached an equilibrium. During this period, the
evolution of the pH of each solution was monitored periodically. The concentration of free

chlorides after chloride desorption was measured using an automatic chloride titrator, and the
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concentration of released bound chlorides due to the drop in the pH of the solution was calculated
using Eq. (3.4):

_ (ca—cp)xV x35.45

Creleased — Mry (3.4)

Ca: Measured free chloride concentration (M) 14 d after the addition of acid

Cr: Free chloride concentration (M) after the binding period

Ve: Corrected final volume of solution (ml), which accounts for the volume of added acid to 60

ml chloride solution

mary: Sample’s oven-dried weight (g).

C released: Released bound chloride concentration (mg Cl /g paste);

It should be noted that the determination of nitric acid concentration was meticulously
executed through a series of experiments on Ordinary Portland Cement (OPC) samples, which had
been exposed to a 2M NaCl solution. For this purpose, OPC paste samples, previously immersed
in a 2M NaCl solution for two weeks, were treated with varying concentrations of nitric acid,

ranging from 0.5M to 3M, in different volumes.

The pH of these mixtures was rigorously monitored for a duration of one week. Results
from these experiments revealed that the 1 M concentration of nitric acid was most effective in
achieving a desirable pH range when equilibrated with the solution. Therefore, 1 M nitric acid was
chosen as the ideal concentration to reduce the pH, aiding in the accurate assessment of the

desorption properties of various blended paste samples.

57



3.3.4. Analytical Measurements

The analytical tests, including XRD and TGA, are the same as explained in the methods
for objective 2, (section 3.2.3). The same sampling process and measurement parameters were

used. Figure 3.11 shows the main equipment used in the objective 3.

Titrator [Environmental

Figure 3.11. a) Titrator b) pH meter c) environmental chamber d) Vacuum oven e) Vacuum chamber
f) XRD equipment g) TGA equipment
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3.4. Objective 4: pH Change in Cement Pastes Containing Portland Cement and Fly ash
Exposed to Salt Solutions and Carbonation

Figure 3.12 provides a summary of experimental variables for objective 4. The primary
goal was to evaluate the combined effects of carbonation and salt solution exposure on pH
reduction of cementitious systems. Type I/II Portland cement per ASTM C150 [184] AASHTO M
85 [185] standards and fly ash as per ASTM C618 were used to cast paste samples. The fly ash
replacement level was 15%. The water to cement ratio was 0.4, similar to the water to cement ratio
used in the previous objectives to allow for comparison to prior results. 100 by 200 mm cylinders
were used to cast samples. Samples were mixed as per ASTM C305, and samples were demolded
after 24 hours. Paste samples were moisture cured in saturated lime water as specified in test
method C109/C109M for 56 days. Then samples were removed, and water washed before exposure

to salt solution.

Summary of Experimental Variables for Objective 4
I I [ [ [
Cementitious Materials Salt Solutions Samples Preparation Test Analytical test
Postiand cement \\ Water to cement ratio = | | | pH Monitoring d}mng
Type I11 2M NaCl — 0.4 exposure to brine XRD
ASTM C150 ) solution
o 0, o aty
| | OPC and 15% F.ly Ash | || Carbonation TGA
56 Days Curing at7,14
| 4*8 Cylinders || pH Monitoring during
carbonation
L| 21 cylinders for each || Carbonation Depth
(Using Phenolphthalein)

Figure 3.12. Summary of experimental variables for objective 4

59



3.4.1. Sample Preparation

Using a masonry saw, 50 mm (2 in) from both the top and bottom of the samples were
trimmed off. The primary reason for trimming the top and bottom portions of the cylinders is
related to the compaction process. Typically, more water tends to accumulate in the top section of
a cylinder due to compaction. And the bottom portion of the cylinder often contains heavier
particles. The center portion of the cylinder is more uniform. Next, super clear epoxy resin was
used to coat the circumference of the cylinders to ensure salt solution penetrates only from the top
and bottom surface not cylinder sides. After the epoxy was applied, the samples were left to set for
24 hours. Figure 3.13 displays a schematic drawing of the sample preparation before exposure to

NacCl salt solution.

Carbonation and then

Salt Exposure pH Monitoring in =
different depths pH Monitoring in

different depths

Figure 3.13. Sample preparation before exposure to NaCl solution and carbonation

3.4.2. Chloride Exposure

After cutting and coating, samples were placed in an oven for 6 hours at a temperature of
100°F to ensure uniform saturation levels before introducing them to the brine solution. Next,
samples were immersed in 2 M NaCl solution for up to 35 days and the pH of samples were

monitored at specified periods (10, 20, 35 days). This concentration was used based on the
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previous objective’s testing and the exposure time of 35 days was selected to as recommended by
ASTM C1556. The preparation of the 2 M NaCl solution was the same as described in objectives

2 and 3.

3.4.2.1. pH Monitoring During Chloride Exposure

An Ohaus pH meter (Starter 300) with a resolution of 0.01 was utilized for pH monitoring.
Before measurements, the pH-meter was calibrated using a 3-point calibration method. Certified
commercial buffers with pH of 4.01, 7.00, and 10.01 were used for calibration. To date, there is no
standard method to assess the pH level of paste, mortar, and concrete [16, 193]. In this thesis, for
pH monitoring, ex-situ which is also known as suspension methods were utilized. First, Holes of
varying depths were drilled in each cylinder as shown in Figure 3.14. and powder samples were
collected separately from each. Three samples were taken for each depth and age. In total, 36 pH
measurements (3 samples x 3 depths x 4 ages) were conducted during the exposure to the salt

solution over a period of 35 days, as shown in Figure 3.15.

Red: Depth 1 = 0 to (5+1 mm)
Green: Depth2 = (5+1 mm) to (14+1 mm)
Yellow: Depth 3 = (14 £1 mm) to (30 +1 mm)

Figure 3.14. Taking powder from different depth of cylinders for pH measurements (the different
colors represent sample collection for the different depths)
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The powders were immersed in deionized water for 2 hours, after which the pH was
measured. The pH measurement using ex-situ leaching, the method that used in this thesis is fast,
simple, practical [193], and comparable with other more accurate laboratory measurements [16,
194]. It should be reminded that in this thesis the powder taken from different depth of a sample
immersed in DI water for 2 hours and then equilibrated suspension was transferred to conical tubes
and pH measured using a pH electrode (Ohaus pH meter). The suspension did not filter to remove
any errors, as the main reason for filtration is that the existing suspended particles in the suspension
may decrease the pH probe lifespan and the filtering process do not significantly and meaningful
impacts the pH reading [193]. To make sure the room temperature and solution temperature do not
impact the pH readings, the temperature was monitored and was in the range of 22 +1°C. Figure

3.15 illustrates the pH measurement in this study.

10 Days 20 Days 35 Days

Sample 1

Sample 2

Sample 3

Figure 3.15. pH measurements during NaCl solution exposure

3.4.3. Accelerated Carbonation Test

Following the 35-day period, the samples were transferred to a carbonation chamber for
the carbonation test. The temperature in the chamber was 21+ 1 °C and the relative humidity was
kept between 65% to 70%. Samples were kept in the chamber for up to 14 days to facilitate the

accelerated carbonation. The pH was monitored for 4 weeks and compositional changes were
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investigated using TGA and XRD for two weeks. Figure 3.16 shows the carbonation setup in this

investigation.

Figure 3.16. Exposure to carbon dioxide (carbonation test)

3.4.3.1. pH Monitoring During Carbonation

At defined intervals samples were removed from the chamber and powder form four depth
were taken, as shown in Figure 3.17. The pH was measured as described in 3.4.2.1. Three sample

were used for each measurement and the average and standard error reported.

Red: Depth 1 = 0 to (5+1 mm)
Green: Depth2=(5+1 mm) to (10£l mm)
Yellow: Depth 3 = (10 +1 mm) to (15 +lmm)

Orange: Depth 4 = (15 £1 mm) to (20 £1mm)

Figure 3.17. Taking powder from four depths of carbonated paste (colors represent depths)

63



3.4.4. Analytical Tests

The analytical test including XRD and TGA are the same as explained in the methods for
objective 2 and 3. It should be noted that the same sampling process and measurement parameters
have been used. The XRD analysis was performed using DIFFRAC.EVA software and peaks
analyzed using PDF5+ database. The TGA analysis was done utilizing TA Instruments software,

TRIOS Version 5.1.1.
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Chapter 4 : Results and Discussion

This chapter presents and discusses results obtained from the experimental tests described
in the previous chapter. Four separate yet related investigations were performed and in this chapter
the results are presented according to the objectives. It is important to note that these results for
first three objectives have been published as four peer-reviewed journal papers in Elsevier and
ASCE Journals. The necessary permissions to republish these sections have been obtained and

submitted to the Colorado State University Graduate School and ProQuest.

4.1. Objective 1: Investigate the Factors Impacting Chloride Binding Measurements

The results and discussion presented in this section were first published in journal of
Construction and Building Materials, Volume 409, Page 134067, “Investigating the effects of
testing protocol factors on chloride binding capacity in cementitious materials”, Copyright
Elsevier (2023) [195]. In this objective, the impact of various factors on chloride binding

measurements was examined. These factors included:

1) Three different saturation levels (0%, 50%, and fully saturated)
1) Four exposure solutions with varying chemical compositions
1i1) Three sample forms (disk, crushed, and powder)

v) Three solid-to-exposure solution mass ratios (1:3, 1:6, and 1:10)
4.1.1. Effect of Degree of Saturation (DoS) on Chloride Binding

Previous investigations requiring chloride binding measurement have mostly employed
Nilsson's equilibrium method, which involves exposing dried samples to brine solutions. These
test procedures do not accurately reflect real-life conditions. The transport characteristics of

concrete vary based on saturation level [196]. Previous findings [197, 198] showed that the
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chloride diffusion coefficient steadily increases with the degree of saturation and reaches the

highest values at fully saturation level.

Figure 4.1 depicts the chloride binding results for samples with varying degrees of
saturation. The results indicate that as the saturation state of the samples increased, a greater
amount of chloride binding was observed. In comparison, the oven-dried specimens exhibited
significantly lower chloride binding capacity compared to samples that were partially or vacuum-
saturated. The binding capacity of a cementitious system is expressed as the rate of change
(derivative) bound with respect to free chloride. Figure 4.1b shows the binding capacity associated

with the Langmuir isotherm (derivative of the Langmuir isotherm with respect to free chloride).
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Figure 4.1. (a) Chloride binding and (b) chloride binding capacity at varying saturation levels

According to Figure 4.1a, at lower concentrations of free chlorides, the vacuum-saturated
sample exhibited approximately 20% and 115% more bound chloride content than the partially
saturated and oven-dried samples, respectively. This trend remains consistent even at higher
chloride concentrations (e.g., 2 mol/L), where the vacuum-saturated sample showed 22% and 85%

more bound chloride content than the partially saturated and dried samples, respectively.
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Figure 4.1b displays the chloride binding capacity at varying saturation levels. The results
reveals that the binding capacity was higher for fully saturated samples than dry samples. The
results indicate that the rate at which the chloride binding capacity decreased was influenced by
the concentration of free chlorides. However, this decrease is not consistent. As shown in Figure
4.1b, the decline in the slope of the chloride binding capacity is more pronounced until
approximately 0.7 mol/L, after which it exhibits a shallower linear decline. This can be explained
by two factors. Firstly, at lower chloride concentrations, there is a higher ratio of available binding
sites to chloride ions, allowing more sites for chlorides to bind with cement hydrates. Secondly,
due to the limited capacity of cementitious systems to bind chlorides, when additional chlorides
are introduced, they may not always find available binding sites, resulting in a slower rate of

chloride binding.

The decrease in the ability of the samples to bind chloride ions as the saturation level
decreases can be attributed to two primary reasons; firstly, when the samples become less saturated,
there are fewer water-filled pores that allow the movement of chlorides within the samples.
Second, the interface between the solid components of the samples and the pore solution is reduced
at lower saturation levels. This decrease in transport channels and interface limits the access of

chlorides to binding sites within the samples.

Another reason contributing to lower chloride binding as a result of reduced saturation is
the increased competition between C1 and OH for binding sites. The zeta potential of C—S—H in
OPC paste is generally less than -10 mV [199, 200]. To compensate for the negative charges of C—
S—H at the pore wall surfaces, calcium and other positively charged cations establish an ionic bond

with the negatively charged silanol sites, forming what is known as the Helmholtz layer [162, 201],
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named after Hermann von Helmholtz, who was the first to propose a model for the electrical double

layer (EDL) at the interface between a solid and an electrolyte [202] as shown in Figure 4.2.

According to Helmholtz’s model, the EDL consists of two layers: the inner layer, known as
the Helmholtz layer, and the outer diffuse layer. The Helmholtz layer is a region immediately
adjacent to the solid surface where ions are strongly attracted and adhere to the surface [203, 204].
Beyond the Helmholtz layer lies the diffuse layer [204]. This region is less densely packed with
ions and contains a mixture of counterions and co-ions (ions with the same charge as the surface).
With an increase in the positive charge density at the Helmholtz layer, the zeta potential of pore

walls shifts to a positive value, which can selectively attract chlorides or hydroxyl ions.

©-sio
Ca*
@ cr
© on

© Absorbed water
1 Helmholtz layer
2 Diffusive layer

Figure 4.2. Helmholtz model of the EDL for (a) a saturated pore, (b) an unsaturated pore

It should be noted there is a competition between Cl and OH , among others, to bind with
the positively charged hydration sites [58, 201, 205]. Since the pH of the pore solution is typically
above 13, a decrease in the saturation level of the sample leads to an increase in the concentration
of OH within the pore solution [199]. This results in more OH being adsorbed onto the C—S—H

surface, reducing available binding sites for CI ions and leading to reduced chloride binding.
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These findings highlight the importance of considering the saturation state of samples prior
to chloride exposure, a factor that has often been overlooked in previous literature. Previous studies
have predominantly utilized Luping and Nilsson’s equilibrium method, which involves exposing
completely oven-dried samples to brine solutions that do not accurately represent real-world
conditions. Concrete elements in service usually experience varying degrees of saturation,
influenced by factors such as location and season. It is uncommon to come across completely dried
concrete elements that are exposed to solutions containing chloride ions. Consequently, estimating
the chloride binding capacity of cementitious systems based on dried samples significantly

underestimates their actual binding capacity.

4.1.2. Effect of Exposure Solution on Chloride Binding

Figure 4.3 displays the outcomes of the chloride binding experiments using different
solutions. The results indicate that, at chloride concentrations of 0.3 and 2 mol/L, the
solution containing calcium, potassium, and sodium ions demonstrated the lowest level
of chloride binding. In contrast, the pure NaCl solution and the solution with calcium and
potassium ions displayed the highest levels of chloride binding at 0.3 mol/L. However, at
2 mol/L chloride concentration, the NaCl solution exhibited significantly higher chloride
binding compared to the solution containing calcium and potassium ions. Interestingly, the
solution containing only calcium ions exhibited a consistently similar behavior to the pure

NacCl solution.

69



20
a |

184 @) [
E) 16 1 ‘7 g
g, 9
2141 * g
@) §
on
E/ 12 1 . §
£ 104 ' - 2
5 3
5 - . X 8
E Q 2 7
Z 64 B Pure NaCl 5 4] Pure NaCl
@ 1 ¥ O CH 5 - - -CH

4+ o % CH+KH 3]- - cHkH
+ + CH+KH+NH CH+KH+NH
2 T T T T 2 T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 0.3 0.6 0.9 1.2 1.5 1.8 2.1
Free chloride concentration (M) Free chloride concentration (M)

Figure 4.3. (a) Chloride binding and (b) chloride binding capacity in different solutions

Figure 4.3b demonstrates a general trend suggesting a relationship between the
number of ions added to the chloride solution and the chloride binding capacity of the
system. As more ions, especially sodium hydroxide, were introduced to the chloride

solution, the overall chloride binding capacity of the system decreased.

The binding capacity of calcium-silicate-hydrates and AFm phases such as mono-sulfate
aluminate, hydroxy-AFm, mono-carbonate-AFm, and hemicarbonate-AFm compounds is
influenced by the presence of other ions and the pH level of the solution [136]. For instance,
Hemstad et al. [64] conducted a study where they demonstrated that reducing the pH of the pore
solution from 13 to 12 increased the chloride binding in cement pastes. This increase in chloride
binding was associated with higher amounts of chlorides in the AFm-phases. However, further
lowering the pH below 12 resulted in a decrease in the chloride binding capacity due to the

dissolution of AFm phases [83].

The pH values of multi-ionic exposure solutions used in this study are shown in Figure 4.4.

Among the three solutions, the (CH + KH + NH) solution exhibited the highest pH values at all
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chloride concentrations, followed by (CH + KH) and CH solutions. The chloride binding results
of cement paste in these solutions, as shown in Figure 4.3a, followed the reverse pattern in which
the CH solution showed the highest bound chloride and the (CH + KH + NH) solution had the

lowest bound chloride. These findings align with the results reported by Hemstad et al. [83].

13.6

CH+KH+NH

13.4 1
CH+KH

13.24
5 13.01
12.8

12.6 1

\ CH

—T - T 1 T 1T 1 T 1 717
00 02 04 06 08 10 12 14 16 18 2.0

12.4

Free chloride concentration (mol/L)

Figure 4.4. pH of exposure solutions at various chloride concentrations

The addition of more ions to water can also increase the ionic strength of the solution, which
can impact the capacity of cement pastes to bind chlorides. Ionic strength is a measure of the
concentration of ions in a solution, calculated by summing the products of the concentrations of
each ion multiplied by the square of its charge. Figure 4.5a presents the ionic strength of four
solutions, expressed in mole per kg of water (mol/ kgw) at various chloride concentrations. The
PHREEQC software [206] was utilized to predict the ionic strength of these solutions. Since three
of the four solutions in this study were saturated with calcium hydroxide, the Pitzer model, known

for its suitability in modeling high ionic strength solution speciation, was employed [207].
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According to Figure 4.5a, at any given chloride concentration, the ionic strength of the four
solutions follows this order: (CH + KH + NH) > (CH + KH) > CH > pure NaCl solution. For
instance, at a chloride concentration of 2 mol/L, the ionic strength of (CH + KH + NH) was 27 %
higher than that of the pure NaCl solution. Moreover, at the same chloride concentration, the
chloride binding of OPC pastes in the (CH + KH + NH) solution was 133 % lower than in the pure
NaCl solution. This suggests that the ionic strength of the chloride solution can significantly impact

the chloride binding of cement pastes.
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Figure 4.5. (a) Estimated ionic strength of four exposure solutions at different chloride
concentrations, (b) the relationship between ionic strength of salt solution and bound chloride content

Figure 4.5b displays the relationship between the estimated ionic strength of the four
solutions and the corresponding measured chloride binding. The results demonstrate a relatively
significant inverse relationship (Pearson’s r = -0.77) between the ionic strength of the exposure
solution and the bound chloride content within the cement pastes. This inverse relationship can be
attributed to increased competition between the ions in the solution and chlorides for available

binding sites. In simpler terms, when the ionic strength of the solution is higher, there are more
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ions present that can compete with chlorides to bind to the cement paste, resulting in a reduced
chloride binding capacity.
4.1.3. Effect of Solid-to-Liquid Mass Ratio on Chloride Binding

In Figure 4.6, the chloride binding contents and capacities were examined for different
solid-to-liquid (SLR) ratios of 1:3, 1:6, and 1:10. The results indicate that there were no notable
differences in the amount of bound chloride when the samples were exposed to low chloride
concentrations (i.e., < 0.5 mol/L). At higher chloride concentrations, the paste samples exposed to
SLRs of 1:3 and 1:6 exhibited similar performance. In contrast, a significant increase in chloride

binding was observed in samples exposed to an SLR of 1:10.

Figure 4.6b, shows that for SLR values of 1:3 and 1:6, the binding capacity reaches a
plateau at higher concentrations of free chlorides, indicating that the samples reached equilibrium
with the exposure solution. In contrast, samples exposed to an SLR of 1:10 exhibit a steeper
downward linear trend up to a free chloride concentration of 0.7 mol/L, followed by a slight
reduction thereafter. Notably, in this case, no indications of reaching equilibrium are evident,
indicating that the binding capacity of the samples subjected to an SLR of 1:10 exhibits a
continuous increase in chloride binding even beyond the 2 mol/L threshold of maximum chloride

concentration employed in this study.
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Figure 4.6. (a) Chloride binding and (b) chloride binding capacity at diverse SLR ratios

Figure 4.6b shows two distinct slopes. The first relates to low free chloride concentration
i.e. free chloride concentration less than 0.7 M and the second one is associated with high free
chloride concentration i.e. free chloride concentration greater than 0.7 M. Figure 4.6b reveals that
the chloride binding capacity of pastes exposed to higher chloride concentrations is considerably
higher than chloride binding capacity at low free chloride concentration. The same trend was
observed for the chloride binding capacity, where the values were 9.87, 10.96, and 15.89 mg/g
paste/M for the 1:3, 1:6, and 1:10 SLRs, respectively, at a free chloride concentration of 1 M. In
other words, the results show that the volume of the exposed solution, even at the same

concentration, influences the number of chloride ions, affecting the chloride binding results.

The observed increase in chloride binding for the SLR of 1:10 can be attributed to several
factors. Firstly, the larger volume of chloride solution necessitates a greater number of moles of
chlorides to maintain a constant concentration. Consequently, under the assumption of unchanged
conditions, there were higher moles of chloride ions available per unit mass of concrete in SLR of
1:10. This increased availability of chlorides enhances the likelihood of chloride binding to the

cement hydration products. Secondly, the increased water volume potentially improves the overall
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mobility of chloride ions within the paste’s pores, facilitating their efficient transport towards the
reactive sites. Thirdly, the larger volume of water may dilute the pore solution of the paste,
resulting in a decreased ionic strength within the pores. Previous research has demonstrated that
such reduced ionic strength contributes to an increased self-diffusion of water [67], which in turn
can increase the probability of a greater number of chlorides reaching the binding sites within the

paste’s pores.

These results suggest that although sample surface area plays a critical role in providing
binding sites for chlorides, the amount of chlorides per unit mass of sample is also playing a critical
role in this matter and should not be taken for granted. Currently, there is limited research available
in this specific domain. Further investigation is warranted to comprehensively understand the
intricate mechanisms underlying the observed increase in chloride binding, particularly regarding
the interplay between exposure solution volume, chloride ion transport, dilution effects in pore

solution chemistry, and the resulting impact on binding interactions within the concrete matrix.

4.1.4. Effect of Sample Shape on Chloride Binding

Figure 4.7 depicts the quantity of bound chloride in disk-shaped, crushed, and powder
samples at varying free chloride concentrations ranging from 0.3 to 2 M. The results indicate that
grinding the samples into powder resulted in the highest chloride binding capacity compared to
the crushed and disk-shaped specimens. This is attributed to the higher available surface area and

particles for chloride ions to physically or chemically absorb on cement hydration products.
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Figure 4.7. (a) Chloride binding content and (b) chloride binding capacity in different sample forms

Although the chloride binding content of crushed and disk-shaped specimens remained
relatively similar at free chloride concentrations up to 1 mol/L, a significant difference was
observed at higher chloride concentrations. At 2 mol/L free chloride concentration, the bound
chloride contents were approximately 18.8, 23.70, and 31.83 mg/g paste for disk-shaped, crushed,

and powder specimens, respectively.

The findings indicate that the powder form of the samples showed significantly higher
chloride binding capacity than the other forms, regardless of the free chloride concentration. For
example, at a free chloride concentration of 1 M, the chloride binding capacity for disk-shaped,

crushed, and powder samples were 8.25, 10.96, and 14.72 mg/g paste/M, respectively.

4.1.5. Chloride Binding Isotherms

Langmuir and Freundlich isotherms given in Eqgs. (6) and (7) were fitted to the
experimental data to calculate their parameters (o and ), followed by the calculation of the
residual sum of squares (RSS) for each fit. Table 4.1 displays the calculated parameters and RSS

for all samples.
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Table 4.1. Calculated Langmuir and Freundlich parameters

Parameter

Factor

Langmuir Isotherm

Freundlich Isotherm

a, B, RSS ap B, RSS
Disk 1372 025 1.60 1083 0.76 0.78

Shape Crushed 1331 007 1172 1267 087  10.06
Powder 1794 007 1980 17.01 086  16.77

0 13.72 025 1.60 1083 0.76 0.78

Saturation 50% 2394 035  13.19 1738  0.69 6.98
100% 2380  0.18  31.15 2029 078 2323

1:3 11.18 002 2455 1144 086 2285

L/S Ratio 1:6 1331 007 1172 1267 087  10.06
1:10 38.70  0.53 679 2421 065 1852

NaCl 1372 025 1.60 1083 0.76 0.78

Solution CH 1294 0.4 0.63 1021  0.79 0.75
CH-+KH 8.91 0.13 0.95 7.83 0.86 0.82

CH+KH+NH 1540  0.94 1.35 7.57 0.54 3.12

The findings indicate that the Langmuir and Freundlich isotherms yield comparable

estimations within the chloride concentration range investigated in this study. Table 4.1 indicated

that calculated RSS for Freundlich isotherm was lower than Langmuir isotherm in most cased,

therefore, the Freundlich parameters (ar and Br) should be utilized to compute the chloride binding

capacity. It is crucial to highlight that the Freundlich isotherm tends to overestimate the binding

capacity when chloride concentrations are extremely low (<0.1 mol/L). Consequently, it is

advisable to employ the Langmuir isotherm for that particular range.

4.1.6. Summary of Main Findings (Objective 1)

The absence of standardized testing protocols for chloride binding results in variability and

errors when estimating actual binding capacity. To mitigate this issue and establish a more reliable

approach with practical applications, several recommendations should be considered:
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To enhance test result accuracy and extend the applicability of chloride binding tests, it is
important to define a normal saturation level for samples to accurately replicate real-life
scenarios. This can be achieved by obtaining samples from a structure located in a similar
environment or by using precipitation data to estimate the average saturation level of
concrete. If a normal saturation level is unknown, the authors suggest testing the chloride
binding isotherm at three different degrees of saturation, allowing the results to be
extrapolated to conditions within that range.

The chemical composition of the chloride solution should correspond to the pore solution
chemistry of the sample under study. Avoid saturating the solution with calcium, sodium,
and potassium ions, as it can lead to an underestimation of the chloride binding results.
One approach to achieving this is by obtaining a representative pore solution using the
pore-press technique.

It is important to select sample shapes that resemble real-world conditions to obtain more
realistic estimates of chloride binding capacity in actual concrete structures. Solid samples
can provide a better estimation of chloride binding capacity as they more accurately
resemble field conditions.

The solid-to-liquid mass ratio should be selected based on precipitation data relevant to the
field conditions.

Finally, researchers are recommended to report all testing parameters related to the degree
of saturation of samples, the chemical composition of the exposure solution, sample shape
and surface area, and the solid-to-liquid mass ratio when testing the chloride binding of

cementitious systems.
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4.2 Objective 2: Investigate the Chloride Binding and Desorption Capacity for OPC Cement

The results and discussion presented in this section were first published in journal of
Construction and Building Materials, Volume 312, Page 125415, “pH-dependent chloride
desorption isotherms of Portland cement paste”, Copyright Elsevier (2021) [66]. This objective
studied pH-dependent chloride desorption isotherms for OPC paste exposed to MgCl,, CaCl,, and
NaCl solutions as the most common de-icers. In addition, we investigated which empirical
isotherm better suits the chloride binding of OPC paste, and whether the amount of bound chloride

is influenced by the cation-type (Ca**, Mg?*, Na") of brine solution.

4.2.1 Chloride Binding Isotherms

To identify the appropriate binding isotherm that could mimic the nonlinear binding
behavior of the chlorides in these samples, the Langmuir and Freundlich isotherms were fitted to
the experimental results by means of nonlinear least-squares analysis. Figure 4.8b indicates the
binding capacity of each sample based on the estimated o and  parameters for the Langmuir

isotherm given in Table 4.2.

Table 4.2. Langmuir and Freundlich parameter estimates

Langmuir Isotherm Freundlich Isotherm
Solution ar bL RSS oF br RSS
MgCl, 43.64 1.12 13.74 19.30 0.51 31.56
CaCl; 30.52 0.35 21.11 21.69 0.71 24.44
NaCl 23.44 1.31 2.80 9.62 0.47 1.20

Table 4.2. shows the residual sum of squares (RSS) for each fit and the corresponding
parameter estimates associated with the isotherms. The results presented in Table 4.2. indicate that,
in all cases except for NaCl, the Langmuir isotherm had a smaller RSS and provided a better fit to

the experimental data. Numerous researchers have investigated chloride binding isotherms. Cao et
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al. [68] studied chloride binding for OPC cement paste exposed to NaCl solutions with diverse
concentrations ranging from 0.1 M to 3 M. They reported a non-linear relationship between bound
and free chloride and cited that both Langmuir and Freundlich models fit experimental results well.
A review of the effects of external chloride on chloride binding in cement-based materials by Yuan
et al. [208] reveals that considering a linear correlation between free and bound chloride is an
oversimplification. They also pointed out that a Langmuir isotherm corresponds very well with
experimental results at low chloride concentrations. Thomas et al. [114] also noted that free and
bound chloride have a non-linear relationship. They pointed out that for concrete samples
containing diverse binder types exposed to NaCl solution, the Freundlich isotherm was better fitted

to experimental results than the Langmuir isotherm.

Figure 4.8a illustrates the relationship between the concentrations of bound and free
chlorides for the ground OPC paste samples exposed to three different salt solutions. Figure 4.8a
shows that the chloride-binding capability of the OPC paste was greatly influenced by the cation
type of the chloride and its magnitude, with the decreasing order Ca** > Mg?" > Na". This pattern
can be explained by the role that the cation type of chloride solutions played in altering the pH of
the solution and the structure of C—S—H. When NaCl reacts with cement hydration products,
sodium hydroxide forms which is a strong base, leading to increases in the pH of the pore solution.
An increase in the pH of the pore solution leads to an increase in the solubility of Friedel’s salt and
thus a decrease in the number of bound chlorides. When CaCl, reacts with cement hydration
products, Ca’>" can contribute to the development of more C—S—H, which can take up more
chlorides from the solution and release H" back to the solution in return, leading to a reduction in
the pH of the solution [131]. The calcium in the salt solutions fosters the formation of the Cl1-AFm

phase (Friedel’s salt), which is the chemical form of bound chloride. Similarly, the presence of
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Mg?* can lead to the formation of brucite and an increased Ca/Si ratio in the C—S—H gel, which in

turn can increase the chloride uptake capability of the C—S—H [82].
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Figure 4.8. (a) Chloride binding isotherm of OPC paste exposed to various salts; (b) Chloride
binding capacity OPC paste exposed to various salts

An examination of Figure 4.8b reveals that, at low free-chloride concentrations (i.e., free
chloride < 0.3 M), the binding capacity of the ground OPC paste samples exposed to MgCl, was
higher than for CaCl> and NaCl. For example, at free chloride = 0.1 M, the binding capacities of
MgCl,, CaCly, and NaCl were 38.5, 28.2, and 11.8 mg/g paste/M, respectively. At higher free-
chloride concentrations, however, the OPC paste sample appears to have a higher binding capacity
when exposed to CaCl,. For example, at a 2 M chloride concentration, the chloride-binding
capacity of the OPC sample exposed to the CaCl solution was 10.91 mg/g paste/M free chloride,
which was 179% higher than for the MgCl» solution and approximately 991% greater than that of
the NaCl solution, which has the binding capacity of 1.00 mg/g paste. The chloride binding results
aligns wells with previous finding with De Weerdt et al. [82] that reported a higher chloride binding

quantities for cement paste exposed to MgCl, followed by CaCl, and NaCl solutions. Previous
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findings were reported a higher chloride binding quantities when free chloride concentration

increased [68, 132].

4.2.2. XRD and TGA Results After Exposure to Brine Solutions

Figure 4.9 shows the XRD patterns for ground cement samples immersed in 0.1 M and 2
M MgCl,, CaCly, and NaCl solutions prior to the addition of nitric acid. At a molarity of 0.1 (Figure
4.9a), the main phases observed in all three salt solutions were Friedel’s salt, portlandite, and
calcite. However, when the molarity increased to 2 (Figure 4.9b), the detected phases were affected
by the type of cation. It has been reported that immersing OPC paste in high-concentration salt
solutions causes calcium to leach out of portlandite and C-S-H, leading to a reduction in the Ca/Si
ratio of the cementitious system [209]. This can be seen in Figure 4.9b, where the portlandite
intensities for 2 M CaCl, were extensively reduced. Moreover, for 2 M MgCl,, no visible sign of
portlandite was detected, and, instead, brucite was observed. Figure 4.9 shows that Friedel’s salt

was detected between 11.1° and 11.9° 20, which agrees with previous reports [124, 210].
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Figure 4.9. XRD patterns of ground OPC paste samples after chloride binding period (a) 0.1 M
chloride solution; (b) 2 M chloride solution (Fs: Friedel’s salt, CH: portlandite, B: brucite, Cc: calcite)
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The results indicate that an increase in the concentration of chlorides from 0.1 M to 2 M
led to an increase in the Friedel’s salt intensity and a decrease in portlandite intensities. The
intensity of Friedel’s salt was influenced by the type of cation, and CaCl, caused the highest
intensity. Ca*>" can dissolve portlandite and reduce the pH of the pore solution, which in turn can
increase the risk of reinforcement corrosion in concrete. Therefore, while CaCl, salt can bind more
chloride with cement hydrates, forming Friedel’s salt, CaCl; salt is considered to be more harmful

to concrete than NaCl [211] due to the reduction of pH.

The DTG plots obtained from TGA tests for the OPC pastes exposed to salt solutions before
exposure to nitric acid are shown in Figure 4.10. DTG curves show the rate at which mass changes
in relation to temperature, such as the percentage of mass loss per degree Celsius. These reveal
four significant mass losses, corresponding to ettringite at 85 to 210°C [212], Friedel’s salt at 235
to 375°C [124, 210, 213], portlandite at 385 to 460°C and calcite at 540 to 720°C. Figure 4.10
shows a reduction in the amount of portlandite in solute with a molarity of 2 compared to 0.1 M
that is in good accordance with the discussion provided above and data that has been reported by

other researchers [209].

&3



0.00
Before addding salt
0.04 1 0.1M MgCl,
0.1M CaCl,
0.08

o | 0.1M NaCl

N ‘ S~ e .,

o 0129 2M MgCl,

A - P .-

A i 7 oM cac,
0167 " = T2MNaCl
0204 - \

E v )
0.24 . CH Ce .
0 200 400 600 800 1000 1200

Temperature (C)

Figure 4.10. DTG curves of ground OPC paste samples after chloride binding period (E: ettringite,
Fs: Friedel’s salt, CH: portlandite, Cc: calcite)

It should be noted that, in MgCl, solutions, it is challenging to clearly separate the peaks
associated with C-S-H from M-S-H, and the peaks associated with Friedel’s salt from brucite
because their corresponding peaks are mostly overlapping [214]. The Friedel’s salt mass-loss
values for ground cement paste immersed in 0.1 M MgCl, 0.1 M CaCl,, and 0.1 M NaCl were
2.21, 2.75, and 1.40%, respectively, which agree with the XRD results, confirming that more
chlorides from CaCl; salt are available to bind with cement hydrates. The same trend was reported
in [78, 215]. A comparison of the DTG curves of the 0.1 M and 2 M solutions shows the presence
of more of Friedel’s salt in the 2 M solutions. The Friedel’s salt mass-loss values for the OPC
samples immersed in 2 M MgCl,, 2 M CaCl,, and 2 M NaCl were 3.63, 3.53, and 2.71%,

respectively.
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4.2.3 Chloride Desorption Results

Figure 4.11a shows how the pH of the exposure solution changes with the addition of nitric
acid. It is important to note that the pH values reported in Figure 4.11 were measured after no
further reaction between the acid and the cement paste sample was visible (i.e., typically after 12
hours). Upon the addition of nitric acid to an exposure solution, the equilibrium state of the solution

is disturbed, and the pH of the solution drops significantly, followed by a gradual increase in the

pH.
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Figure 4.11. (a) The volumetric influence of nitric acid on the pH of the OPC solution at
equilibrium; (b) the influence of pH on chloride disassociation of bound chlorides

As the pH decreases, the hydrated cement compounds undergo hydrolytic decomposition.
At pH values below 12.6, portlandite is the first constituent that starts to decompose, followed by
C-S-H and calcium aluminate hydrate [216]. At pH values below 4, aluminum hydroxide reacts
further to form aluminum nitrate, and at pH values below 2, the acid can dissolve the calcium

alumino-ferrite phases to form calcium nitrate and iron hydroxide [172].

Figure 4.11b shows the concentration of dissociated chlorides as a function of the pH of

the exposure solution. The general trend in this figure indicates that the pH-dependent chloride
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desorption isotherm is nonlinear and can be divided into two upward and downward parts. Soon
after the addition of nitric acid, the bound chlorides dissociated to a certain degree and were
released into the exposure solution, which corresponds to the increasing trend in the desorption
isotherm curve in Figure 4.11b. During this phase, the concentration of the free chlorides in the
exposure solution increased. With the further addition of nitric acid, the trend of the desorption
isotherm shifts to a downward direction, which is an indication of chloride uptake from the
exposure solution. During this phase, the concentration of free chlorides in the exposure solution
was reduced. At a pH of 0, almost all the dissociated chlorides were taken up from the solution, as

discussed in more detail below.

Figure 4.11b also shows that the pH at which the maximum chloride dissociation occurred
was influenced by the cation type of the chloride. For example, in the sample exposed to the NaCl
solution, the maximum value of chloride dissociation was 13.31 mg/g paste, which occurred at a
pH of 11.2, whereas in the samples exposed to MgCl, and CaClz, the maximum values of the
dissociated chlorides were 26.54 and 22 mg/g paste, at pH values of 3.07 and 2.09, respectively.
These results suggest that the breakdown of physical or chemical chloride bonds in the ground
cement paste exposed to the MgCl, and CaCl; solutions required a lower pH value, and therefore
it can be assumed that they had developed a stronger bond compared to the NaCl solution. Another
interesting finding was the rate of dissociation, which was influenced by the cation type of the
chloride and had the decreasing order NaCl > MgCl, > CaCl,. A comparison of Figure 4.8a and
Figure 4.11b indicates that almost all the bound chlorides in the MgClz and NaCl solutions were
dissociated at the peak points, whereas only 58% of the bound chlorides in the CaClz solution were

dissociated and released into the exposure solution. These results agree with the previous

86



assumption that cement hydrates form a stronger bond with the chlorides in CaCl; solution than in

NacCl solution.

In general, the final products of the reaction between nitric acid and cement paste are
expected to be calcium salt (i.e., calcium nitrate), water, hydrogels of silica, aluminum, and ferric
oxide [216]. The authors hypothesized that these precipitated calcium salts and hydrogels could
absorb some of the free chlorides from the exposure solution, resulting in the downward trend in
the chloride desorption isotherm that appears in Figure 4.11b. The formation of similar gel-like
products during chloride extraction by nitric acid has been reported by several previous authors.
For example, Lolivier [217] reported the formation of gelatinous silica during chloride extraction
from hardened concrete, while Ahmed and Trejo [218] found whitish gypsum-like products, rich
in calcium, sulfur, and alumina, during chloride extraction from calcium aluminate and calcium

sulfoaluminate paste samples containing admixed chlorides.

Some researchers have suggested that boiling the solution after the addition of nitric acid
is a required step to make sure all the chlorides are extracted [219]. However, “total” chloride
extraction using nitric acid and the boiling method has been debated and needs further
investigation [220, 221]. Note that boiling is recommended when the purpose of the test is to
determine the concentration of total chlorides in a hardened cementitious sample [220, 222], but

this was beyond the scope of the present study.

The chemical compositions of the hydrogels produced after the addition of 20 ml (0.68 {1
o0z) nitric acid were obtained by means of X-ray fluorescence analysis and are shown in Table 4.3.
These hydrogels were mainly composed of calcium, and contained noticeable concentrations of

chlorides and sulfides, which agrees with the hypothesis discussed above, that hydrogels can
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absorb chlorides. In addition, there was a fair amount of Fe**, possibly in the form of iron

hydroxide, in the hydrogels, which would explain their brownish colors.

Table 4.3. Chemical composition of hydrogels (%)

Solution ~ Na" Mg*" AP* Si¥*  P* S* Cr K* Ca*" Fe**
MgCl, 0.00 1.91 0.01 0.18 0.18 340 1874 056 7144 3.06
CaCl, 0.00 0.24 045 031 0.16 691 13.09 047 76.60 143
NaCl 1.06 0.29 058 037 0.19 6.71 15.64 0.52 6932 4.73

4.2.4. XRD and TGA Results After pH Reduction

Figure 4.12 shows the diffraction patterns after the addition of nitric acid to the OPC
samples immersed in 0.1 M and 2 M MgCl,, CaCl,, and NaCl solutions. A comparison of Figure
4.12 with Figure 4.9 highlights that adding nitric acid and reducing the pH of the solution can
significantly affect the phases detected. Portlandite is the first hydration product starting
dissolution when acid attacks concrete and the pH value is lower than 12.6. The final products of
the reaction between an acid and cement paste hydrations are expected to be calcium salts, and the
type of acid does affect the resulting calcium salt [223]. As can be seen in Figure 4.12, the recorded
diffractions are dominated by calcium nitrate. Moreover, Friedel’s salt has been removed. The
XRD results also show that, after adding nitric acid to ground OPC samples, a gypsum phase is
present. This can, in part, be caused by the instability of ettringite at low-pH values, and its

subsequent decomposition into alumina hydroxide and gypsum [216, 224].
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Figure 4.12. X-ray diffraction patterns of ground OPC pastes immersed in salt solutions after
adding (1:1) nitric acid (a) 0.1 M; (b) 2 M (G: gypsum, CN: calcium nitrate, H: halite)

The DTG curves for the ground pastes exposed to varying salt solutions after the addition
of nitric acid are shown in Figure 4.13. It should be noted that some data, including from the 0.1
M NaCl and 2 M CaCl,, were lost due to data collection problems. As can be seen in Figure 4.13,
after adding nitric acid, a very negligible amount, if any, of Friedel’s salt was present. After the
addition of 20 ml (1:1) nitric acid, the pH of the solutions reached close to 0, which led to

decalcification and the dissolution of Friedel’s salt.

The DTG curves (Figure 4.13) indicate that gypsum and calcium nitrate were the two main
phases. Gypsum decomposition is observed in a temperature range of 100 to 165°C; more
precisely, based on the literature, it occurs around 140°C, although the exact temperature range
varies and is influenced by the heating rate and the type of vessel used [212]. The second notable
mass loss was related to calcium nitrate, which happened at around 460 to 620°C, after adding the
acid [225]. As discussed in the first part of this section, portlandite becomes unstable at this very

low pH, and the main phase is calcium nitrate, as confirmed by XRD (Figure 4.12). The calcium
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nitrate mass-loss values for the 0.1 M MgCl,, 0.1 M CaCl,, 2 M MgCl», and 2 M NaCl were 35.94,

36.37, 29.41, and 36.04%, respectively.
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Figure 4.13. DTG curve of OPC paste immersed in salt solution after the addition of nitric acid (G:
gypsum, CN: calcium nitrate)

4.2.5. Summary of Main Findings (Objective 2)

In this objective, we first investigated the chloride-binding behavior of ground OPC paste
exposed to MgCla, CaClz, and NaCl solutions, and then we devised a testing procedure to develop
and study pH-dependent chloride desorption isotherms of ground OPC paste. It was hypothesized
that samples that develop a strong chloride binding can better resist a low-pH environment and

release fewer chlorides into the concrete pore solution. Here a summary of primary outcomes:

1- It was found that the Langmuir isotherm is better suited to the chloride binding of
ground OPC paste compared to Freundlich isotherm.
2- The quantity of bound chloride is predominantly influenced by the cation-type of

chloride in the decreasing order CaCl, > MgCl, > NacCl.
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3- The drop in the pH of the exposure solution, initially resulted in the total dissociation
of'the bound chlorides from the MgCl, and NaCl salts. However, only 58% of the bound
chlorides from the CaCl; solution could be dissociated as a result of the reduced pH of
the exposure solution.

4- Friedel’s salt formation which represents the chemically bound chloride was influenced

by the type and concentration of the salt solution.

91



4.3 Objective 3: Investigation on the chloride binding capacity and desorption for
cementitious systems containing SCMs

The results and discussion presented in this section were first published in journal of
Construction and Building Materials, Volume 370, Page 130667, “Chloride desorption
mechanisms of cement pastes containing fly ash”, Copyright Elsevier (2023) [153] and American
Society of Civil Engineering (ASCE) journal of Materials in Civil Engineering, Volume 35, Issue
12, “Effect of pH on Desorption of Bound Chlorides in Cement Pastes Containing Granulated
Blast-Furnace”, Copyright American Society of Civil Engineering (ASCE) (2023) [226]. In this
objective, we comprehensively investigated the properties of blended cement incorporating three
principal supplementary cementitious materials (SCMs): fly ash (at 15% and 30% replacement
levels), slag (at 25% and 50% replacement levels), and silica fume (at 5% and 10% replacement
levels). Initially, these blended cements were subjected to exposure in three different brine
solutions (NaCl, MgCl,, and CaClx) to assess their chloride binding capacity. Subsequently, the
pH of the system was systematically altered through the addition of varying amounts of nitric acid.
At each specified pH level, we conducted a detailed analysis of chloride desorption and the
associated changes in chemical composition. To facilitate a clear and coherent presentation of our
findings, the results for each type of SCM are discussed separately.
4.3.1. Chloride Binding and Desorption Capacity for Blended Cement Containing Fly Ash
4.3.1.1. Hydration Characterization of Binary Blended Cement Pastes

Adding fly ash (FA) to an OPC system promotes pozzolanic reactions, in which portlandite
is consumed to form C—S—H gel [227, 228]. Figure 4.14 shows the XRD spectra of OPC, FA1S5,
and FA30 pastes that were cured for 56 d. The intensity of the portlandite peaks decreased with the

inclusion of FA because it was consumed to produce C—S—H. For instance, the intensity of the
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portlandite peak around 18 degrees for OPC is 0.899, which is reduced to 0.842 and 0.833 in FA15
and FA30, respectively. At the next portlandite peak, around 29 degrees, the intensities in OPC,
FA15, and FA30 are 0.336, 0.258, and 0.213, respectively. Ettringite, tetra calcium aluminoferrite

(C4AF), monocarbonate, ferrite, portlandite, calcite, and belite were also detected.
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Figure 4.14. XRD spectra of 56-d paste samples containing fly ash (E: Ettringite, C: C4AF, M:
Monocarbonate, F: Ferrite, CH: portlandite, Cc: Calcite, C,S: Belite)

The results are in agreement with previous investigations that studied microstructures of
blended cement pastes containing fly ash [229, 230]. Figure 4.15 shows TGA and DTG results for
blended cement pastes containing fly ash. In the TGA tests and DTG analysis, two significant dips
were observed at around 100°C and 450°C, which are attributed to ettringite and portlandite,
respectively [212]. Only small amounts of monocarbonates were observed in the DTG of FA-
bearing samples, with a dip at around 280°C. Figure 4.15 shows the reduction in the magnitude of
the portlandite further decreases with an increased level of FA replacement, indicating a lower
mass loss associated with portlandite due to pozzolanic activity [231]. The TGA results show that

the mass loss percentage related to portlandite in OPC was 4.86%, dropping to 4.09% and 3.43%
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in the FA15 and FA30 pastes, respectively. Compared to the previous studies, the same phases and
reduction in mass loss of the portlandite by incorporation of fly ash compared to OPC were

reported by Kocak et al. [230] and Leklou et al [232].
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Figure 4.15. DTG analyses of 56-d hydrated paste samples containing fly ash (E: ettringite, CH:
portlandite, and M: Monocarbonate)

4.3.1.2. Chloride Binding of Blended Pastes Containing Fly Ash

Figure 4.16 illustrates the relationship between the free and bound chloride concentrations
in three systems containing OPC and FA. In most cases, the relationship between free and bound
chlorides is nonlinear. The Langmuir and Freundlich isotherms were fit to the experimental results
to identify the binding isotherm that best mimics the nonlinear binding behavior of the chlorides
in these samples. Table 4.4 shows the residual sum of squares (RSS) of the fits and the
corresponding parameter estimates associated with each isotherm. The Langmuir isotherm was a
better fit for the chloride binding in paste samples in the NaCl and MgCl: solutions, whereas the

Freundlich isotherm was a better fit for the CaCl, solutions.
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Table 4.4. The estimated parameters of the Langmuir and Freundlich isotherms

. Langmuir Isotherm Freundlich Isotherm

System Solutions a, ﬁL RSS ap ﬁL RSS*
NaCl 15.32 0.06 23.46 14.07 0.98 23.67

OPC CaCl, 21.60 0.10 10.96 19.43 0.91 11.01
MgCl, 65.98 0.60 58.94 69.60 0.64 22.86

NaCl 28.40 0.09 28.27 25.90 0.91 27.17
FA15 CaCl, 46.63 0.28 95.65 35.00 0.82 117.39
MgCl, 87.16 0.78 53.24 46.64 0.64 99.87
NaCl 61.99 0.48 323.73 39.99 0.76 419.70
FA30 CaCl, 84.09 0.65 419.63 48.20 0.69 572.24
MgCl, 114.39 0.88 389.67 57.38 0.62 626.58

*RSS: Residual sum of squares

Figure 4.16 shows that the cation of the salt played a significant role in the chloride binding
capacity of the OPC pastes. The solubility of Friedel’s salt is dependent on pH [233] and an
increase in pH can increase the solubility of Friedel’s salt. Therefore, the lower chloride binding
in NaCl solution can be attributed to its higher pH and reduced chemical binding capability. One
reason for a higher bound chloride content in CaCl; is the contribution of the aqueous Ca®" to the
development of more of the C—S—H phase with an increased Ca/Si molar ratio, which in turn can
adsorb more chloride ions. The presence of aqueous Mg** can lead to an increased Mg/Si molar
ratio, promoting the formation of magnesium silicate hydrate (M—S—H), which has a detrimental
impact on the porosity and integrity of the paste samples. The higher porosity due to formation of

M-S-H means more chloride ions can ingress, resulting in a higher chloride binding quantity.

Figure 4.16 also reveals that replacing a portion of OPC with FA improved the overall
chloride binding of the system. For example, in a 2 M NaCl solution, replacing a portion of the
OPC with 15% and 30% FA increased the number of bound chlorides by 176% and 216%

compared to their OPC counterparts. The same trend was observed in CaCl, and MgCl: solutions.
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The increased chloride binding due to the inclusion of FA resulted from the higher Al,O3 content
of FA. Based on the chemical composition of FA, Table 3.2 in chapter 3, it has nearly 4.8 times
greater Al,O3 content than OPC which can help the formation of more AFm phases in hydration
production [107]. Higher AFm content facilitates the formation of chloride-bearing AFm
compounds such Friedel's salt (C3A.CaCl>.10H20), which are the primary forms of chemically

bound chlorides, leading to a higher capacity in FA-containing pastes.

In addition, the XRD and TGA results confirmed that the inclusion of FA promoted
pozzolanic reactions, which resulted in the consumption of portlandite to form C—S—H, an increase
in Al-rich phases and AFm, and finally, a reduction in ettringite [228]. A higher amount of C-S-H
gel in the paste is beneficial because it can increase the possibility of physical chloride binding
[61]. Therefore, more chlorides physically or chemically reacted with hydration phases, leading to

a higher chloride binding capacity.

4.3.1.3. Chloride Desorption of Blended Pastes Containing Fly Ash

The pH of the exposure solution is one critical factor that can influence the rate of chloride
desorption in cementitious samples. The pH values of the 2 M NaCl, CaCl,, and MgCl, solutions
used in this study for chloride binding were 6.8, 9.4, and 8.7, respectively. When the paste samples
were each immersed in 60 mL of salt solutions, the pH gradually increased during the exposure
period due to the leaching of portlandite, which in turn increased the pH buffering capacity of the
solution. After keeping the paste samples in salt solutions for 2 weeks, the average pH increased
gradually to 12.2 and 11.4 in the NaCl and CaCl; solutions, respectively. The average pH kept

constant at 8.7 for the MgCl» solution.
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Figure 4.17 shows the pH of the exposure solutions measured at different times during the
desorption period. The results show that after nitric acid was added, even at low volumes, the pH

of the exposure solution dropped significantly for a few minutes and then slowly increased.

— 5ml
—— 10ml
— 15ml
——20ml
——25ml
o 2 4 6 8 10 12 14 o 2 4 6 8 10 12 14
Time (d) Time (d) Time (d)

— 10 ml
—— 15ml
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Figure 4.17. pH evolution after adding different volumes of acid. (a) OPC-NaCl; (b) OPC-CaCly;
(c) OPC-MgCly; (d) FA15-NaCl; (e) FA15-CaCl; (f) FA15-MgCly; (g) FA30-NaCl; (h) FA30-CaCly; (i)
FA30-MgCl,

With time, the increased pH confirms the buffering capacity of paste samples due to the
reaction between portlandite and nitric acid. Comparing the subplots in Figure 4.17 suggests that
the rate of pH increase is closely related to the volume of acid added to the solution. The exposure
solution reached equilibrium much faster when a smaller volume of nitric acid was added. For

example, after adding 5 mL of acid to the salt solutions, the pH plateaued after about a week. When
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a larger volume of acid was used, binders containing higher percentages of fly ash (FA30) had

lower pH than OPC because their portlandite content was lower.

Figure 4.18 shows the percentage of released bound chlorides in samples exposed to
various volumes of acid. For OPC pastes, Figure 4.18a shows that adding 5-10 mL of acid led to
a significant release of bound chlorides: nearly 87%, 92%, and 86% of bound chlorides were
released in the NaCl, CaCl,, and MgCl, solutions, respectively. The number of chloride ions
released from the pastes after adding 10 mL of nitric acid yielded similar results. Among the
various salt solutions, the released bound chloride contents after 5—10 mL of acid was added to
NacCl, and MgCl> solutions were almost the same or lower than that of CaCl,. Nevertheless, the

released bound chloride content declined with the further addition of acid.

In the FA1S5 pastes (Figure 4.18b), adding acid in volumes of 5-10 mL released more than
90% of the bound chlorides in the NaCl solution, followed by the CaCl; (nearly 80%) and MgCl,
(nearly 60%) solutions. The further addition of acid decreased the percentage of released bound
chlorides. However, in most cases, a higher release of bound chlorides was observed in the NaCl
solution than in the other two solutions. Similarly, in the FA30 pastes (Figure 4.18c¢), the release
of bound chlorides in the NaCl solution was more than 87% at all acid volumes, considerably
higher than the other two salt solutions. When the FA replacement level increased from 15% to
30%, there were no noticeable changes in the percentage of released bound chlorides in the NaCl
and MgCl solutions. However, the percentage of released bound chlorides in CaCl, was reduced,

especially within the 5-10 mL range of added acid.
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Figure 4.18. The released bound chlorides after 2 weeks of exposure to nitric acid in samples containing
(a) OPC; (b)FA15; and (c) FA30

4.3.1.4. XRD Analysis of Chloride Desorption Products
An XRD analysis was performed to investigate the influence of acid exposure on the
crystallographic structure and the composition of the paste samples. Figure 4.19 compares the

XRD spectra of OPC pastes collected before and after exposure to 25 mL of nitric acid. The
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intensity of the portlandite peaks was weaker after acid addition due to the leaching of calcium

hydroxide to buffer the pH.
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Figure 4.19. The XRD spectra for OPC samples before and after exposure to 25 mL of acid. The
samples were first exposed to 2 M salt solutions (Fs: Friedel’s salt, CH: portlandite, Cc: calcite, C2S:
belite, E: ettringite, B: brucite)

The XRD results show that a considerable amount of ettringite, an expansive crystalline
phase, was present after the acid attack due to the dissolution of AFm phases, such as monosulfate
(C3A. CaS04-12H,0) [175]. The peak associated with Friedel’s salt located at around 11.3 degrees
after exposure to 25 mL of acid suggested that some bound chlorides could not disassociate due to
the drop in the pH. These bound chlorides either formed a stable bond that could not be broken at
such low pH or resulted from new chemical chloride binding on the subsurface layers of the pastes.
As the pH of the solution stabilizes, the available chloride ions in the solution can ingress through
the damaged layer and form physical or chemical bonds with the hydration products on the
sublayers. A visual inspection of the pastes (see Figure 4.20) confirmed that a considerable portion
of the inner parts of the pastes remained intact even after exposure to 25 mL of acid; therefore, it

is highly probable that they could bind chlorides.
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Another possible reason for the presence of Friedel’s salt in the paste samples (Figure 4.19)
is that since the samples were dried before they were exposed to the chloride solution, chlorides
entered the pastes via capillary action and formed chemical or physical bonds with the inner
hydration products. Since the paste samples were exposed to chloride solution for 2 weeks, it can
be assumed that they were partially saturated when acid was added to the solution. Therefore, it is
acceptable to assume that diffusion governed the acid ingress into the paste. Since acid diffusion
slows considerably when the acid loses its strength as it moves through an alkaline environment,
the inner parts of the paste sample may not have been exposed to the acid; therefore, the bound
chlorides in those parts remained unaffected. Figure 4.20 shows the cross sections of FA30 pastes
exposed to 25 mL of acid for 2 weeks, confirming that the inner parts of the paste specimens were

intact. This hypothesis was confirmed by the presence of Cl-AFm in the XRD spectra of the paste

after acid was added.
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Figure 4.20. Cross-sectional images of FA 30 samples after exposure to 25 mL of nitric acid in (a) NaCl;
(b) CaCly; and (c) MgCl, solutions

Figure 4.21 shows the XRD spectra of the FA-bearing samples before and after exposure
to nitric acid. Similar to the OPC results, the presence of ettringite and calcium nitrate after
exposure to acid was observed in the XRD spectra. In the FA15 and FA30 pastes exposed to MgCla,
the portlandite peak intensity, especially around 26 = 18 degrees, was reduced. Moreover, the
portlandite peaks in FA30 have lower intensities than FA15 before and after acid exposure,

indicating pozzolanic reactions occurred due to the higher replacement level of FA. Another
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noticeable point in Figure 4.21 is the presence of brucite peaks in pastes immersed in MgCl, before
acid addition at around 18.7, 38.1, and 58.8 degrees, and their attenuation after exposure to nitric
acid. The reaction between brucite and nitric acid forms a highly water-soluble salt, magnesium

nitrate; this reaction is the leading cause of such an attenuation.
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Figure 4.21. XRD spectra of FA samples before and after exposure to 25 mL of acid. Samples were
first exposed to 2 M salt solutions. (a) FA15; (b) FA30 (Fs: Friedel’s salt, CH: portlandite, Cc: calcite,
C2S: belite, E: ettringite, B: brucite)

Additional XRD measurements and analysis were performed on the damaged surface layer

of OPC paste samples exposed to 25 mL of nitric acid to determine the chemical composition and

103



identify the phases formed on the surface of these samples after exposure to salts and nitric acid

(Figure 4.22).

X Corroded
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Figure 4.22. Sample preparation for testing the chemical composition of corroded layer (OPC paste
exposed to 25 mL of added acid)

Figure 4.23 shows the prominent brucite peak in samples exposed to MgCl,. Brucite can

form due to a reaction between portlandite and MgCl. In addition, quartz, gibbsite, gypsum, and

calcium nitrate were detected.
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Figure 4.23. The XRD spectra of the corroded layer of the OPC paste exposed to 25 mL of acid (Q:
quartz, Gi: gibbsite, G: gypsum B: brucite, CN: calcium nitrate)
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The XRD spectra indicated that the corroded layer of the samples exposed to the NaCl and
CaCl; solutions was somewhat amorphous and composed mainly of quartz. The brownish color of
the corroded layer may be due to the presence of iron in the altered layer, as previously reported

in [175]. However, there were no iron-containing crystalline phases in the XRD spectra.

4.3.1.5. TGA Analysis of Chloride Desorption Products

Figure 4.24 compares the DTG results for the OPC paste samples exposed to salt solutions
before and after acid exposure. The DTG results show three significant mass losses, corresponding
to ettringite at 85 to 210°C [212], Friedel’s salt at 235 to 375°C [124, 210, 213], and portlandite at
385 to 460°C. The results indicate considerably shallower dips for portlandite after acid exposure,
resulting from the leaching of portlandite from the paste matrix. While the second dip in Figure
4.24 at 350°C is labeled as Friedel’s salt, due to the reactions between cement hydrates and nitric
acid, other phases such as brucite may have formed that have a similar dehydroxylation
temperature to Friedel’s salt. The reported decomposition temperature ranges by Scrivener et al.
[212] for Friedel’s salt (250°C to 400°C), brucite (around 400°C), aluminum hydroxide (around
270°C), magnesium silicate hydrates (around 270°C and 400°C) overlap, which makes it very
challenging to distinguish their mass losses in TGA curves. The presence of Friedel’s salt in the

DTG curves supports the XRD results.
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Figure 4.24. DTG results for the OPC sample before and after 25 mL of acid addition

Figure 4.25 displays the DTG curves of specimens containing FA. The dips associated with
Friedel’s salt before and after acid addition did not change in the samples exposed to NaCl and
CaCls. The explanation provided for the presence of Friedel’s salt in the OPC samples is valid for
other binders, including FA15 and FA30. These dips probably represent Friedel’s salt on the
subsurface layer. The magnitude of the dips associated with Friedel’s salt after the acid was added
to the samples exposed to MgCl, solution was not as pronounced as before acid exposure. This
decrease can be attributed to the lower pH of the MgCl» solution compared to the other two

solutions before and after the acid was added, leading to more Friedel’s dissolution.

The mass fraction of Friedel’s salt in paste samples was determined based on Eq. (4.1):

=y 4.1)

mrs: mass fraction of Friedel’s salt
mmo: mass loss (% wt.) of the primary layer of water obtained from TGA

MpFrs and Mp20: molar mass of Friedel’s salt (561.3 g/mol), and water (18.02 g/mol)
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The mmu20 for Friedel’s salt can be determined from the TGA by subtracting the results for
the paste which was not exposed to salt from the pastes which were exposed to salt in the

temperature range in which Friedel’s salt was observed.
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Figure 4.25. DTG results of fly ash-containing samples before and after exposure to 25 mL of nitric
acid (a) FA15 and (b) FA30

Table 4.5 summarizes the mass fraction of Friedel’s salt between 240 and 420°C before
and after acid exposure, calculated based on Eq. (20). The mass fraction of Friedel’s salt was the
highest in the MgCl: solution, followed by the CaCl; and NaCl solutions, which agreed well with
the chloride binding results and the XRD spectra. In the NaCl and CaCl; solutions, the mass of
Friedel’s salt slightly increased after the acid was added. However, in the MgCl; solution, the trend

was reversed after adding 25 mL of acid.
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Table 4.5. Measured mass fraction of Friedel’s salt in a temperature range of 240 to 420°C before
and after adding 25 mL of acid

Friedel’s salt mass fraction (% wt.)

Sample Before exposure to acid After exposure to acid
NaCl CaCl; MgClh NaCl CaClz MgCl,
OPC 4.14 3.41 5.89 4.36 4.64 5.00
FA15 3.84 3.77 7.14 5.23 4.31 7.01
FA30 3.37 4.25 8.79 4.45 4.78 5.9

4.3.1.6. Visual Inspection of Samples After Chloride Desorption Test

An acid attack can dissolve and leach acid-susceptible constituents, mainly calcium
hydroxide, from the cement paste, resulting in increased capillary porosity, loss of cohesiveness,
and eventually loss of strength [178]. Additionally, the decalcification of cement paste generates

intense tensile stresses on the surfaces of paste samples, leading to the formation of cracks [234].

NaCl CaC]2 MgC]2

SmL H_NO3 20 mL HNO3

Figure 4.26. Images after 2 weeks of exposure to 5 mL (left) and 20 mL (right) nitric acid

Based on visual observations of the surface cracks under a microscope, the pastes in this study

showed no significant damage after 2 weeks of exposure to 5 and 10 mL of nitric acid. However,
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the extent of the damage increased with an increase in the volume of added acid and took the form
of bleaching, surface corrosion, and surface grazing or cracking. For example, samples exposed to

5 and 20 mL of acid for 2 weeks are shown in Figure 4.26.

Figure 4.27 shows salt crystallization on the surface and within the generated cracks. The
considerable amounts of crystalized salts and other residual materials could potentially create an
expansive pressure within the cracks, leading to more internal damage. The reason is that when
the brine solution evaporates, the salts start precipitating and crystallizing in confined spaces of
cracks. Under this condition, salt crystallization can generate stress on the crack walls. The direct
measurement of the force exerted by a growing crystal is challenging, however, there is some
evidence in the literature [235]. After acid was introduced to the system, the reaction between nitric
acid and portlandite produced calcium nitrate, which is highly soluble. The whitish layer observed
on the surface of samples immersed in 2 M MgCl, and exposed to nitric acid can be explained as

the precipitate of magnesium sulfate formation.

Figure 4.27. Salt crystallization on the surface and within the cracks of dried samples after immersing
them in salt solution followed by acid exposure.
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4.3.2. Chloride Binding and Desorption Capacity for Blended Cement Containing Slag
4.3.2.1. The Phase Composition of Slag-Blended Pastes

The reactivity of blended cement pastes containing GGBFS is mainly governed by the
chemical composition and degree of crystallinity of GGBFS [227, 228, 236]. Figure 4.28a shows
the XRD scans of OPC and GGBFS-blended pastes cured for 56 d. Portlandite was the most
dominant phase detected in all samples. The results show a reduction in the portlandite peak
intensity with the incorporation of GGBFS. The inclusion of GGBFS consumes portlandite to form
C-S—-H gel [32, 33]. Other detected phases were ettringite, tetracalcium aluminoferrite,

monocarbonate, calcite, and belite.

Figure 4.28 shows the DTG plots of pastes cured for 56 d. Ettringite and portlandite had
primary dips observed at approximately 100°C and 450°C, respectively [212]. The results showed
that increasing the replacement level of GGBFS reduced the portlandite content, in good
agreement with the XRD results. Based on TGA results, the portlandite mass loss percentage was

4.86% in OPC, 3.42% in SG25, and 2.51% in SG50.
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Figure 4.28. (a) The XRD patterns of hydrated pastes. (b) Mass loss and DTG curves of hydrated
pastes (E: Ettringite, M: Monocarbonate, F: Ferrite, CH: portlandite, Cc: Calcite, C2S: Belite)
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4.3.2.2. Chloride Binding of Slag-Blended Pastes

Figure 4.29 shows the experimental data (symbols) for free and bound chloride
concentrations and the fitted Langmuir isotherms (lines) for the OPC and GGBFS-blended pastes.
The results show a non-linear relationship between the free and bound chlorides. The estimated
parameters and the residual sum of square errors (RSS) comparing Langmuir and Freundlich

isotherms for these pastes are shown in Table 4.6.
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Figure 4.29. The experimental data and fitted Langmuir isotherm of OPC and GGBFS pastes
exposed to NaCl, CaCl2, and MgCl2 solutions (a) OPC; (b) SG25; and (c) SG50

Table 4.6. The fitting parameters of Langmuir and Freundlich isotherms

‘ Langmuir Isotherm Freundlich Isotherm

System  Solutions a 8, RSS a 8, RSS
NaCl 15.32 0.06 23.46 14.07 0.98 23.67

OPC CaCl, 21.60 0.10 10.96 19.43 0.91 11.01
MgCl, 65.98 0.60 58.94 69.60 0.64 22.86

NaCl 44.73 0.59 32.88 25.14 0.49 70.66

SG25 CaCl 38.16 0.26 9.29 29.47 0.78 5.29
MgCl, 92.19 0.95 98.72 45.38 0.54 73.98

NaCl 37.54 0.24 45.82 29.23 0.82 55.16

SG50 CaCl, 35.06 0 22.74 34.41 1.06 17.40
MgCl, 59.57 0.18 52.55 49.17 0.85 51.54
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4.3.2.3. Influence of Slag on Chloride Binding

The binding results in Figure 4.29 show that regardless of the cation of the salt, the
inclusion of slag led to more chloride binding than that of the pure OPC paste. For example, the
SG25 and SG50 pastes exposed to a NaCl solution showed approximately 53% and 56% higher
bound chloride contents than the OPC. The same trend was observed for pastes exposed to CaCl,
and MgCl solutions. The higher chloride binding capacity of SG25 and SG50 can be attributed to
increased pozzolanic reactions in the GGBFS-blended samples, leading to the further consumption
of portlandite to form more C—S—H gel [228, 237], which can physically bind chlorides. Moreover,
GGBFS contains a slightly higher amount of Al2O3 than OPC, and Al20O3 can produce more AFm
and AFt phases during hydration [238]. AFm phases can bind chemically with chlorides to form
Friedel's salt [239]. Al can also bind with C—S—H and increase the Si/Al ratio, which increases the

ability of the C—S—H phase to uptake chloride ions [228].

4.3.2.4. Influence of Salt Cation on Chloride Binding and pH of the Exposure Solutions
Figure 4.29 shows that the salt cation greatly affects the chloride binding capability of
cement pastes. These results agree with the previous finding that MgCl,, followed by CaCla, has a
higher affinity to bind with cement hydration products than NaCl [82, 111, 128]. Arya [111] have
attributed the higher binding capacity of MgCl: to the faster diffusion of chlorides in this salt. It
has been suggested that chlorides diffuse more rapidly because their steady-state diffusion in
divalent cations is faster than in monovalent cations [240]. However, there is no consensus on this
matter. Other researchers, such as Hansson [241], have reported faster chloride diffusion for NaCl,
followed by CaCl; and MgCls. Increased chloride binding of MgCl, could also be due to the higher
ionic strength of the MgCl, solution, which affected the rate of chemical reactions between the

chlorides and cement hydrates [242].
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The type of salt cation can also influence the pH of the salt solutions and the concrete pore
solution. Experimental results showed that the pH of 2 mol/L NaCl, CaCl,, and MgCl, solutions
were 6.9, 6.7, and 5.8, respectively. When the paste samples were immersed in 60 mL of salt
solution, the pH gradually increased during the exposure period, mainly due to the leaching of
portlandite and the corresponding effect on pH buffering. After the paste samples were exposed to
salt solutions for 2 weeks, the pH reached close to 12.3, 11.4, and 8.8 in the NaCl, CaCl,, and
MgClz solutions, respectively. These results agree with previous investigations that have reported
that the pH of the concrete pore solution decreased in the presence of CaCl, and MgCl; [82, 124,
128]. When NaCl is dissolved in water, it undergoes dissociation into Na™ and Cl" ions. The Na"
ions do not participate in any reaction with water and thus do not have any impact on the pH of
the solution. Chloride ions, on the other hand, can react with water to produce hypochlorous acid
(HOC), a weak acid that has little effect on pH [243]. Conversely, the dissolution of CaCl, and
MgCl: can lead to liberation of hydrogen ions, causing the pH to become lower [244, 245]. The
solubility of Friedel's salt is pH dependent and rises with increased solution pH [129]. Thus, an
increase in the pH of the pore solution dissolves chemically bound chlorides, reducing the overall

number of bound chlorides [111, 128, 129].

Another underlying reason that MgCl, and CaCl> can bind more chlorides is the
development of more C—S—H phases in samples exposed to aqueous Ca>" and Mg?*. Ca*" from
calcium-bearing salts contributes to the formation of more C—S—H, which can then take up more
chlorides from the solution. Mg®" from magnesium-bearing salt produces four changes that
enhance chloride binding capacity. First, it reacts with portlandite; second, it forms brucite and
CaCly; third, it increases the Ca/Si ratio in the C—S—H gel; and fourth, it reacts with C—S—H to form

M-S-H and magnesium oxychloride [66, 82, 246]. De Weerdt, Colombo [82] have reported that a
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higher Ca/Si ratio in C—S—H, as a result of exposure to MgCl,, increases the chloride binding of

the C—S—H phase.

4.3.2.5. Chloride Desorption of Slag-Blended Cement

4.3.2.5.1. Evolution of pH Under Acid Attack

To study the evolution of pH in the salt solutions after acid was added, the pH was recorded
at three different points: immediately (instantaneous pH), 7, and 14 days after the acid was added.
Figure 4.30 shows time evolution of pH for pastes containing slag at different acid volume to paste
mass (A/P) ratios. The results indicated that immediately after adding nitric acid to the salt
solution, the pH dropped significantly, but due to the chemical reaction between the acid, salt

solution, and paste hydrates, especially the portlandite, the pH increased slowly over time.

After nitric acid was introduced to the system, it reacted with the aqueous ions from the
salt, forming highly water-soluble NaNOj in the NaCl solution, Ca(NO3)2 in the CaCl; solution,
or Mg(NOs3)2 in the MgCl» solution, all of which can react with water to produce strong bases such
as NaOH, Ca(OH)., and Mg(OH)., respectively [247]. These reactions can slightly increase the
pH of the solution. Nitric acid can also react with cement hydration products, such as portlandite,
to form calcium nitrate, further increasing the pH [171]. The decalcification of a paste as a result
of this reaction will continue as long as enough portlandite and nitric acid are available. The
samples immersed in NaCl solution had a higher pH, followed by those in CaCl, and MgCl,. The
lower pH value in the CaCl> and MgCl; solutions is due to the formation of complexes such as
[Ca(H20)s]*" and [Mg(H20)s]*", which create a positive charge density on the Mg and Ca ions,

which releases protons into the solution and consequently lowers the pH of the solution [248].
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Figure 4.30. Time evolution of pH for pastes containing slag at different acid-to-paste
sample mass (A/P) ratio. (a) NaCl; (b) CaCly; (¢c) MgCl,

Figure 4.30 also shows that the rate of change of the pH after adding acid is significantly
influenced by increase the A/P ratio. For example, when samples were exposed to 5 mL of nitric
acid, it took roughly 6 days or less for the pH to equilibrate and revert to the initial pH. However,
when more acid was added (e.g., A/P ratio 19%), the solutions barely reached equilibrium—after

14 days, the pH values were still significantly lower than the initial pH.

In both SG25 and SGS50 pastes, A/P in range of 4% and 8% resulted in a higher pH in NaCl,
followed by CaCl> and MgCl,. However, further addition of acid reduced the pH in the NaCl and
CaCl; solutions considerably. The SG50 in Figure 4.30 pastes showed a lower pH range than the
SG25 pastes, especially at A/P of 11% and higher, which can be attributed to its lower portlandite
content. For instance, in all salt solutions at A/P of 15% the pH of SG50 was under 8 and increasing
the A/P to 19% caused the pH to drop below 6. Independent of the salt, increased GGBFS
replacement reduced the ability of the paste sample to buffer the pH of the solution under acid
attack, suggesting that GGBFS-blended paste is less resistant to nitric acid attacks than OPC. This
lack of resistance could be due to the presence of less portlandite, which can act as a neutralizing

agent to buffer the pH in the GGBFS system.
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4.3.2.5.2. Release of Bound Chlorides Under Acid Attack

Figure 4.31 compares the concentration of free chlorides at the end of the chloride binding
period with that after the desorption period. The results show that acidifying the solutions slightly
increased the concentration of free chlorides in the exposure solution. In other words, adding acid
reduced the pH, which led to a partial release of bound chlorides and increased the concentration
of free chloride ions in the exposure solution. In most cases, the highest desorption of bound

chlorides was observed when the A/P ratios were 4% and 8%.

The pH of the solution critically affects the severity of the acid attack on paste samples. As
explained in the previous section, when a small volume of acid was added to the exposure solution,
the pastes and solutions buffered the sudden pH drop much faster than when a larger volume of
acid was added. Nitric acid attacks the hydration products on the surface of samples first,
producing soluble salts and forming an altered porous surface layer with numerous cracks. As a
result of this, some of the bound chlorides on the surface of the pastes are released and returned to
the exposure solution. However, the interlayer progression of the acid attack in paste samples

depends on the pH, that is, whether sufficient acid is available.

These results suggest that when the pH of the exposure solution returns to approximately
the pH before acid was added, the desorption process can be either stopped or slowed down
considerably, and as a result, the chloride binding process is reinitiated. At this stage, some of the
free chlorides in the exposure solution can penetrate the porous damaged surface layer and form
physical and chemical bonds with the underlying neat paste layers. This hypothesis is supported
by the reduced difference in the concentration of free chlorides before and after adding higher

volumes of acid, as shown in Figure 4.31.
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Figure 4.31. Measured moles of free chlorides salt solutions before and after adding nitric acid. (a)
NaCl, (b) CaCl,, and (c) MgCl,

Figure 4.32 shows the percentage of released bound chlorides at the end of the chloride
desorption period at different A/P ratios. The lower percentage of released bound chlorides means
a lower free chloride concentration in the pore solution, which reduces the risk of chloride-induced
corrosion. Figure 4.32 indicates that increasing the slag replacement level from 25% to 50%
decreased the average percentage of released bound chlorides in NaCl, CaCl,, and MgCl, solutions

by 7.8%, 28.2%, and 29.4%, respectively.
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Figure 4.32. The percentages of released bound chlorides after exposure to nitric acid. (a) OPC; (b)
SG25; and (c) SG50

The results indicate that the quantity of released chlorides varied depending on the A/P,
with the highest release observed between A/P values of 4 and 8%. In Figure 4.32a, it can be seen
that at an A/P of 4% in OPC pastes, 87%, 92%, and 86% of bound chloride were released in NaCl,

CaCl,, and MgCl; solutions, respectively. Similar results were observed at an A/P of 8%. However,
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with an increase in A/P, the percentage of released bound chlorides decreased significantly,
particularly in NaCl solution at A/P values between 11% and 15%. The lower release of bound
chlorides in the NaCl solution can be attributed to its relatively higher pH before and after acid
addition compared to other salt solutions. Another possible reason is that an increase in A/P results
in a complete alteration of the surface layer of paste samples, leading to the formation of hydrogels
that can adsorb some of the free chlorides [66]. Figure 4.32b displays that the highest number of
bound chlorides was released in SG25 pastes when they were exposed to MgCl, and NaCl

solutions at an A/P ratio of 4%.

Table 4.7 summarizes the general trends of the impact of slag replacement on the total bound
chloride contents and the amount of released bound chlorides following the addition of acid. The
incorporation of GGBFS positively impacted chloride capacity before and after acid addition.
However, due to the consumption of a considerable amount of portlandite, the pH of the system is

more sensitive to change after an acid attack.

Table 4.7. Summary of the effect of GGBFS on chloride binding and chloride desorption in
comparison to OPC

System ID  Salt A bound CI (%) A released Cl (%)
NaCl +53 +4
SG25 CaCl, +38 -9
MgCl, +3 -15
NaCl +56 +4
SG50 CaCl, +65 -19
MgCl +35 28

4.3.2.5. Analytical Results
Figure 4.33 shows the XRD analysis of powdered OPC paste after the chloride binding and

chloride desorption experiments. The results showed the presence of Friedel's salt peaks at around
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11.3 to 11.4° when the specimens were exposed to salt solutions for 14 d. The presence of Friedel's
salt indicates the chemical binding of chlorides with AFm phases. In addition to Friedel's salt,
portlandite, ettringite, C>S, and calcite were also detected. In specimens exposed to MgCl,, brucite

(Mg(OH)z2), a product of the reaction between portlandite and MgCl, was identified [246].
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Figure 4.33. The XRD and DTG results for OPC samples before and after exposure to 25 mL of
acid (A/P ratio of 19 %). (Fs: Friedel's salt, CH: Portlandite, Cc: Calcite, C2S: Belite, E: Ettringite, B:
Brucite)

Figure 4.33 also shows calcium nitrate and portlandite peaks after the samples were
exposed to acid, albeit at lower intensities than before exposure. In addition, ettringite peaks, which
can be caused by the dissolution of monosulfate (C3A-CaSO4-12H>0) were observed [175]. The
chemical reaction between the nitric acid and paste can result in portlandite leaching from the
surface of the paste to form calcium nitrate [171]. This can cause a considerable shrinkage of the
degraded surface, leading to the formation of macro cracks and increased permeability [171, 174].
When chloride ions are present, they can ingress through this highly permeable surface and

increase the risk of corrosion.
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The presence of Friedel's salt after exposure to nitric acid could be due to two reasons:
First, before performing XRD, the paste specimens were ground, and therefore, the reported XRD
peaks represent phases from both the exposed surface and the neat core of the specimens, as shown
in Figure 4.34. As a part of the preparation process for the chloride binding test, the specimens
were dried and then exposed to the salt solution. Therefore, the ingress of chlorides into the core
of the specimens was fast and mainly governed by capillary action. It can be assumed that after 14
days of continuous exposure to a salt solution, the specimens reached a partially to fully saturated
state. Thus, the acid ingress in these partially or fully saturated specimens was mainly governed
by diffusion, which is a slower process than capillary action. Due to the buffering capacity of
portlandite, the strength of the acid declines as it penetrates through the hydrated layers of the paste
specimens. Therefore, the bound chlorides formed within the core of the sample were either
unaffected by the acid or were less exposed to the low-pH environment than those at the surface
of the specimen. The second possible reason for the presence of Friedel's salt after exposure to
nitric acid is the formation of new chemical bonds between the free chlorides in the solution and

the neat paste layer underneath the damaged surface layer.
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Figure 4.34. Cross-section of OPC paste sample after exposure to chlorides followed by nitric acid

Figure 4.35 displays the XRD analysis of the GGBFS-blended specimens performed after
the chloride binding and desorption tests. In general, Friedel's salt formation was observed in all
specimens, and its intensity seems somewhat stronger in samples exposed to the MgCl, solution.
The pH of the SG25 paste exposed to a MgCl, solution before adding acid was around 8.8, which
decreased to 6.7 after 1 week of exposure to 25 mL of acid (A/P ratio of 19 %) and returned to 8.4
during the second week. In the SG50 specimens, in which most of the portlandite was consumed
during hydration, the solution was more acidic, and the pH was around 5.9 after 2 weeks of

exposure to acid.

121



b ™
R I "
MgClz “After 25mi acid B B MgClz -After 25ml acid
B B
MgCl2 - Beft id - i
N CN g1z - belore act CN CN MgClz - Before acid
= E E E
@ CaCl: -After 25ml acid| CaCl2 -After 25ml acid
[
= MM.A&JMJM At MW/\MLM R )
CaCl: - Before acid CaCl: - Before acid
CN_ CN
CN:; CN
MWLI\I«EMWMM, R MWM
CH H NaCl -After 25ml acid NaCl -After 25ml acid
gl C Cégg CHcHey I( CHeucn
NaCl Before ac1d NaCl Betore acid
T T T T T T
5 10 15 20 25 30 35 40 45 50 55 60 65 70 755 10 15 20 25 30 35 40 45 50 55 60 65 70 75
20 (degrees) 20 (degrees)

Figure 4.35. The XRD scans of GGBFS-blended specimens before and after exposure to 25 mL of
acid (A/P ratio of 19 %). (a) SG25 and (b) SG50 (FS: Friedel's salt, CH: Portlandite, Cc: Calcite, C2S:
Belite, E: Ettringite, B: Brucite)

The thermogravimetric analysis of OPC pastes exposed to three salt solutions before and
after exposure to acid (Figure 4.36) show three distinguishable dips at 85-210°C (associated with
ettringite) [212], 235-375°C (associated with Friedel's salt) [38, 47, 48], and 385-460°C
(portlandite) [212]. The presence of Friedel's salt is consistent with the XRD results. Due to the
leaching of portlandite and its reaction with nitric acid to form calcium nitrate, shallower

portlandite dips were observed after acid exposure.

Comparing the DTG results of SG25 and SG50 in Figure 4.36 with those in OPC (Figure
4.33b) shows noticeably shallower portlandite dips in GGBFS-blended systems. This can be
attributed mainly to the consumption of portlandite by a pozzolanic reaction with GGBFS, which
forms C-S—H gel. After adding acid, parts of the remaining portlandite are leached out,

contributing to the shallower portlandite dip in Figure 4.36.
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Figure 4.36. The DTG results of GGBFS-containing samples before and after exposure to 25 mL of
nitric acid (A/P ratio of 19 %). (a) SG25 and (b) SG50

The mass fraction of Friedel's salt in paste specimens can be determined based on Eq. (4.1).
The calculated mass fraction of Friedel's salt based on DTG curves from 240 to 420°C before and
after acid exposure is shown in Figure 4.37. The results show that the slag-blended pastes had a
higher Friedel's salt content than the OPC. When acid was introduced to the system, Friedel’s salt
was still detected, indicating that the neat inner layer was able to keep it in place. However, it
should be noted that distinguishing between old and new phases formed after acid attack becomes
challenging when a paste specimen is exposed to a large amount of acid. This is due to the complex

nature of the acid attack and the close decomposition temperatures of the formed phases.

After adding acid to the NaCl solutions, the mass percentage of Friedel's salt decreased
slightly from 4.14% to 3.85% in OPC and from 5.04% to 3.60% in the SG25 samples. In the CaCl
solutions the mass percentage of Friedel's salt slightly increased from 3.41% to 3.74% in OPC and
decreased from 4.69% to 4.24% in SG25. However, the OPC pastes showed an increase of Friedel's

salt mass percentage from 5.89% to 7.05% in the MgCl, solution when acid was added. In all
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SG50 pastes exposed to the MgClz solution, a significant reduction in the mass percentage of

Friedel's salt was observed, from 12.89% to 7.09%.
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Figure 4.37. The mass fraction of Friedel's salt in paste samples made with OPC and slag

When high volumes of acid were introduced to the system, due to the complex nature of
the acid attack on the cement paste, it was hard to differentiate the mass losses for Friedel's salt
(250 to 400°C), brucite (around 400°C), aluminum hydroxide (around 270°C), magnesium silicate

hydrates (around 270°C and 400°C) because they have close decomposition temperatures [249].

The underlying reason for the presence of Friedel's salt, even after acid was added, can be
attributed to pH buffering capacity of portlandite and chloride rebinding by the internal paste layers
as discussed in more detail in the XRD results. In addition, because a major portion of the
portlandite in SG50 was consumed, this paste had a lower pH and smaller buffering capacity than
the OPC and SG25, which could be another factor that contributed to the greater reduction of the

Friedel's salt content in SG50 compared to the two other pastes.
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Figure 4.38 shows the extent of deterioration in the paste specimens after exposure to 2
mol/L chloride solutions followed by 25 mL of nitric acid (A/P ratio of 19%). The deterioration is
in the form of surface cracks, surface corrosion, and pop-outs after exposure. This process resulted
in the formation of new products and the dissolution of some hydration products. The primary new
phase formed after exposure to the salt solution was Friedel's salt, and both XRD and TGA results
confirmed this after the chloride binding period. In addition, brucite and Mg3;(OH)5Cl-4(H20) can
also form in samples exposed to MgClz, which are observed as a whitish substance on the surface
of the specimens [246]. However, nitric acid attacks on the OPC and GGBFS-blended pastes
resulted in the dissolution of portlandite and C—S—H and the formation of calcium nitrate, which
is highly soluble in water at room temperature [171, 174]. The brownish color of the corroded
layer may be due to the presence of iron in the damaged layer, as previously reported by Gutberlet

etal. [175].

OPC-Nacl & % onE S OPC-MgCl,

- "

£ &
,. v
|

Figure 4.38. The extent of deterioration of OPC and GGBFS-blended paste specimens after
exposure to 2 mol/L chlorides and 25 mL 1 M nitric acid (at A/P ratio of 19%) (10X magnification)
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4.3.3. Chloride Binding and Desorption Capacity for Pastes Containing Silica Fume

4.3.3.1. Hydration Products Characterization of Pastes Containing Silica Fume

Figure 4.39 shows XRD scans and TGA analysis of OPC and silica fume blended pastes
after 56 days of curing before exposure to brine solution. As is obvious from the results, there is
no sign of Friedel's Salt (FS). Portlandite (CH) peaks (quantity) decreased in silica fume blend due
to the pozzolanic reaction consuming CH to form additional C-S-H gel. The DTG plots are similar

and again there is no sign of Friedel's Salt (FS) in samples before chloride exposure.
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Figure 4.39. (Letft) XRD anf (Right) DTG results of blended pastes before chloride exposure

4.3.3.2. Chloride Binding Capacity of Cement Containing Silica Fume
Chloride binding isotherms of pastes containing 5% and 10% silica fume using
experimental results and Langmuir and Freundlich isotherms are calculated and the parameters are

shown in Table 4.8. The chloride bindin results are plotted in Figure 4.40.
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Table 4.8. Estimated Langmuir and Freundlich isotherm parameters

) Langmuir Isotherm Freundlich Isotherm
Mixtures
a BL RSS a B RSS
SF 5 Na 14.13 0.14 0.45 12.19 0.86 0.24
SF 5 Ca 59.56 2.24 0.37 17.62 0.37 3.31
SF 5 Mg 94.34 2.89 0.07 23.36 0.32 3.73
SF 10 Na 11.97 0.10 451 10.95 0.87 3.81
SF 10 Ca 39.14 1.41 0.74 15.52 0.46 3.50
SF 10 Mg 89.84 4.12 447 17.08 0.28 1.33

Figure 4.40 illustrates the chloride binding results for pastes containing silica fume (SF 5=
95% OPC + 5% silica fume and SF10 =90% OPC + 10% silica fume). Regardless of cation type,
the incorporation of silica fume resulted in a lower bound chloride compared to OPC paste. For
instance, the bound chloride quantity for sample exposed to NaCl solution at molarity of 1 were
16.84 mg/g paste for OPC, 12.14 mg/g paste for SF5, 11.12 mg/g paste for SF10. The same trend
in chloride binding results was reported in previous investigations [250, 251] that measured the

chloride binding quantities in OPC and silica fume containing pastes.

Another observation was that the inclusion of more silica fume did not result in higher
chloride binding results as reported in previous sections for slag and fly ash. The primary reason
can be related to the difference in composition of silica fume compared to slag and fly ash. The
composition of silica fume, predominantly consisting of SiO2 (95.40%), is noteworthy for its
exceptionally small particle size compared to other SCMs. Empirical data reveals a marked
difference in particle size and specific surface area among common SCMs and silica fume:
Portland cement averages 14.1 um in particle size and 360 m?/g in surface area, fly ash at 6.4 um
and 510 m?/g, slag at 20 um and 721 m?*/g, while silica fume is significantly finer with a median

particle size of 0.418 pum and an expansive surface area of 17,102 m?/g [229, 252]. The mentioned
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compositional differences results in a denser microstructure of cement and concrete and
dramatically reduces permeability [253], leading to a considerably lower chance of chloride ions
to penetrate and bind with cement hydration products. Another difference between silica fume
containing paste and OPC is that the alumina (Al,O3) content in silica fume is comparatively lower
than that found in OPC, adversely impacting the chloride binding capacity of silica fume
containing pastes [61, 62, 76, 79] because the presence of Al,O3 helps to form more AFm in
hydration products that can chemically bind with chloride ions and forms Cl-AFm phases like

Friedel’s salt.
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Figure 4.40. Chloride binding results for pastes containing silica fume exposed to NaCl, CaCl,, and
MgCl, (a)OPC, (b) SF5, and (c) SF10

Table 4.9 compares the bound chloride binding quantity of different pastes containing
SCMs exposed to salt solutions at a high concentration (2 molar salt solutions). The results reveal
that pastes containing silica fume have lower chloride binding capacity compared slag blended and

fly ash blended pastes.
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Table 4.9. Measured chlorides bdining in mg Cl/ g paste for paste samples containing SCMs when
exposed to 2 M salt solutions

Chloride binding quantity at the molarity of 2 (mg Cl/ g paste)

Paste type

NaCl CaCl, MgCl,

OPC 25.35 33.72 59.00
SG25 36.97 46.43 60.99
SG50 47.03 64.12 80.56
FA15 44.58 47.51 63.73
FA30 54.70 65.28 72.99
SF5 20.82 21.34 27.47

SF10 19.00 19.94 19.92

Silica fume plays a significant role in refining pore distribution and modifying the mineral
composition of binders. This modification results in diluted concentrations of tricalcium aluminate
(C3A) and tetracalcium aluminoferite (C4AF), which consequently leads to a reduction in
chemical binding of chlorides [61]. Previous studies have indicated that the contribution of
physical binding to chloride immobilization is not substantial when silica fume is incorporated into

the binder [79].

4.3.3.3. Chloride Desorption of Cement Containing Silica Fume

Figure 4.41 displays the release of bound chloride from silica fume-containing pastes
when the pH is lowered by adding nitric acid in various mass ratios (A/P ratios) of 4%, 8%, 11%,
15%, and 19%. In both SF5 and SF10 pastes, A/P ratios of 4% and 8% resulted in the significant

release of bound chloride, with over 95% being released.
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Figure 4.41. Percentages of released bound chlorides after acid addition (a) SF5; (b) SF10

The chloride desorption results indicate that the quantity of released chlorides varied
depending on the A/P ratio, with the highest release observed at lower A/P ratio. Figure 4.41 shows
that at the highest A/P ratio of 19%, the percentages of released bound chlorides in SF5 is around
61% in NaCl, 56% in CaCl, and 51% in MgCl,. The same trend is observed for SF5 pastes at A/P
ratio of 15% where NaCl showed the highest chloride desorption and CaCl, and MgCl, have
similar and lower chloride desorption amount. The lower percentage of released bound chlorides
means a lower free chloride concentration in the pore solution, which reduces the risk of chloride-

induced corrosion.

To better understand the underlying reasons for observed results, monitoring the pH change
in the systems is critical. Figure 4.42 shows the time evolution of pH for pastes containing SF at
different A/P ratios exposed to the three brine solutions. The pH results show that for pastes
exposed to NaCl solution with pH reduction at A/P ratios of 4% and 8%, the pH right after acid
addition was considerably low, but after a week the pH level quickly reached the point it was
before acid addition, around 12. However, at higher A/P ratios the pH level remained low even

after a week. For example, at A/P ratios of 15% and 19% the pH levels a week after acid addition
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for SF5 paste exposed to NaCl were 9.98 and 4.38, and for SF10 paste exposed to NaCl they were
5.2 and 4.15. The same trend was observed for samples exposed to CaCl, and MgCl. Therefore,
when more acid volume was introduced to the system (e.g., A/P ratio 19%), pH values during the

two-week exposure of pastes to salt and acid were lower than the initial pH.

Time (d) Time (d) Time (d)

Figure 4.42. Time evolution of pH for pastes containing SF at different A/P ratio. (a) NaCl; (b)
CaCly; (c) MgCl,

The pH observation helps explain the chloride desorption results shown in Figure 4.41. At
higher A/P ratios like 11%, 15%, and 19%, as the pH reduction caused by acid attack progresses
layer by layer on paste samples, it causes the hydrated phases to dissolve, uncovering the
underlying neat layers to the salt solution. If the pH of the solution is still low at this stage, the
dissolution of the paste will persist. On the other hand, if the pH is higher, these exposed neat
layers may act as sites for increased chloride absorption. Therefore, at higher A/P ratios a lower
percentage of bound chloride observed, or in the other word, lower chloride desorption was
obtained. Figure 4.43 and Figure 4.44 displays the degree of deterioration on pastes containing

silica fume when the A/P ratio increases from 8% to 19%.
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Figure 4.44. SF10 pastes exposed to different A/P ratios (* the image was not available)

As shown in Figure 4.43 and Figure 4.44 at higher A/P ratios like 11%, 15%, and 19% the
color change clearly shows the cement hydration products on surface are dissolved. In addition, a
very porous layer is formed on top, facilitating chloride penetration as the pH level gradually is

equilibrated and stabilized after around a week.
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4.3.3.4. Analytical Result for Paste Containing Silica Fume after Brine Solution Exposure
and pH Reduction

Figure 4.45 shows XRD scans of SF5 and SF10 after exposure to 2 M brine solution and
exposing to 25 mL of acid (A/P = 19%). Similar to other binders, the primary phase prior to the
addition of acid was Portlandite, accompanied by the detection of Friedel's salt. As previously
discussed, the introduction of acid led to the formation of ettringite and calcium nitrate. The
analysis indicates that the Portlandite peaks in pastes containing silica fume remained relatively
unchanged following acid addition. This could be attributed to the elevated pH of their exposure

solution, which remained above eight even after two weeks of exposure to nitric acid.
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Figure 4.45. XRD scans of silica fume samples before and after exposure to 25 ml acid. Samples
were first exposed to 2 M salt solutions. (a) SF5; (b) SF10 (FS: Friedel’s salt, CH: Portlandite, Cc:
Calcite, C2S: Belite, E: Ettringite, B: Brucite).

Figure 4.46 displays DTG curves for binders with silica fume. The data indicates that
exposure to nitric acid had minimal impact on the reduction of Friedel's salt in NaCl and CaCl:
solutions. In contrast, a notable decrease in Friedel's salt content was observed in samples exposed
to MgCl solution. A comparison of the results before and after acid addition reveals that the level

of silica fume substitution did not significantly affect the content of Friedel's salt. However, the
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curves show lower dips for Portlandite, which can be attributed to the enhanced pozzolanic

reaction and the varying levels of silica fume replacement.
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Figure 4.46. DTG results of silica fume-containing samples before and after exposure to 25 ml
nitric acid (a) SF5 and (b) SF10

4.3.4.4. Summary of Main Findings on Chloride Desorption Mechanism (Objective 3)
Figure 4.47 shows the proposed mechanisms of acid attack and chloride desorption for
pastes containing SCMs. After the nitric acid is added to the salt solution, it reacts with aqueous
Na', Ca**, and Mg?" ions in the salt solution to produce highly water-soluble NaNOs, Ca (NO3)a,
or Mg (NO3),. These soluble salts react with the water, producing NaOH, Ca (OH)», and Mg (OH)»,
which can slightly increase the pH of the exposure solution. Subsequently, acid attacks the surface
of the samples, leaching out cement hydrates, leading to surface cracking and creating a porous
outer layer mainly composed of silicate hydrates. The number of observed cracks and the thickness

of the porous layer increased with an increase in added acid.
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Figure 4.47. A schematic mechanism of the chloride desorption mechanism. (a) a neat paste sample
exposed to chlorides for 2 weeks; (b) an instantaneous drop in the pH of the solution after adding nitric
acid, which results in the corrosion of the outer layer of the sample; (c) the formation of porous outer
silicate hydrate layer and hydrogels capable of absorbing chlorides.

The slow progression of an acid attack on a paste sample can result in the dissolution of
hydrated phases, specifically the AFm phases, desorbing the bound chlorides. The dissolution of
the outer paste layer also exposes the neat paste sublayers to the salt solution. At this point, if the
pH of the solution is still low, the dissolution of the paste continues. Otherwise, the exposed neat

sublayer can provide potential sites for chloride binding.

In addition to the reactions discussed above, the leaching of portlandite and silicates and
their reaction with nitric acid can produce hydrogels of silica, aluminum, and ferric oxide [171].
Other researchers have reported the formation of a gelatin-like product during chloride extraction
tests with acid [66, 148, 217, 218]. These precipitated calcium salts and hydrogels are highly
porous and could contribute to chloride binding by absorbing some free chlorides from the

exposure solution.
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The analytical results showed that the cation of the chloride salt and the FA replacement
level play critical roles in controlling the extent of chloride desorption. For example, more than
90% of the bound chlorides were released after adding 5 mL of nitric acid to samples immersed in
a NaCl solution. In the CaCl» solution, regardless of the binder type, the amount of released bound
chlorides was relatively lower than that of the NaCl solution. In addition, these results indicate that
the percentages of released bound chlorides declined when the replacement level for FA increased
from 15% to 30%. In the MgCl, solution, when 5 mL of acid was introduced to the different

solutions, almost 60% of the bound chlorides were released.

There is a difference between the percentage of released bound chlorides and the
concentration of available free chlorides after chloride desorption. If two pastes have the same
percentage of released bound chlorides, the one with a higher chloride binding content releases
more chlorides after desorption and vice versa. For example, the concentration of bound chlorides
in OPC paste exposed to 2 M NaCl, CaCl,, and MgCl, were 25.35, 33.72, and 59 mg Cl/ g paste,
respectively. After adding 5 mL of acid to these solutions, the percentages of released bound
chlorides were nearly 87% in NaCl, 92% in CaClz, and 86% in MgClo. While the percentages of
released bound chlorides in NaCl and MgCl; solution were very close, due to the differences in
total binding in these two solutions, the amount of released bound chloride would be 22.10 mg Cl/
g in NaCl and 50.79 mg Cl/ g in MgCl solutions. Thus, both the chloride binding and desorption

capacity of the system should be considered when designing a durable concrete mixture.
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4.4. Objective 4: Synergic Effects of Exposure of Blended Cement Pastes Containing Fly Ash

to NaCl Salt Solution and Carbonation on pH and Composition of Pastes

In this objective, the coupled impacts of chloride exposure (2 M NaCl for 35 days) and
carbonation (exposure to 20% CO; for up to four weeks) on pH and composition of pastes
containing OPC (100% cement) and 15% fly ash (85% OPC cement + 15% fly ash) are
investigated. The overarching goal was to monitor change in pH and composition of pastes over
time to measure the release of bound chloride (chloride desorption) under carbonation.

The average compressive strengths of OPC and FA pastes after 56 days curing in saturated
lime solution were 28.8 MPa (4177 psi) and 22.4 MPa (3245 psi), respectively. The FA paste
showed around 22% lower compressive strength compared to OPC paste, which is associated with
fly ash pozzolanic reactivity. It is well researched that the compressive strength of fly ash
containing pastes are lower than OPC cement paste in early ages but as time passes, pastes
containing fly ash achieve the same or even surpass the compressive strength of their OPC

counterparts [254].

4.4.1. Pastes Composition Before Exposure to NaCl Solution and Carbonation

Figure 4.48 shows the TGA results for OPC and FA pastes right after the curing period and
before exposure to NaCl solution and carbonation. Figure 4.48a displays weight loss percentage
and Figure 4.48b shows the calculated derivative thermogravimetric (DTG) curve. Figure 4.48
displays three major weight losses (Figure 4.48a) and three main dips (Figure 4.48b). The first
weight loss corresponds to ettringite (45 to 140 °C), the second one is associated with portlandite
(Ca(OH)2: CH) (385 to 460 °C), and the third weight loss corresponds to calcium carbonate
(CaCO03) (625 to 750 °C) [255]. While both pastes have almost the same weight loss up to around

400 °C, meaning the same ettringite content, after this temperature the overall weight loss
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percentage of FA paste is lower than OPC paste. Figure 4.48b reveals the dip associated with
portlandite (CH) for OPC is deeper than FA, meaning that the portlandite content in OPC paste is
higher than FA paste. The weight loss changes in Figure 4.48a associated with portlandite were
3.55% in OPC paste and 2.79% in FA paste. The main reason for this observation is due to
pozzolanic reactivity of fly ash and consumption of a portion of portlandite by fly ash to form C-
S-H [254]. The results are in agreement with previous reports by Kocak et al. [230] and Leklou et

al. [232].
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Figure 4.48. TGA results for pastes after moist curing and right before salt exposure a) percentage
of weight change b) DTG (E:Ettringite, CH: Portlandite, and CaCOs: Calcium carbonate)

The weight loss associated to CaCO3 in the temperature range of 625 °C to 720 °C in OPC
paste was 1.91% and in FA paste was 1.49%. CaCOs; contents come from the cement production
process due to presence of calcium carbonate (calcite) in the unhydrated cement [255]. The lower

CaCOs content in FA paste is due to fly ash inclusion and lower OPC content.

To further understand the composition of pastes before exposure to chloride and
carbonation, XRD tests were performed. Figure 4.49 displays XRD scans of paste before exposure

to salt solution. The results showed that the portlandite (CH) was the dominant phase and traces
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of ettringite (E) and calcium carbonate (Cc) were detected. It should be noted that the XRD scan
was run for an empty sample holder, and the peak that seems to appear around 8 to 11 degrees
originates from the sample holder not a real peak from materials. The intensity of the portlandite
peak in the FA paste in the range of 45 to 55 degrees is weaker compared to OPC pastes, showing
lower content of portlandite due to fly ash pozzolanic reactions. The XRD results support the

observations in the TGA tests (DTG curves).
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Figure 4.49. XRD traces for pastes after moist curing and right before salt exposure (E: Ettringite,
CH: Portlandite, and Cc: Calcium carbonate (calcite))

4.4.2. pH Before Exposure to NaCl Solution and Carbonation

Figure 4.50 displays the average of measured pH in OPC and FA pastes after moist curing
and before exposure to the salt solution and carbonation. The pH was measured using in-situ
(suspension) method. The average pH in all depths for OPC and FA pastes were 12.98 and 12.95,
respectively. The results are in agreement with previous reported pH for non-carbonated cement
pastes [16]. As described in the methods section, chapter 3, pH during chloride exposure was

monitored at three distinct depths (0 to 5 mm represents the surface layer, 5 to 15 mm, and 15 to
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30 mm). As expected, both pastes had a high alkalinity environment which is essential for

formation and preservation of a passive layer on the steel in reinforced concrete [16].
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Figure 4.50. pH of pastes after 56 days curing in different depths

4.4.3. Compositional Change After Exposure to NaCl Brine Solution

Figure 4.51 displays DTG curves for pastes (in the surface layer) before and after 35 days
exposure to the salt solution. There were no dips in the temperature range of 250 to 390 °C in the
DTG curves which means no signs of Friedel’s salt before exposure to the salt solution. The
formation of Friedel’s salt after exposure to NaCl salt due to chemical reaction of C3A and chloride
ions was observed. The Friedel’s salt dip was detected in the temperature range of 250 to 390 °C
in both pastes. The weight loss percentage associated with Friedel’s salt after 35 days of brine
solution exposure was 0.55% in OPC paste and 0.82% in FA paste. In other words, incorporation
of fly ash increased the chemical chloride bindings in the form of Friedel’s salt formation. The
results are in agreement with objective 3 tests that found a higher chloride binding capacity for fly

ash containing pastes [153] and previous findings in the literature [19, 71, 126] .
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Figure 4.51. DTG plots 35 days after exposure to salt solution in the surface layer a) OPC and b)
FA (E:Ettringite, FS: Friedel’s salt, CH: Portlandite, and CaCO3: Calcium carbonate (calcite))

Figure 4.51 displays the presence of ettringite (E), portlandite (CH), and calcium carbonate
(CaCO0a). Figure 4.51 indicated a slightly higher (deeper dips) for CaCOs in the surface layer after
chloride exposure and before carbonation. It is probable that the surface layer may be affected by
atmospheric carbon dioxide which concentration is 0.03% to 0.04%. As mentioned in the methods
section, after curing, samples were removed from saturated lime solution, saw cut, epoxy coated,

dried, and then immersed in salt solution.

Figure 4.52 displays XRD results for OPC and FA paste before immersing samples in 2
molar NaCl solution and after 20- and 35-days of exposure. The results show that the Friedel’ salt
formed after chloride exposure. The peak associated with Friedel” salt was around 11-12 degrees.
As chloride exposure time increases, the higher is the detected peak for Friedel’ salt. The results
also show that the exposure to NaCl solution increases the quantity of ettringite (E). The reason
that ettringite quantity increases when paste is exposed to NaCl solution is that chloride ions react
with AFm phases (hydrated calcium aluminates phases) including monosulfate which replace the
sulfate. The released sulfate can react with portion of the remaining monosulfate to produce

ettringite [256]. The reaction of monocarbonate with chloride ions forms Friedel’s salt and the
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reaction of monosulfate with chloride ions forms Friedel’s salt, however, the monocarbonate is
more stable than monosulfate, meaning monosulfate more actively reacts with chloride ions. The

XRD results are in good agreement with the DTG curves.
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Figure 4.52.XRD scans for surface layer of pastes before and after chloride exposure a) OPC and b)
FA (E: Ettringite, FS: Friedel’s salt, CH: Portlandite, and Cc: Calcium carbonate (calcite))

The XRD was performed on surface (0-5 mm) and inner layers (5-15 mm) of pastes as
shown in Figure 4.53. In both pastes the peak associated with Friedel’s salt is stronger in the surface

layers than the inner layers, meaning the quantity of chemically bound chloride in the surface layer

is higher.
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Figure 4.53. XRD scans for OPC and FA pastes after chloride exposure a) 20 days and b) 35 days
(E: Ettringite, FS: Friedel’s salt, CH: Portlandite, and Cc: Calcium carbonate (calcite))

4.4.4. pH After Exposure to NaCl Solution

After exposure to 2 M NaCl solution, the pH of pastes was monitored for up to 35 days at
defined intervals (10 days, 20 days, 35 days). Figure 4.54 shows the pH change up to 35 days for
pastes fully immersed in the salt solution. The results reveal that pH dropped when pastes were
exposed to NaCl solution, and the surface layer experienced a lower pH level compared to inner
layers. The average pH level in OPC paste, as shown in Figure 4.54a, before immersing in NaCl
solution was 12.99. The pH of the surface layer (depth 1: 0-5 mm) dropped to 12.70 after 10 days,
12.56 after 20 days, and 12.48 after 35 days immersion in NaCl solution. Due to a low chloride
diffusion rate, 107" to 10'° m%*s [194], the chloride penetration depth increases slowly and
consequently chloride concentrations in the layers near the surface of the samples are higher than
at deeper depths. When chloride ions penetrate into pastes, as explained before, Friedel’s salt forms
at the expense of portlandite (Ca(OH)2) consumption (consumption of hydroxide ions), reducing

the alkalinity of the system and lowering the pH. The same trend was observed for FA pastes.
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Figure 4.54. pH change in a) OPC and b) fly ash containing pastes exposed to 2 M NaCl solution
up to 35 days

The results showed that the pH of pastes exposed to NaCl solution slightly decreased. The
pH decrease is not drastic because the cement paste contains a significant amount of calcium
hydroxide and other alkaline components that buffer the pH. The longer the samples were exposed
to the salt solution the more the pH dropped. For instance, the average pH level in OPC paste
before chloride exposure at all depths was 12.99. After 10 days of exposure the pH in OPC paste
dropped to 12.70 in the surface layer and after 20 days and 35 days the average measured pH were
12.56 and 12.48, respectively. In the inner layers, pH was 12.93 after 10 days chloride exposure
and dropped to 12.81 and 12.75 after 20 and 35 days, respectively. After immersion of the sample
in NaCl solution the chloride ions start penetrating into the sample through capillary suction and
diffusion. As discussed in the previous section, 4.4.3, the chloride diffusion rate impacts how far

chloride ions can penetrate in the allowed time.

4.4.5. Compositional Change After Carbonation

Figure 4.55 shows the DTG curves after a week of carbonation in the surface and inner

layers in OPC and FA pastes. It should be reminded that paste samples were first immersed in 2 M
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NaCl solution for 35 days and then went through accelerated carbonation test. The main
observation was that the dip associated with Friedel’s salt is different compared to DTG curves
after only chloride exposure. The results show a shallower dip for Friedel’s salt after carbonation
which represents less bound chloride and chloride desorption after a week of carbonation. The
weight loss percentage associated to Friedel’s salt in TGA results after 35 days chloride exposure
was 0.417%, compared to only 0.121% after 35 days chloride exposure and then a week
carbonation. Using Eq (4.1), the calculated Friedel’s salt mass was 2.85 wt.% after 35 days chloride
exposure which reduced to 0.63 wt.% after 35 days chloride exposure and a week of carbonation.
In other words, after a week, due to carbonation, Friedel’s salt quantity is reduced, and chloride
desorption is observed. The surface layer was exposed to carbonation more than the inner layer
because carbonation is a slow process and cannot diffuse to deep depths. Pade et al. [257] reported
an average carbonation depth of 9.6 mm after 70 years of natural carbonation for concrete
structures in Nordic countries and they claimed that the carbonation process for concrete structures
with a high strength class (> 35 MPa (5100 psi)) is a notably slow process during their service life

(70 years).

Friedel’s salt and AFm phases in concrete exposed to chloride ions are unstable when
carbonation takes place [258]. This phenomenon combined with decalcification of the C-S-H
phase releases physical chloride bonds, increasing the chloride concentration in pore solution in
carbonated regions of the concrete. Geng et al. [167] also reported the same results that
carbonation releases the bound chloride in the form of Friedel’s salt from chloride-exposed

concrete by dissolution of Friedel’s salt and decomposition of C-S-H.
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Figure 4.55. DTG curves after exposure to salt solution and 1 week of carbonation a) OPC and b)
FA (E:Ettringite, FS: Friedel’s salt, CH: Portlandite, and CaCO3: Calcium carbonate (calcite))

Figure 4.56 displays DTG curves for samples before and after two weeks of carbonation.
In the temperature range of 250 to 400 °C, there is no sign of the Friedel’s salt dip. The results
reveal that carbonation almost completely caused Friedel’s salt dissolution. The DTG plots clearly
highlight the deeper dips of CaCOj after carbonation compared to non-carbonated samples. Figure
4.56 shows that the dip corresponding to calcium carbonate took place in the temperature range of
around 640 °C to 710 °C in non-carbonated paste and around 570 °C to 710 °C in carbonated
samples. The results show that the weight loss of CaCO3 in OPC paste before exposure was 1.91%
and increased to 4.35% after one week of carbonation and 5.00% after two weeks of exposure to
COz. The same trend was observed for FA paste in which the weight loss of CaCO3 was 1.49%

before carbonation and 4.33% and 4.63% after one- and two-weeks of carbonation, respectively.

Figure 4.56 shows DTG curves for pastes after two weeks carbonation. A higher calcium
carbonate content is seen in the surface layer compared to the inner layer in both pastes. For
instance, in OPC paste the weight loss corresponding to CaCO3 content was 4.35% in the surface

and 2.27% in the inner layer. Higher weight loss of CaCOs3; confirmed the occurrence of higher

146



carbonation in the surface layer. In the presence of humidity, when specimens are exposed to
carbon dioxide, CO> dissolves in water forming carbonic acid. Carbonic acid reacts with

portlandite to form calcium carbonate (CaCOs3) and water [171, 259].

An interesting observation is the difference between portlandite (CH) in the surface and
inner layers of pastes. The portlandite content is lower on the surface than the inner layer, because
portlandite was consumed by CO», as part of carbonation process to form calcium carbonate. The
weight loss associated with portlandite was 3.26% in the inner layer which reduced to 2.76% on

the surface.
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Figure 4.56. DTG curves after 2 weeks carbonation a) OPC and b) FA (E:Ettringite, FS: Friedel’s
salt, CH: Portlandite, and CaCO3: Calcium carbonate (calcite))

Figure 4.57 shows XRD traces for pastes before and after carbonation. In both pastes, the
intensity of calcium carbonate (Cc) is higher after carbonation (the peak around 30 degrees). On
the other hand, the portlandite (CH) peak around 18 degrees is weaker as the carbonation time
increased. The higher intensity of calcium carbonate indicates carbonation occurred in the samples.
Carbonation increases the solubility of Friedel’s salt. Carbonation of ettringite and aluminum

bearing phases also can occur [260]. Carbon dioxide also can react with C-S-H gel to form silica
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gel and calcium carbonate. The stability of ettringite is also pH dependent [233] and a reduction

in ettringite (a slightly shallower dip in DTG plot) can be associated to ettringite carbonation.
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Figure 4.57. XRD scans before and after carbonation a) OPC pastes and b) FA pastes (E: Ettringite,
CH: Portlandite, and Cc: Calcium carbonate (calcite))

Figure 4.58 displays XRD results for pastes after 2 of carbonation. The XRD scans are
shown at different depths from surface to inner layers. Figure 4.58a clearly shows that the calcium
carbonate peaks, around 30 degrees, were higher at the surface than at inner depths, meaning that
the carbonation was more significant on the surface of OPC pastes. The same trend was observed
in FA pastes. Another important observation from the XRD traces is related to Friedel’s salt. The
XRD result for both pastes after chloride exposure, Figure 4.52 and Figure 4.53, Friedel’s salt peak
were observed around 12 degrees. However, after carbonation, Figure 4.58, the is no sing of this
peak. This observation confirms the dissolution of Friedel’s salt after carbonation. The XRD results
are in well agreement with TGA results (DTG curves). In both OPC and FA pastes, Figure 4.58,

stronger calcite (Cc) peaks were observed in surface layers and weaker portlandite peaks. These
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observations show the consumption of portlandite in the carbonation process to produce carbonic

acid and then calcium carbonate. The TGA and XRD results align well.
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Figure 4.58. XRD scans at different depths after 2 weeks of carbonation a) OPC and b) FA (E:
Ettringite, CH: Portlandite, and Cc: Calcium carbonate (calcite))

4.4.6. pH Change After Carbonation

The pH was measured at four different depths from the surface (0-5 mm, 5-10 mm, 10-15
mm, and 15-20 mm) after 1 week, 2 weeks, and 4 weeks of carbonation. Figure 4.59 shows the
average pH after carbonation in the cement pastes. The results show that fly ash containing pastes
experienced a lower pH during carbonation compared to OPC pastes. The primary reason as
discussed earlier is associated with a lower portlandite content in FA pastes. Portlandite is the
cement hydrate phase that start decomposition when cement pH is dropped below 12.6 [171] and
buffers the effect of acid. Thus, because less portlandite is available in FA pastes, the pH drop 1s
more significant and carbonation front more rapidly pushes inwards. Previous studies reported a
weaker carbonation resistance [261-263], higher carbonation depths, and higher carbonation rate

[264-266] when fly ash was incorporated into the paste mixture.
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Figure 4.59. pH change in paste after carbonation a) OPC and b) FA

The results also indicate that the inner layer (last depth: 15-20 mm) had almost the same
pH range before and after carbonation as the CO> diffusion rate is quite slow and cannot reach this
depth in a short time. Figure 4.59a reveals that in OPC pastes the pH in inner layers, 10-15 mm
and 15-20 mm, was above 12.5 and remained the same after carbonation. The results show that the
surface layer is more drastically influenced by carbonation. At the surface, the pH before starting
carbonation, at the end of chloride exposure, was 12.48 (Figure 4.54a). The pH dropped to 12.20
after a week of carbonation. Further exposure to carbonation reduced the pH level to 11.44 and
11.17 after two- and four-weeks, respectively. The same pH reduction trend was observed for FA
pastes as shown in Figure 4.59b. The FA paste before carbonation had a pH of 12.42 (Figure 4.54b)
and the pH dropped to 12.04 after a week, 11.19 after 2 weeks and 10.08 after 4 weeks of

carbonation.

The primary reason for pH reduction in cement pastes after carbonation is related to the
reaction between CO» in the chamber and portlandite (Ca(OH)2) as one of the dominant phases of

OPC cement paste. Thermodynamic simulation using CemGEMS [267] shows that in a cement
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paste with w/c ratio of 0.4, portlandite forms approximately 17% of paste volume and is the second
primary phase after C-S-H. When 15% fly ash is incorporated in the cement paste the portlandite
forms 11.8% of the volume, still the second main solid phase after C-S-H. In addition, in the
presence of carbon dioxide and humidity in cement paste two main reaction occurs. The reaction
of carbon dioxide and humidity forms carbonic acid and then the reaction of a portion of this acid
with available portlandite in cement paste forms calcium carbonate. A portion of calcium carbonate
produced in carbonation process can react with remaining carbonic acid and leach out Ca*",
lowering the buffering capacity of cement paste and making cement paste susceptible to pH

changes.

Monitoring the hydroxide ion concentration is vital to understand and estimate the extent
of corrosion in existing structures. As reported by many researchers including Alonso et al. [268]
chloride-induced corrosion of embedded steel reinforcement is more likely to initiate at aqueous
[CI")/[OH] ratios more than 0.6. The concentration of hydroxide ions can be quantified based on
the measured pH as described by [269]. pH calculates as the negative logarithm of the hydroxide
ions concentration (OH"), a higher pH means higher OH™ concentration. Eq. (4.2) shows the

normalized hydroxide ion concentration.

VXx17
m

[OH ] paste = (€ ~14PH)) x( )X 100 (4.2)

OH: Normalized hydroxide ion concentration in the paste sample (wt.%)
pH: Measured pH of powdered paste suspension
V: Volume of suspension (Liter)

m: Mass of powdered paste sample (g)
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In Eq. (4.2) 17 is the molar mass of hydroxide ions (17 g/mol). The hydroxide ion
concentration reduction for carbonated samples is calculated by comparing the hydroxide ion
concentration before and after carbonation. Figure 4.60 shows the hydroxide ion (OH")
concentrations before and after carbonation at different depths of OPC and FA pastes. The lower
concentration of OH™ is equal to a lower pH in a layer. The results show that the OH™ concentration
reduces after carbonation. The longer carbonation durations led to lower hydroxide ion
concentrations. For instance, the initial hydroxide ion concentration was 2.17 wt.% before
carbonation which reduced to 0.45 % and 0.13% in the surface layer of OPC pastes after two- and
four-weeks of carbonation, respectively. The same trend was observed for FA pastes where the
initial hydroxide ion concentration dropped from 2.08% to 0.35% after two weeks of carbonation

and 0.11% after four weeks of carbonation.

A lower OH™ concentration due to carbonation, as shown in Figure 4.60, combined with
increasing CI™ concentration due to exposure to seawater or deicing salts leads to chloride-induced
corrosion initiation. A higher CI'/ OH™ in the pore solution, increases the risk of chloride induced
corrosion in two ways. First, it is well established chloride ions concentration is not the only factor
that influence chloride-induced corrosion risk and depassivation of reinforcements, but the OH™
concentration play a key role in passive film protective and chloride-induced corrosion rate [270].
A higher CI'/ OH™ ratio accelerates the deterioration of passive film that protects reinforcement.
Secondly, the CI'/ OH™ ratio impact the chloride binding as chloride ions and alkalis are competing

to adsorption on cement hydrates such as C-S-H and make chloride binding [131].

152



2.5

2.0 4
o\O. 1.5+
=
2
e —8— OPC - 1 week
QO 1.0 1 N
——FA- 1 week A &
] . . o] \\ N
- @& OPC - 2 weeks . . N \\
- O- FA -2 weeks o AN
0.5 4 oA N o
|- & - OPC - 4 weeks 7 -
- A FA- 4 weeks A
0.0 T T T T T T T T T
Before 15-20 mm 15-20 mm 5-10 mm 0-5 mm
Carbonation (Inner layer ) (Surface layer)

Depth

Figure 4.60. Hydroxide ion concentrations before and after carbonation, at different depths

Figure 4.60 also reveals that in general the FA pastes had lower hydroxide ion
concentrations compared to OPC pastes. The lower content of portlandite in fly ash containing
pastes is the primary reason, which is well-investigated in previous investigation [271], and
thermodynamic modeling of cement hydration using CemGEMS also confirmed the rationale. The
pH does not considerably reduce as long as the portlandite is not fully consumed by carbonation.

After the portlandite is fully carbonated, C-S-H decalcification occurs and pH drops.

4.4.7. Chloride Desorption and pH Change

The percentage of weight loss obtained for TGA tests are used to calculate the mass of
Friedel’s salt, portlandite, and calcium carbonate as described by Scrivener et al [255]. Egs. (4.3)

to (4.5) show the formula for mass calculation of Friedel’s salt, portlandite, and calcite.

(molar mass Friedel’salt)

Friedel’s salt mass (wt.%) = x (weight loss % from TGA) 4.3)

6 X molar mass water
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(molar mass Ca(OH)2)

molar mass water

Portlandite mass (wt.%) = x (weight loss % from TGA)) (4.4)

(molar mass CaC03)

Calcite mass (wt.%) = x (weight loss % from TGA) (4.5)

molar mass CO2

(Friedel’s salt molar mass: 561.3 g/mol, Water molar mass18.02 g/mol, Calcium hydroxide molar

mass: 74 g/mol, Calcium carbonate molar mass:100 g/mol, Carbon dioxide molar mass: 44 g/mol)

The weight loss measured from TGA tests was measured and used to calculate the mass of
Friedel’s salt, portlandite, and calcite shown in Table 4.10 and Table 4.11. The weight loss of the
primary layer of water obtained from TGA for Friedel’s salt, portlandite, and calcite was
determined from TGA curves by subtracting results for the non-exposed paste from the pastes
which were exposed to salt (or salt and carbonation) in the temperature range in which Friedel’s
salt, portlandite, and calcite were observed. The weight loss percentage in TGA curves was
measured using the tangential baseline method as described in [272] using TA instruments Trios

software.

Table 4.10 and Table 4.11 show the measured mass of Friedel’s salt in the surface layer (0-
5 mm) and the temperature range that the dips occurred in OPC and FA pastes. The results reveal
that Friedel’s salt content significantly reduced after carbonation. The Friedel’s salt mass reduction
in OPC and FA pastes after one week of carbonation compared to its content before carbonation
was approximately 78.0% and 86.7%, respectively. After two weeks of carbonation, Friedel’s salt

mass reduction was 95.4% in OPC paste and 97.6% in FA pastes.

154



Table 4.10. Friedel’s salt, portlandite, and calcite contents in the surface layer of OPC paste

20 days 35 days

Before i i 1 week 2 weeks
chloride  chloride ) .
exposure carbonation carbonation
exposure exposure
Temperature -
Friedels () 250-382  250-385  265-387  269-388
salt  Weight loss (%) 0 0.417 0.549 0.121 0.03
Mass (wt.%) 0 2.16 2.85 0.63 0.13
Temperature 408-454  400- 445 401-444  404-442  407- 441
Portlandite ( C).
Weight loss (%)  3.552 3.236 3.060 2.764 2.052
Mass (wt.%) 14.60 13.30 12.58 11.36 8.44
(Tog;lperature 640-704  620- 692 646-691  576-688  575-693
Calcite Weight loss (%)  1.909  2.181 2.128 435 6.00
Mass (wt.%) 4.34 4.96 4.84 9.89 13.64

Table 4.11. Friedel’s salt, portlandite, and calcite contents in the surface layer of FA paste

20 days 35 days

Before i ) 1 week 2 weeks
chloride  chloride ) .
exposure carbonation carbonation
cexposure exposure
Temperature -
Friedel’s  (*0) 250-383  250-389  262-393  262-389
salt Weight loss (%) 0 0.588 0.819 0.109 0.02
Mass (wt.%) 0 3.05 4.25 0.57 0.10
Temperature 408-449  403-441 408-446  411-445  411-436
Portlandite (°C)
Weight loss (%) 2.791 2499 2274 1.993 1.06
Mass (wt.%) 11.48 10.27 9.35 8.19 4.36
(T(,ec?perature 649-703 616-692 641-694  582-698  587-693
Caleite  yoiohtloss (%) 1489 2203 1.737 433 5.69
Mass (wt.%) 3.38 501 3.95 9.85 12.93

The results in Table 4.10 for OPC pastes show the portlandite content is reduced by
exposure to chlorides. The percentage of portlandite content reduction was around 8.9% and

13.9% after 20 days and 35 days of exposure to the chloride solution. After carbonation, the

155



portlandite consumption rate increased. For instance, after two weeks, more than one-third of the
portlandite was consumed by carbon dioxide to form calcite. Compared to the non-carbonated
sample the portlandite content in OPC pastes dropped 22.2% and 42.2% after one and two weeks
of carbonation, respectively. On the other hand, the calcium carbonate content in OPC pastes after
carbonation is drastically increased. For instance, after a week of carbonation the calcite content
increased 128% and after two weeks of carbonation it increased 214.3%. The same trend was
observed for FA pastes, Table 4.11. The percentage of reduction in portlandite quantity in FA pastes
after 1 week of carbonation was 28.6% and after two weeks was 62.0%. The percentage of increase
in calcite content in the FA paste were 190.9% after a week and 282.1% after 2 weeks of
carbonation. The results show more extensive carbonation in fly ash containing samples. The
results agree well with previous findings in which the carbonation rate and depth were higher when

fly ash incorporated in cement pastes [262, 266].

Another interesting observation in both pastes was the Friedel’s salt quantity change. No
Friedel’s salt was detected in pastes before starting exposure of samples to chloride ions by the
TGA results. The XRD scans also confirm this obsevation. Upon exposure to chloride ions the
Friedel’s salt content significantly increased, increasing the chloride binding quantity as Friedel’s
salt is chemically bound chloride with aluminium bearing phases in cement paste. However, after
a week of carbonation the Friedel’s salt content drastically dropped by around 78.0% in OPC paste
and 86.7% in FA paste. A decrease in Friedel’s salt with carbonation means that chloride desorption
occurred because the quantity of chemically bound chloride reduced. As the free chloride ions are
responsible for deteriorating the passive film on rebar in concrete structures (depassivation), lower
Friedel’s salt content increases the free chloride coneenteration. After two weeks almost all

Friedel’s salt decomposed and the reduction in its quantity was 95.4% (from 2.85 wt.% before
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carbonation to 0.13 wt.% after two weeks of carbonation) in OPC paste and 97.6% (from 4.25

wt.% before carbonation to 0.10 wt.% after two weeks of carbonation) in FA paste.

Figure 4.61 shows the impact of pH change in different exposure conditions on the
Friedel’s salt mass, which represents the bound chloride formation or desorption, and calcium
carbonate mass (CaCOz3). which represents carbonation deterioration in cement paste. Before
exposure of the samples to salt or carbon dioxide the alkalinity is high, the pH is around 13, the
Friedel’s salt content is zero, and calcite quantity comes from the cement production process and

is less than 5%.
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Figure 4.61.Effect of pH change in Friedel’s salt and calcite mass in OPC paste after 35
days chloride exposure and two weeks carbonation

Upon exposure to NaCl solution, Friedel’s salt formed, and the pH slightly reduced. During
two weeks of carbonation, the pH of the cement paste dropped and the calcite mass increased,
clearly showing the significant carbonation of the sample. The interesting observation is that as

calcite content increased, Friedel’s salt content drastically reduced due to the pH reduction. The
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pH of powder was tested using a suspension method. One of the drawbacks of this method is that
unhydrated cement can increase the pH of the suspension due to its reaction to water. In other
words, the real pH in concrete when carbonation is in progress is less than the measured pH using
the suspension method. There is no common or even standardized method for measuring pH in
concrete and cement paste and while the ex-situ (suspension) method has been reported to have
acceptable conformity with in-situ and expression methods, further investigation is needed,
especially for carbonated and existing concrete structures contaminated with diverse chemical

agents.

The observations in this study showed that a considerable portion of bound chloride
(Friedel’s salt) was released after carbonation (more than 95%) and chloride desorption took place.
The results are in agreement with previous investigations in which dissolution of Friedel’s salt
after accelerated carbonation was reported [140, 147, 256]. Guo et al. [256] reported that the major
reason for Friedel’s salt dissolution with a continuous carbonation is that the hydrate phases
containing aluminum change into straetlingite. Geng et al. [256] also found that the solubility of
Friedel’s salt increases when the pH drops due to carbonation, which is the key player in Friedel’s
salt disappearance in composition. Eq. (4.6) and (4.7) show Friedel’s salt decomposition when the

pH drops and its conversion to insoluble aluminum hydroxide.
3Ca0. Al,0;.CaCl.10H,0 — 4 Ca®* + 2C1 +40H +2AI(OH); (4.6)
Al(OH); + OH — Al(OH)4 4.7)

While the dissolution of chemically bound chloride was monitored and measured, in this
study the physical binding of chloride ions with cement phases was not measured. A cement paste

exposed to natural and accelerated carbonation partially retains physical binding ability , but if the
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carbonation is severe and the pH drops to around 9, severe decalcification of C-S-H phases occurs
and the physical chloride binding capacity reaches to zero [256]. Gue et al. [256] found there is a
relationship between the free chloride concentration and the loss in physical binding capacity of
the C-S-H phase in cement paste. At low free chloride concentrations, like 0.05 mol/L, almost all
physical binding is lost due to carbonation but at higher chloride concentrations like 0.67 mol/L

and 1 mol/L, the loss in physical binding capacity of C-S-H is 61.9% and 52.7%, respectively.

Therefore, carbonation not only causes the release of bound chloride and dissolution of
phases that have the ability to form physical and chemical chloride binding [167] but also hinders
the chloride binding. It is worth mentioning that in service life models for concrete structures
exposed to chloride ions, distinguishing bound chloride from total chloride is vital due to the
retardation impact of bound chloride on the corrosion process. Thus, if the impact of carbonation
in lowering bound chloride quantities is neglected, the estimated service life is overestimated

[167].

A limited amount of carbonation can be beneficial for the surface layer of pastes and
concretes because the calcium carbonate formed during carbonation fills the pores due to the higher
volume compared to portlandite [259] and lower permeability [171]. But further carbonation
reduces the alkalinity of the pore solution and impacts the cement paste microstructure by
dissolution of cement hydrates. In addition, if embedded reinforcement is in place, a lower
alkalinity and pH reduction initiate depassivation of the rebar. Calcite formed in the carbonation
process has around 11% more volume than the original portlandite [251], which can initiate cracks

and deterioration in concrete.
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4.4.8. Summary of Main Findings (Objective 4)

In this study, the combined effects of chloride contamination and carbonation on the pH

and composition of cement paste containing (OPC) and fly ash were investigated. Samples were

exposed to a 2 molar NaCl solution for 35 days, during which their pH and composition were

monitored using XRD and TGA tests. Subsequently, the chloride-contaminated samples underwent

accelerated carbonation to quantify the release of bound chloride (chloride desorption) and to

measure the pH and the quantity of main phases, including portlandite, Friedel's salt, and calcite.

Here are the main findings:

1-

The pH of the paste sample exposed to a high concentration of chloride solution slightly
changed from around 13 to 12.5.

After carbonation, the pH was significantly reduced to around 11 for OPC paste and 10 for
FA paste. The lower pH level in fly ash-containing pastes is associated with their lower
portlandite content.

Due to carbonation, roughly all of Friedel’s salt content (which represents bound chloride
in cement paste) was dissolved, and chloride desorption was clearly observed. The chloride
desorption after 2 weeks of carbonation in both pastes was more than 95%.

Monitoring pH can provide valuable insights regarding chloride desorption in cement
paste. While it cannot directly provide the quantity of released bound chloride, a reduction
in pH (from 13 to less than 11) can be an alarming sign to initiate more accurate monitoring
for an existing structure.

Fly ash incorporation led to weaker carbonation resistance compared to OPC pastes. The

percentage increase in calcite mass in the FA paste content was 190.9% after a week and
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282.1% after 2 weeks of carbonation. This significant increase in calcite could initiate

cracks and deterioration in carbonated concrete.
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Chapter 5 : Conclusion and Recommendations for Future Works

5.1. Research Contribution and Main Outcomes

This novel research contained four independent yet interconnected objectives that delved
into the chloride binding and desorption capacity and mechanisms of cement paste. Pastes made
with Type I/I cement and three SCMs (fly ash, slag, and silica fume) were exposed to the three
most used de-icing salt solutions (NaCl, CaCl,, MgCl). The release of bound chloride, chloride

desorption, was monitored and quantified under low pH environments and carbonation.

Given that chloride-induced corrosion in concrete structures is a leading cause of
deterioration, resulting in significant economic costs and sustainability issues, the findings of this
thesis contribute valuable insights to the current body of knowledge on chloride-induced corrosion.
This research was among the first studies to methodically investigate the chloride desorption
mechanism in blended cement containing supplementary cementitious materials (SCMs), exposed
to de-icing brine solutions in low pH environments caused by acid attack and carbonation. In the

following sections, the main outcomes for each objective are listed.
5.1.1. Importance of Controlling Parameters in Chloride Binding Evaluation

In the first objective, due to lack of standard procedure for chloride binding measurements
lights were shed on factors that impact the chloride binding measurements. The vital factors
including sample form, sample saturation level, the solution type (composition), and the mass ratio
of sample to solution discussed and their impact on chloride binding measurements were
explained. Meticulously considering factors impacting chloride binding test results will enhance
the consistency and comparability of results across different laboratories and studies, leading to

more accurate results.
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1. The degree of saturation of the sample significantly affects chloride binding results.
Vacuum-saturated samples showed a notably higher chloride binding capacity compared
to those that were 50% saturated or dried. This variation is due to differences in water-
filled pores, transport channels, and the accessibility of chlorides to binding sites. The
rivalry between chloride and hydroxyl ions for binding sites was another factor that led to
a decrease in chloride binding in samples that were less saturated.

2. The samples’ shape was found to affect the chloride binding measurements and capacity.
Powdered samples, with their larger surface area, exhibited higher chloride binding
compared to crushed or disk-shaped specimens. Solid samples, which more closely
resemble field conditions, had lower surface area and thus reduced chloride binding
potential.

3. A higher solid-to-exposure solution mass ratio led to increased chloride binding. This is
attributed to more moles of chlorides per unit mass of concrete, improved mobility of
chloride ions within pores, and a decrease in the ionic strength within the paste.

4. The addition of ions like calcium, potassium, and sodium to the chloride solution
significantly influences chloride binding. Solutions with these ions showed less chloride
binding compared to pure NaCl solutions, attributed to changes in pH and ionic strength,
as well as increased ion competition affecting chloride’s ability to bond with cement

hydration products.

5.1.2. Effects of Cation type of Brine Solution on Chloride Desorption

In the second and third objectives, first the chloride desorption mechanism for OPC cement
pastes and then for pastes containing diverse types and replacement levels of SCMs were

investigated and discussed. One of the primary goals of the current thesis was highlighting the
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importance of chloride desorption as an underrated phenomenon in service life modeling of

concrete structures. One of the primary influencers that can impact concrete deterioration due to

chloride induced corrosion is the type and the concentration of brine solution. The cation type of

the brine solution, e.g. Na*, Ca*", or Mg?*, impacts chloride desorption in the following ways:

1.

The type of cation significantly influences the amount of bound chloride with a decreasing
effectiveness observed in the order of MgCly (highest binding) > CaCl, > NaCl (lowest
binding).

The Langmuir isotherm more accurately describes the chloride binding behavior in ground
OPC paste.

The pH of different brine solutions are different. In this study, the distilled water had a pH
of 5.86. The pH levels measured for the 2-molar solutions were as follows: 6.8 for NaCl,
9.4 for CaCly, and 8.7 for MgClz. One of the reasons that different cation types of salt
solutions have different chloride binding capacity and chloride desorption is the inherit
differences in the salt solutions.

Experimental tests reveal that the formation of Friedel's salt, a form of chemical chloride

binding, is affected by both the type and concentration of the salt solution.

5.1.3. Effects of Supplementary Cementitious Materials on Chloride Desorption

The application of supplementary cementitious materials is widespread in the concrete

industry due to numerous reasons such as reducing the carbon footprint of concrete and increasing

the long-term mechanical and durability properties of the concrete. The findings indicated an

interesting interaction between the released bound chlorides, the type of salt, pH level, and the

level of SCMs replacement. Here are the main effects of supplementary cementitious materials on

chloride desorption:
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The incorporation of SCMs represents a compromise between achieving higher chloride
binding and significantly reducing portlandite (Ca(OH),) contents in cement pastes.
Portlandite provides the necessary high alkaline environment, and its absence make cement
paste more susceptible to pH change due to acid addition (acid attack). Increasing SCMs
replacement levels decreased the paste sample's ability to buffer pH under acidic
conditions. This suggests that slag-blended paste is less effective in resisting acid attacks
compared to OPC.

. In terms of promoting Friedel’s salt formation, slag inclusion was the most effective
compared to other SCMs and OPC paste, while silica fume was the least.

The SG25 (25% Slag) and SG50 (50% Slag) results indicated that, regardless of the cation
type, higher slag inclusion increased chloride binding and reduced the percentage of
released bound chlorides.

The addition of fly ash to the mix increased the chloride binding capacity of the blended
system. Notably, when the paste samples were exposed to CaCl, and MgCl, solutions, the
inclusion of FA resulted in a more substantial formation of Friedel's salt, indicating
enhanced chloride binding.

The degree of chloride desorption under an acid attack largely depends on the acid volume
to paste mass (A/P) ratio. At low A/P ratios, the paste can buffer the pH drop, which slows
down or halts the chloride desorption process. When desorption stops, the system may
restart chloride binding if free chlorides reach the paste's unaffected layers. However,
exposure to high volumes of acid can cause significant deterioration and release a large

number of bound chlorides.
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6. There is a notable relationship between the binding capacity and the pH of the salt
solutions. While NaCl tends to result in lower binding and can increase the concentration
of free chlorides in fly ash-blended concrete, it does not significantly lower the pH
compared to MgCl. Therefore, in acidic environments, the damage extent is expected to
be lesser in concrete exposed to NaCl solutions.

7. Introducing acid to chloride-exposed samples led to the release of a considerable amount
of bound chlorides. In OPC samples, more than 80% of bound chlorides were released
when A/P ratio were 4% and 8%. In contrast, pastes containing fly ash showed a lower
release of bound chloride in MgCl» and CaCl; solutions. This indicates higher durability

and a reduced risk of corrosion in fly ash-containing pastes.

5.1.4. Synergic Effects of Exposure to NaCl Salt Solution and Carbonation on pH and

Composition of Blended Cement Pastes Containing Fly Ash

Finally, in the last objective, the synergic effects of chloride contamination and
carbonation, as the two most leading deterioration types for concrete structures, on the pH and
composition of cement paste containing OPC cement and fly ash were studied. Carbonation is one
of the primary causes of deterioration in concrete, impacting the service life of concrete structures.
The combined impacts of chloride contamination and carbonation can drastically change the
composition of cement hydrates and pH level. pH is one of the most influential properties in the
cement paste which not only affects chloride binding and chloride desorption, but also impacts

cement microstructure. Here are the key findings:

1. OPC paste outperformed pastes containing fly ash in terms of carbonation resistance. While

observations in objective 3 confirmed the effectiveness of fly ash in improving chloride
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binding capacity and resistance to chloride desorption, the incorporation of fly ash causes
a more significant pH reduction after carbonation.

The percentage of chloride desorption, which represents the quantity of released bound
chloride after carbonation, exceeded 95% in both pastes after 2 weeks of carbonation.
The portlandite content in pastes containing fly ash was lower than in OPC paste, which
significantly impacts the buffer capacity of the paste when carbonation occurs, resulting in
lower pH levels after carbonation in FA pastes.

A lower pH level in fly ash-containing pastes was observed which is associated with their
lower portlandite content. After carbonation, the pH was significantly reduced to around
11 for OPC paste and 10 for FA paste.

There is a non-linear relationship between pH reduction and chloride desorption for pastes
exposed to carbonation. A higher carbonation duration increases the quantity of chloride

desorption.

5.2. Study Limitations

While the experimental design, hypothesis, objectives, and methods were meticulously

chosen to maximize the applicability of the outcomes and minimize the limitations of this study,

like all investigations, this thesis is not without its limitations. The investigation also uncovered

several limitations that, if taken into account, can improve future research in similar and related

fields.

1-

Portland cement Type 1/II, the most commonly used cement in construction, was utilized
in this study. However, emerging cement types in the U.S. and Europe, such as
commercially available Type IL and LC3, are gaining popularity due to decarbonization

policies. The proposed chloride desorption mechanism might not apply to these cements
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because of their different compositions. The study also focused on three types of SCMs,
which are the most widely used supplementary cementitious materials in the construction
industry. The results are specific to these SCM types and may not extend to bio-based
SCMs or SCMs with significant compositional differences from those used in this study.

2- Inthis investigation, pure salt solutions (de-icers) were utilized. However, various state and
private agencies employ combined salt solutions, such as NaCl and MgCl,. Additionally,
this study did not account for experimental factors like wetting-drying cycles, freeze-thaw
cycles, loads, and cracks.

3- The lack of standardized methods for certain experimental procedures, such as pH
measurements and the form of samples during chloride exposure, could potentially affect
the results. Addressing some of these factors was one of the objectives of this study (the
first objective). Therefore, caution should be exercised when interpreting the results in
relation to design parameters.

4- The natural carbonation process takes decades to occur. In this study, accelerated
carbonation was conducted on samples, which may overestimate the results compared to
natural carbonation. It is important to distinguish the impacts of accelerated carbonation

from those of natural carbonation.

5.3. Recommendations for Future Work

1- Revising Testing Procedure for Chloride Desorption: While most investigations use a type

of acid to simulate the pH reduction, adopting a new approach could reduce the complexity
of the investigation. An alternative approach could be instead of adding acid, samples are
removed from salt solution, crystallized salts are cleaned off the surface, and then the

samples are immersed in a solution with a controlled pH (e.g. 12, 10, 9), preferably using
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DI water a diluted NaOH solution. The pH of DI water is around 6 to 7, thus using NaOH
solution would help to reach the pH level that design for a specific experiment like chloride
desorption measurement. It is worth mentioning that maintaining a consistent pH level
throughout the experiment is nearly impossible due to the buffering capacity of the paste
sample.

Standardize pH Measurement in Existing Concrete Carbonated Structures: After years of

laboratory and practical applications in infrastructure and construction, there is no standard,
practical, and accurate method for pH measurements in cement paste and concrete. In
addition, most investigations are focused on pH measurement in non-chloride
contaminated and non-carbonated concrete. In a metaphorical way, one can say the pH for
concrete is like temperature for a human body. As temperature is one of the first parameters
in a patient’s body to be checked, pH for a concrete structure plays the same role and a
single measurement can provide lots of insight. It is recommended that further and
comprehensive investigation be carried out into existing concrete infrastructures to find a
practical, cheap (or at least comparable in price to current methods), and accurate method

for routine and frequent pH monitoring.

Using Field Samples: Laboratory samples differ from field samples not just in terms of
casting and pouring but also when considering aspects such as concrete maturity, curing
practices, and microstructural development more broadly. For future research, obtaining
cores (drilled samples) from existing structures represents the most straightforward method
to ensure the authenticity of concrete samples. Although obtaining field samples can be
challenging due to restrictive policies in many city street departments, incorporating such

samples could significantly enhance the accuracy of research findings.
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4-

Incorporating Cracks and Loads on Test Setups: One of the primary disadvantages of

laboratory testing for chloride-induced corrosion, particularly for studying chloride binding
and desorption, is the complexity and difficulty of simulating the impacts of loading and
cracks. For example, concrete pavements are subjected to deicers, freeze-thaw cycles, loads
from vehicles, carbonation, and more. Various types of cracks with different depths can
develop in concrete pavements for multiple reasons. These cracks facilitate the penetration
of chloride-bearing salts and accelerate the deterioration of the concrete. Therefore,
including cracks and loads as parameters in the study of chloride binding and desorption
mechanisms would yield more accurate and realistic outcomes.

Considering Mixed Salt Solutions: Future studies should use mixed de-icing salts (like

blends of NaCl and MgCl,) rather than pure salt solutions typically used in laboratories.
One of the limitations of this study was using pure salt solutions, whereas in real-world
scenarios, state and local departments often employ a blend of NaCl, MgCl,, and various
other chemical solutions during winter to reduce the risk of freezing.

Considering the Impact of Weathering: Examine how environmental conditions like wet-

dry and freeze-thaw cycles affect chloride desorption in samples, to better simulate real-
world conditions of concrete structures.

Studying Chloride Desorption Capacity for Type IL (Portland Limestone Cement): Due to

the environmental policies most cement plants shifted from Type I/II to Type IL. While at
least the 85% of clinker in Type IL is the same as Type I/II, due to differences in limestone
composition and replacement levels from one producer to another producer, a detailed

study of chloride desorption capacity for Type IL cements is worthy of investigation.
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