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MODELLING OF CHLORIDE TRANSPORT IN
CONCRETE

LIXUAN MAO

ABSTRACT

Chloride-induced corrosion of reinforcing steel has been recognized as the primary factor
in degrading the durability of reinforced concrete structures exposed to chloride-rich
environments. This research aims to investigate the underlying mechanisms of ionic
transport behaviors in both natural and recycled aggregate concrete and to develop
accurate and reliable prediction models to estimate the chloride transport processes during
diffusion and migration tests. Based on the understanding of ionic diffusion,
electromigration, polarization, and physicochemical reactions, several numerical and

analytical models for chloride penetration in heterogenous concrete are proposed.

Firstly, Poisson, Laplace, and current conservation models are developed based on
Gauss’s law and current conservation law to investigate the interaction of different ionic
species in concrete. The differences and application scope of the three models are

discussed based on the obtained numerical results.

A five-phase numerical model and a two-step analytical model are proposed to
characterize the heterogeneous properties of concrete with both natural and recycled
aggregates and to investigate the influence of each phase on concrete resistance to

chloride ingress.

Polarization-induced potential drop between outside electrodes and concrete surfaces
during migration tests and its influences on inner ionic transport are investigated using a
multi-species and overpotential model. A sequential non-iterative algorithm (SNIA) is

introduced to connect the outside polarization and inner ionic transport.



Physical and chemical reactions between free ions in pore solution and cement hydrates
and their influences on chloride penetration are investigated by using a reactive mass

transport model and a non-equilibrium binding model.

This thesis has contributed to an improved understanding of the mechanisms of chloride
penetration in heterogeneous concrete and provided recommendations for modelling the

durability performance of concrete structures in terms of chlorides attack.

KEY WORDS: Chloride, Multi-species coupling, Heterogeneous concrete, Natural and

recycled aggregates, Polarization, Overpotential, Physical and chemical reactions.
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CHAPTER 1 INTRODUCTION

1.1. Background

Reinforced concrete structure is the most commonly used form in public infrastructure,
industrial and civil construction worldwide. The service environment of concrete
structures is complex and changeable, which leads to various durability problems, such
as chloride ingress, alkali-aggregate reaction, freeze-thaw cycle, wet and dry cycle, acid
sulfate attack, and so on. It can lead to shortening of the service life of concrete structures

because of these durability problems.

Early neglect of the durability design of concrete structures results in extraordinarily high
repair, refurbishment, and maintenance expenses. For example, in England and Wales,
the corrosion cost of bridges was 616.5 million pounds (El-Reedy, 2007). In North
American, the repair cost of concrete structures was up to 10 billion dollars (Hansson and
Hansson, 1993). The De Sitter’s “law of five” presents the significance of the durability
design (De Sitter, 1984). It states that one dollar spent in getting structure designed and
built correctly is as effective as spending 5 dollars when structures have been constructed
but corrosion has yet to start, 25 dollars when corrosion has started at some points, and
125 dollars when corrosion has become widespread. Moreover, the deterioration of
concrete structures causes massive consumption of cement, aggregates, and steel bars,
which is a big issue on environmental protection and resource allocation, especially in
terms of carbon dioxide emissions and depletion of non-renewable natural resources

(Meyer, 2009).

Chloride attack is widely recognized as the most common initiating mechanism for
reinforcing steel corrosion in concrete (Kitowski and Wheat, 1997). European standard
EN 206-1 restricts the maximum chloride contents in construction periods, thereby
minimizing corrosion resulting from the presence of chlorides introduced through

admixtures, contaminated water, and aggregates (EN206-1, 2013). However, many



countries, such as China, UK, Japan, have a long coastline, which means that numerous
reinforced concretes in these countries are inevitably exposed to high-salt environment,
and thus have chloride-induced reinforcing steel corrosion problem (Bertolini et al., 2007).
The effects of chloride penetration on steel bar’s corrosion in concrete can be described

as follows:

Firstly, the natural alkaline environment of concrete produces a dense and protective
passive film on the surface of steel bar. This passive layer can protect steel bar from
corrosion. However, the penetration of chlorides initiates a hydrolysis reaction, resulting
in a low-pH micro-environment around steel surface and finally causing the breakdown

of passive film. This hydrolysis process can be described as:

Feé*" +2H,0+2CT —Fe(OH) ,+2HCI (1.1)

After the oxide film is breakdown, rust will appear on the surface of steel bar. In this
process, steel bars in passive film broken areas act as anodes and give up electrons as

following equation:

Fe-2¢—Fe" (1.2)

The steel passive areas act as cathodes, where oxygen reduction reaction takes place:

4H,0+0,+2e—4OH (1.3)

Subsequently, ferrous ions Fe?* generated near the iron matrix combine with CI to form
FeCly. The solubility of Ferrous chloride (FeClo) facilitates the transport of anodic
products, specifically Fe2+ ions, over time. Consequently, oxidation-reduction reaction
in this region can proceed unhindered and may even be accelerated. At the same time,
hydroxyl ions (OH") in the pore solution react with Fe’" to form ferrous hydroxide

Fe(OH)>, which is subsequently oxidized into rust. As shown in Fig. 1.1, chloride ions
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are repeatedly used in this corrosion process without consumption. This indicates that
once chloride ions ingress into concrete, they will repeatedly act until steel bars are
corroded. It should be noticed that the volume of iron oxides is 2 to 6 times greater than
that of iron, which can lead to cracking, spalling or delamination of concrete cover in a
short time, thereby providing more paths for chloride ingress (Fig. 1.2). Moreover,
chloride has a positive effect on water absorption of concrete, diminishing its electrical

resistance and consequently hastening the corrosion process.

Concrete  CI, 0, H,0 Cl, 0,, H,0
Na* K*, Ca®* l *
OH-, CI
Cathode:
H,! L oHCr

1
Passive film ‘ o EO" +H,0+2 —20H

Steel 5
Anode: Fe — Fe~ +2e

Figure 1.1 Diagrammatic representation of chloride-induced steel corrosion in concrete

(Angst, 2011)
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Figure 1.2 Diagrammatic representation of chloride-induced concrete cracking

(Koulouris and Apostolopoulos, 2020)



To reduce the economic loss and environmental problem caused by chloride-induced
corrosion of reinforcing steel in concrete structures, a large number of experimental,
analytical and numerical studies on chloride transport in cementitious materials have been

conducted in past four decades.

Since 1980s, numerous laboratory and field tests have been conducted to obtain reliable
diffusion coefficients of chlorides in various types of concrete for service life prediction
and durability design of concrete structures (AASHTO-T277, 1983; NT BUILD-443,
1995; NT BUILD-492, 1999; ASTM-C1556, 2003; Friedmann et al., 2004; ASTM-
C1202, 2012). Additionally, analytical, and numerical models have been developed to
understand the underlying mechanisms involved in chloride penetration within
heterogenous concrete (Amey et al., 1998; Kassir and Ghosn, 2002; Park et al., 2014;
Zheng et al., 2014; Shakouri and Trejo, 2017; Mao et al., 2019; Cheng et al., 2020; Tian
et al., 2018; Tran et al., 2018; Cao et al., 2020; Guo et al., 2021b). A reliable and
appropriate model can provide key indexes, such as the concentration or ingress depth of
chlorides in concrete, for the design and assessment of concrete durability. However, there
are still differences between predictions and experimental observations, which may lead

to an inaccurate estimation of chloride resistance of concrete.

1.2. Objectives of the research

Considerable research has been carried out to investigate the chloride penetration in
cement-based materials using experimental, analytical, and numerical methods. However,
there are still a number of questions that remain unanswered about ionic transport
behaviors and the modelling of this behavior, including how multi-species coupling
influences chloride ingress? How do the heterogeneity and quality of recycled concrete
aggregates affect the chloride resistance of concrete? To what extent can the polarization
of outside electrodes influence ionic transport during chloride migration test? What
reactions are involved in migration process and how do they influence chloride

penetration process? The work undertaken in this thesis will therefore have the aim of
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providing a better understanding of the mechanism of ionic transport in heterogenous
natural and recycled aggregate concrete and developing precise and reliable models to
investigate chloride ingress behaviors during chloride diffusion and migration tests. The

specific objectives of the research include:

1) To conduct numerical analysis on examining the effects of multi-species coupling
on chloride penetration during diffusion and migration tests. And to clarify the

differences and application scope of Gauss’s method and current conservation law.

2) To develop a multi-phase numerical model and an analytical model to characterize
the heterogeneity of natural and recycled aggregate concrete and to investigate the

influence of each phase on chloride resistance of concrete.

3) To investigate the variation of polarization-induced overpotential and its influence

on ionic transport behaviors within concrete during migration test.

4) To develop a reactive mass transport model and a non-equilibrium binding model
to describe the physical and chemical reactions between free ions and cement

hydrates and their impacts on chloride penetration in migration test.

1.3. Layout of the thesis

The thesis is organized in eight chapters. Chapter one gives a general introduction to
chloride-induced corrosion in concrete and current research on chloride penetration in

concrete. In addition, the objectives and outlines of the present research are highlighted.

Chapter two outlines the research background about ionic transport, especially the
transport of chlorides, in concrete. Firstly, the meso- and micro-structures of concrete and
the components of both liquid and solid phases in concrete are introduced. Mechanisms
of each sub-process involved in chloride transport in cement-based materials are also

described in detail. Then, a summary of chloride diffusion and migration tests in concrete



is provided. Furthermore, analytical and numerical investigations on the ionic transport
and physicochemical reactions in concrete are reviewed. Knowledge gaps of ionic

transportation in concrete are also presented at the end of this chapter.

Chapter three presents the development of chloride transport models, which have been
extended from a single phase to multiple phases, from a single species to multiple species,
and from a single physical field to multiple physical fields. Additionally, the SNIA is

proposed to solve the multi-physics coupling problem.

Chapter four presents a numerical analysis of multi-species coupling effects on electric
field and ionic distribution in concrete by using Gauss’s law and current conservation law.
Based on different electrostatic potential descriptions, the time-space distributions of all
ionic species in concrete are evaluated and compared. The differences and application
scope of Poisson model, Laplace model and current conservation model are also

discussed.

In Chapter five, the effective chloride diffusion coefficients of natural aggregate concrete
(NAC) and partially replaced recycled aggregate concrete (RAC) are evaluated through a
five-phase numerical model and a two-step analytical model. Based on these two models,
the variation of effective diffusivities of concrete with the quality of recycled concrete
aggregate (RCA), the properties of interfacial transition zone (ITZ), and the shape and

volume fraction of aggregates are investigated.

Chapter six investigates the effects of polarization of electrodes on ionic transport under
the action of an external electric field based on an overpotential model. Multi-species
coupling, and changing electric boundaries caused by the overpotential at electrode-
concrete interfaces are involved in this numerical model. Some important factors such as
the applied voltage, Tafel parameters, initial condition of pore solution, and replacement

rate of RCA are discussed in detail.

Chapter seven reports the effects of physicochemical reactions between free ions in pore
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solution and cement hydrates on chloride transport by using a reactive mass transport
model and a non-equilibrium binding model. The change in porosity of concrete resulting
from the precipitation or dissolution of cement hydrations its influence of chloride
transport is investigated through reactive mass transport model. The concentration
distributions of ionic species, hardened hydration products after the chloride migration
test are discussed. The impacts of AFm content, constrictivity and adhesive rate of old
mortar in recycled concrete aggregate (RCA) on chloride ingress and binding in concrete

are also examined in this chapter.

Chapter eight summarizes main findings and limitations of present study. Suggestions

about future research are also proposed as a continuation of presented work.



CHAPTER 2 LITERATURE REVIEW

2.1. Introduction of concrete

2.1.1. Composition of cement hydration

Four main hydration products of Portland cement are calcium silicate hydrate (C-S-H gel),
calctum hydroxide (CH), ettringite (AFt), and calcium aluminate hydrates (AFm)
(Garcia-Lodeiro et al., 2015). C-S-H gel is the primary hydration product of belite (C2>S)
and alite (C3S) in cement paste and comprises 50~60% of fully hydrated Portland cement
paste by volume (Medina et al., 2019). Chloride ions can be absorbed in the surface layer
of C-S-H or trapped in its interlayer spaces, or firmly bound into its lattice. It has been
reported that the physical binding of chloride ions is dominantly determined by the
concentration or surface reaction sites of C-S-H in concrete (Tang and Nilsson, 1993).
This indicates that a higher concentration or greater number of reaction sites of C-S-H

results in a higher capacity for chloride binding.

Calcium hydroxide (CH) is another hydration product of C,S and CsS, which usually
appears as elongated hexagonal plates and is highly crystalline (Kakali et al., 2000). CH
accounts for about 15~20% of cement paste by volume and is responsible for maintaining

the PH of pore solution in concrete is at a range of 12~13.

Ettringite (AFt) is a crystalline mineral that forms during the early stages of cement
hydration, usually within the first day or two. It can be transformed into
monosulfatoaluminate or an expansive form when concrete suffers from sulfate attack

(Matschei et al., 2007; Baquerizo et al., 2015; Mccarthy and Dyer, 2019).

AFm, a family of calcium silicate hydrates, includes monosulfatoaluminate (SO4*-AFm),
Hydroxy-AFm (OH-AFm), Monocarboaluminate (COs*-AFm), and
Hemicarboaluminate (0.5CO3>-AFm). Free chloride ions in pore solution can react with

these AFm phases and form Friedel’s and kuzel’s salts. The mechanism of this chemical
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binding process can be described by two ways: ionic-absorption and ionic-exchange. In
the former, free ions are absorbed into the interlayer ([Ca2Al(OH)s-20]+) to balance the
charge of AFm system. In the latter, hydroxyl, sulfate, or bicarbonate ions in AFm
hydrates can be substituted by free chloride ions in pore solution, which means that
chloride binding may incorporate release of other ions from hardened products.
Additionally, chemically bound chloride also can be released into pore solution when
concrete suffers from carbonization or sulfate attack. Different models have been
developed to describe the physical and chemical reactions between aqueous species and
cement hydrations, such as isothermal binding models (Shakouri and Trejo, 2017; Shi et
al., 2019), non-equilibrium binding models (Spiesz and Brouwers, 2012; Li et al., 2015),
and thermodynamic reaction models (Tran et al., 2018; Guo et al., 2021b), etc. The

theoretical details of these models will be discussed in following sections.

2.1.2. Aggregate

Aggregate is an important filler material in concrete as it constitutes a significant portion
of its volume, typically ranging from 60% to 80%. The mineralogical and physical
properties of aggregate (such as size gradation, surface texture, shape, reactivity, density,
etc.) have a significant impact on the mechanical properties, workability, and durability
of concrete. One important impact of aggregates is their ability to increase the tortuosity
of ionic transport path, leading to a slowdown of chloride ingress process (Mao et al.,
2019). In addition, the shape or aspect ratio of aggregates also has an impact on chloride
diffusivity of concrete. Zheng et al. (2012), Zheng et al. (2014), Xiao et al. (2016) and
Zhang et al. (2021) found that effective chloride diffusivity slightly increases with a
decrease in aggregate aspect ratio. Irregular crushed aggregates have been reported to
exhibit better chloride resistance capacity compared to elliptical aggregates (Jie et al.,
2017). Additionally, Liu et al. (2018) found that ionic migration rates increase
significantly with an increment in tortuosity caused by a change of aggregate shape, with
the impact of aggregate shape becoming more pronounced with an increase in total

volume of aggregate.



Aggregate is usually classified into two types in terms of size: fine and coarse aggregates.
The size of coarse aggregate is usually in the range of 4.75~63 mm (BS 1097-3, 1998;
BS 933-11, 2012). Most commonly adopted coarse aggregate size in practice is 20 mm.
Fine aggregate has a particle size less than 4.75 mm. In practice, the size distribution of
aggregate plays an important role in the strength, durability and workability of concrete
(Siregar et al., 2017; Yang et al., 2022). The probability density curves of aggregate

gradation can be expressed as a series of parabolic curves as follows

n o gn
ndmaxdmin

= PIRTRYGL where P is the probability density of aggregates with a diameter smaller
than d by mass, dmua and dpin are the maximum and minimum diameters of aggregate,
respectively, # is the gradation exponential, which is usually in the range of 2.5~3 (Zheng
and Zhou, 2007). When the value of n in probability density curves is 2.5, it corresponds
to the Fuller gradation, whereas for the equal volume fraction gradation, # is equal to 3.
Car¢ (2003) and Wu et al. (2019) found that concrete with coarser aggregates tends to
present lower chloride resistance. However, Zheng and Zhou (2007) and Ying et al.

(2013a) reported that the chloride diffusivities of concrete obviously reduce with an

increase in aggregate size.

The sources of aggregate are various, and they fall into two main categories, natural and
recycled materials. Natural aggregate (NA) usually includes crushed stone, gravel, and
sand. Recycled aggregate (RA) is produced from deposited concrete, masonry, rubber,
glass, and so on (Kou, 2006). Aggregates derived from deposited concrete are named
recycled concrete aggregate (RCA). RCA has been proposed to replace NA in concrete to
reduce environmental damage and conserve nonrenewable natural resources since the
mid-20th century (Caré¢, 2003). However, the application of recycled aggregate concrete
(RAC) is still not widely adopted in construction. One main reason for this is the adhesive
old mortar and old interfacial transition zone in RCA and microcracks generated from
crushing process can lead to a variable and uncertain strength and durability of RAC.
Duan and Poon (2014) found that increasing old mortar in RCA leads to a significant

decrease in chloride resistance of RAC. Moreover, a higher replacement rate of RCA
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means a higher attached old mortar content. Experimental studies have found that chloride
permeability of RAC significantly increases with the replacement rate of RCA (Bao et al.,
2020; Janior et al., 2019). It has also been reported that parent concrete strength influences
the water absorption of old mortar and thus affects the chloride permeability of RAC
(Padmini et al., 2009; Andreu and Miren, 2014; Pedro et al., 2014; Kou and Poon, 2015).
In order to expand the application of RAC in construction, a thorough and comprehensive

evaluation of its chloride resistance is essential.

2.1.3. Interfacial transition zone

ITZ is a tiny and filmy region between aggregate and cement paste. There are two kinds
of ITZ in RAC: 1) old ITZ, which is a vulnerable area between original aggregate and
adhesive old mortar, 2) new ITZ, which is the region between RCA and new mortar.
Scanning electron microscope (SEM) observations showed that the thickness of ITZ is
usually only 9~80 um (Scrivener and Pratt, 1996; Diamond and Huang, 2001; Car¢ and
Hervé, 2004). However, the ITZ plays an essential role in mechanical and durability
properties of both NAC and RAC (Poon et al., 2004; Tam et al., 2005a; Tam et al., 2005b).
This is because ITZ phase is more porous than hydrated cement paste, and detectable pore
area in this phase increases with the distance from aggregate surface. It has been reported
that porosity in the innermost 5 um area of ITZ can increase by up to 30% (Scrivener,
1999; Diamond and Huang, 2001). Hence, ITZ is more vulnerable to chloride ions than
cement mortar. The chloride diffusivity in ITZ is mainly dependent on the volume fraction,
size distribution, shape of aggregate, water-to-cement (w/c) ratio, and ITZ thickness
(Yang and Cho, 2005; Pan et al., 2018). It has also been reported that chloride diffusion
coefficient in ITZ is 2~37.8 times larger than that in cement matrix (Bourdette et al., 1995;

Yang, 2005; Ying et al., 2013a; Hu et al., 2018; Wang et al., 2018).

To quantitatively assess ITZ effects on chloride penetration, a series of analytical and
numerical concrete models have been developed. Caré and Hervé (2004) proposed an n-

phase analytical model to calculate the chloride diffusion coefficient by using the volume
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fraction and effective diffusivity of continuous cement, dispersed aggregates, and ITZ.
Sun et al. (2011) applied this n-phase analytical model to predict the effective chloride
diffusion coefficient of NAC with considering the changing porosity in ITZ. Ying et al.
(2013a) and Zheng and Zhou (2007, 2008) proposed a series of multi-phase inclusion-
based models for RAC that include old aggregate, old ITZ, old mortar, new ITZ and new
mortar. In these models, inner layer is usually fully enclosed by outer layer. The volume
of ITZ, depending on its thickness, volume fraction and size distribution of aggregates, is
crucial for the chloride-resistance of NAC and RAC. Yang and Weng (2013) developed a
new model to predict the effective migration coefficient of chloride ions in ITZ by
combing the double-inclusion and Mori-Tanaka methods. They found that migration

coefficient of chlorides in ITZ decreases with an increase in ITZ thickness.

At the same time, many efforts have been made using numerical simulations. Specifically,
Xiao et al. (2012) used a two-dimensional (2-D) five-phase model with only one
aggregate to analyze the effects of ITZ and aggregates on chloride diffusion in RAC. After
that, they developed a new five-phase model with four pieces of aggregates to investigate
the chloride transportation performance in RAC (Ying et al., 2013b). They found that
RCA’s location has a significant impact on penetration direction and concentration of
chloride ions in ITZ. To reduce the computational burden caused by extremely thin ITZ
layers, Zheng et al. (2012) treated the aggregate and surrounding ITZ layer as a
homogenous particle by using analytical solution and then applied this equivalent
aggregate particle into lattice model. Liu et al. (2015a), Du et al. (2014), Tian et al. (2018)
and Lin et al. (2021) adopted multi-aggregate three-phase concrete models to obtain
effective diffusivity and distribution profiles of chloride ions. They found that both the
thickness and diffusivity of ITZ have a significant influence on ionic transport process.
The tortuosity effect caused by aggregates decreased with the increase of thickness and
diffusivity of ITZ. It should be noticed that, in fact, ITZ is not a uniform shell or a sharp
interface surrounding aggregate. For the sake of simplification, a uniform ITZ with a

certain thickness regardless of aggregate size was used in abovementioned models. The
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three-dimensional (3-D) models with the ITZ phase are also used in simulation of chloride
diffusion (Abyaneh et al., 2013; Wu et al., 2020; Yu et al., 2022). It has been reported that
the existing I'TZ would not lead to an increase in chloride diffusivity when aggregate

volume fraction exceeds 30%.

2.1.4. Pore

Concrete is a porous medium. Spaces containing liquid and/or gas distributed within solid
phase are known as pores. Some of pores in concrete are interconnected, so a number of
paths are provided for harmful agents to travel, such as moisture, chloride, sulfate ions,
and so on. The diameter of pores ranges from 10~ to 10 m (Li, 2022). The diameter of
pores in hydration gel is in a range of 10™ to 10° m. Gel pores are usually filled with
liquid. Pores with a single narrow connection to the interconnected space are named
capillary pores. The size range of capillary pores, controlled by the w/c ratio, falls
between 10 and 10 m. Technological pores with diameters ranging from 10 to 10~ m
are generated in processing fresh concrete elements. Generally, the permeability and
durability of concrete are determined by the pores with diameter exceeding 5%10 m
(Bensted, 1983). Finer pores are generally associated with lower chloride diffusion
coefficients. Specifically, ionic transport in pores that share a similar size range with ions
is difficult. Hence, it is suggested that chloride diffusivity should be adjusted with pore

size when developing the chloride transport model (Roy, 1988; Li et al., 2015).

Liquid present in pores is not pure water but rather a concentrated solution that is rich in
ions, such as sodium, potassium, and hydroxyl ions. The concentration of calcium ions in
concrete pore solution is relatively low and usually ignored in modelling. The
concentration of hydroxyl ions in pore solution generally ranges from 200 to 1000 mol/m?
and increases with the content of alkalis dissolved in pore solution (Thomas et al., 2017,
Mccarthy and Dyer, 2019). Harmful agents, such as chloride, sulfate, and carbonate ions,
may appear when concrete suffers from different durability deteriorations. The

composition of pore solution is also determined by chemical properties of binders,
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mixture proportions, and hydration degree of cement. Therefore, different types of
concrete may have different initial ionic concentrations in pore solution system, which
may influence ionic transport, especially when an external electric field is applied (Xia
and Li, 2013; Spragg et al., 2016; Mao et al., 2022). Moreover, the transport of each
individual ionic species can influence the performance of all other ionic species. Existing
analytical and numerical studies reported that the interactions between different ions are
crucial for chloride transport in concrete (Samson and Marchand, 2007b; Johannesson et
al., 2009). The details of multi-species interactions in mass transport will be discussed in

following sections.

In conclusion, concrete can be characterized as a complex and heterogeneous material
consisting of various phases, such as cement, aggregates, pores, and interfacial transition
zones. Each phase can affect the durability of concrete, particularly with respect to its
resistance to chloride ions. Specifically, penetrated chloride ions can be absorbed into or
released from solid cement matrix. Aggregates play a crucial role in retarding the ingress
of chlorides into concrete due to their low permeability. Interfacial transition zones,
characterized by their higher porosity, are more vulnerable to chloride penetration.
Connected pores in cement matrix and ITZ can create pathways for moisture and harmful
ions, which can ultimately lead to the deterioration of embedded metals in concrete.
Abovementioned observations suggest that the distinct contribution of each phase to ionic

transport should be taken into consideration in numerical simulations.

2.2. Theoretical Background

Chloride transportation in concrete is essentially a mass transfer process of charged
particles in the pore solution of porous medium. In the chloride-rich environments, such
as marine, de-icing area, chloride penetration in concrete can be influenced by multiple
driving forces, including but not limited to concentration gradients between pore solution
and exposed environments, electrostatic potential gradients generated by the interaction

between different ionic species and/or supplied by external electric power, bulk flow of
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pore solution, physical and chemical reactions, and polarization at electrodes. In order to
develop appropriate models for concrete serviced in different environments, the
underlying mechanisms of each driving force and the interaction between them are

clarified in this section.
2.2.1. Ionic diffusion

Ionic diffusion is a physical process that describes the movement of ions from an area of
higher concentration to an area of lower concentration. When pore solution in concrete is
saturated and there are no reactions between ionic species and hydration products,
chloride penetration is driven purely by the concentration gradient between environment
and concrete. This diffusion process can be described by Fick’s Laws as follows (Liu,

2014),

Fick’s first Law J=-DWVC (2.1)

Fick’s second Law (2.2)

oC
— =-J=DV°C
ot

where J, D, and C represent the flux, diffusion coefficient, and concentration of free ions
in pore solution, respectively, and ¢ is time. Fick’ s first law (Equation (2.1)) describes the
relationship between the flux and concentration of ions, whereas Fick’s second law
(Equation (2.2)) represents the mass conservation of ions. Note that both the flux and
concentration vary with time unless the system becomes steady-state, in which case the
flux becomes a constant and the concentration becomes time-independent. For a
homogenous medium, the distribution of chlorides in a non-steady-state diffusion process

can be obtained analytically by solving Equation (2.2) and expressed as follows,

Cx 1) =CoH( C-Co)-(-erf ( 2‘}CD_>,7)) (2.3)
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where Cy the initial concentration of chlorides in concrete pore solution, Cs is the
concentration of chlorides in the environment where the concrete is exposed, and erf'is

error function, which is defined as:

> , (2.4)
erf(z)=7T/ e’ dz
0

Equations (2.2)-(2.4) have been used to predict the service life of concrete structures.
However, it should be noted that interactions between different ionic species and
physicochemical reactions can also influence the penetration process of chloride ions in
concrete. As a result, the service life prediction based on Fick’s Law may not be very
accurate and needs to be improved. Therefore, it is necessary to consider the mechanisms

of other factors involved in ionic transport, which will be discussed in following sections.
2.2.2. Ionic convection

Ionic convection is the ionic movement from one region to another due to the bulk flow

of pore solution in concrete. The convection term of ionic transport can be expressed as:

J=-Cu 2.5)

where u is the bulk velocity of ionic solution. When the pore solution in concrete is fully
saturated, it does not move in concrete and thus the bulk velocity of ionic solution can be
ignored. In the present study, all concrete specimens are assumed to be fully saturated and

thus the contribution of convection to ionic transport is not considered.
2.2.3. Electromigration of ions

An external electric field is commonly employed in chloride migration tests to obtain

chloride migration coefficient in a short time, in electrochemical rehabilitation to repair
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concrete suffers from chloride attack or carbonization, or in accelerated corrosion tests to
simulate corrosion process of steel bars. The directional transport of ionic species in pore
solution under the action of an external electric field is called electromigration. This
phenomenon occurs due to the migration of charged ions towards oppositely charged

electrodes.

Under the action of external electric field, each ionic species in pore solution is subject to
both electrical and viscous forces. According to Newton’s second law, the migration

velocity of ions can be described as:

m%=zeE—fv 26)
V= ZeTE(]- exp (-f;t)) (2.7

where m, v, and z represent the mass, migration velocity, charge number of ions,
respectively; fis viscous coefficient (N*s/m), ¢ is migration time (s), e is electron charge
1.6x107" C, and E is electric field intensity. Due to the relatively small mass of ions
compared to their viscous force, the ionic migration velocity tends to stabilize in a short

time, so that,

zeE (2.8)

Thus, migration flux can be expressed as:

CFE (2.9)
SNy

J=-C-v=-

where F'is Faraday’s constant (96487 C/mol) and N, is Avogadro’s number. According to

Stockes-Einstein equation, substituting f = R7/D into Equation (2.9), it yields,
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DzFC (2.10)
=- \%
J RT 0

where @ is electrostatic potential (V). Therefore, when an external electric field is
employed, ionic flux in saturated concrete can be expressed by using Nernst-Plank
equation (Yang and Su, 2002):

(2.11)

J=D.vC-DC s 12
O T I=1,z,...n

where the subscript i represents the species and #n is the total number of species i-th

considered in the solution.

Pore solution of cement-based material is a multi-species system, including sodium,
potassium, hydroxyl, calcium, chloride, sulfate ions, and so on. The distribution of each
ionic species can influence electrostatic potential in concrete, which in turn influences the
transportation of other ionic species (Johannesson, 2010a; Liu, 2014). The ion-ion
interactions between different ionic species in pore solution is named multi-species
coupling in the present thesis. Three different methods can be used to determine local
electrostatic potential in concrete. One is Gauss’s Law method, in which the relationship
between electrostatic potential and net charge can be determined by Poisson’s equation

as follows (Johannesson, 2010b),

F " 2.12
Z ZiCi l:],2,l’l ( )
i=1

where D;, C;, and z; is the diffusion coefficient, concentration, and charge number of i-th
ionic species in pore solution, respectively. £=8.854x107'2 C/(V-m) is permittivity of a
vacuum, &,.=78.3 is relative permittivity of water at temperature 298K. Mathematically,

the order-of-magnitude of L in Equation (2.12) is up to 10'¥, which means that an
&0y

extremely insignificant net charge (3., z;C; = 0) is needed to generate a strong Laplacian

18



potential. However, it should be noticed that this insignificant net charge )", z,C; = 0 is
quite different from the electroneutral condition )./, z;C; = 0, although numerically they
seem to be similar. When electroneutrality condition (3}, z;C; = 0) is adopted in Gauss’s

law, the governing equation of electric potential can be simplified as:

V20=0 (2.13)

This indicates that in one-dimensional (1-D) chloride migration problem, the term electric
field-V@ remains constant. The value of this term can be determined purely by the

externally applied voltage (A@) and the distance between two electrodes.

The second method is current conservation law method, in which the relationship between
the current density and ionic fluxes of different ionic species can be described as follows

(Li and Page, 2000),

n

I = FZ i i=12,..n (2.14)
i=1

Assuming that there are no chemical reactions between ionic species in the pore solution,

the mass conservation for each ionic species is expressed as:

oC;
i (2.15)
or

The mass conservation Equation (2.15) can be extended as,

a n n 21
_(FZ 2.C; )= V(FZ zJ)  i=12,..n 2.16)
ot i=1 i=1

With the assumption of electroneutral condition ()7, z;,C; = 0), Equation (2.16) can be

simplified as,
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I7-(F§ 2J)=0  i=12,..n (2.17)
i=1

Substituting Equation (2.14) into (2.17) leads to,
V-1=0 (2.18)

Equation (2.18) implies that the current density flowing into any point within concrete is
equivalent to the current density flowing out of that point. Substituting Equations (2.11)

and (2.14) into (2.18) leads to,

_ RT ]/F+ZZiDi VCI —1 ) (219)
——7 FZZiZDiCi 1=1,s,...n
2D.CF (2.20)
Fz (—zDVC — 2 ygy) =0 i=12,..n

Equations (2.19) and (2.20) can be used to describe the interactions between multiple
ionic species within concrete when subjected to externally applied current or voltage,

respectively.

2.2.4. Adsorption and desorption of ions

2.2.4.1 Equilibrium binding of ions

At a state of equilibrium, the relationship between free and bound chlorides at a certain
temperature can be described by three binding isotherms: Linear, Langmuir, and
Freundlich isotherms. These isotherms describe the relationship between free and bound

chlorides.

Linear binding isotherm

Linear binding isotherm was proposed by Tuutti (1982). This isotherm and its binding
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capacity in mass transport can be expressed as follows:

S=aC
oC
RS=-(1 5

2.21)

(2.22)

where o is a constant determined by experiments, Rs is the change rate of bound chlorides

in concrete. The linear absorption has been found in long-term field-exposed concrete and

has been used in early modelling (Sergi et al., 1992; Saetta et al., 1993). However, it has

been reported that the linear binding model is oversimplified and does not fit well with

experimental results (Liu et al., 2012). As shown in Fig. 2.1, chloride binding capacity in

linear isotherm is overestimated at high free chloride concentrations and underestimated

at low free chloride concentrations (Martin-Pérez et al., 2000; Hassan, 2001).

------ Linear isotherm o-0.2
Langmuir isotherm ¢-0.98,3-0.29
- —-—- Freundlich isotherm a-1.03,3-0.26

Bound chlorides (Kg/m?, concrete)
\

Free chlorides (Kg/m®, concrete)

Figure 2.1 Plots of Linear, Langmuir and Freundlich isotherms (Hassan, 2001)

Langmuir binding isotherm

Langmuir isotherm is assumed to be monolayer adsorption, which suggests there is an
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upper limit of bound chloride in cement matrix. Hence, as shown in Fig. 2.1, its binding
capacity tends to zero at high free-chloride concentrations. Mathematically, it can be

expressed as,

S=aC/1+5C) (2.23)
f_ @ OC (2.24)
b oy o

where o and S are constants, which are influenced by the mixture proportion of binder
and water-to-binder (w/b) ratio. For example, Sergi et al. (1992) reported that o and S of
ordinary Portland concrete (OPC) is 1.67 and 4.08 when w/b ratio is 0.5 (the units of free
and bound chlorides are expressed as mol/L. and mmol/g, respectively). When w/b ratio
is 0.48, Yuan et al. (2009) found that the calibrated o and P are 9.46 and 0.37, 17.79 and
1.26 for concrete with 100% cement and 20% fly ash plus 80% cement, respectively (the
units of free and bound chlorides are expressed as mol/L and mg/g, respectively). Note
that the values of these two parameters should be recomputed based on the units employed
in modelling. Tang and Nilsson (1993) reported that Langmuir isotherm is restricted to

lower free chloride concentrations in pore solution, specifically those below 0.5 mol/L.

Freundlich isotherm

The third one is Freundlich binding isotherm, which is another nonlinear binding isotherm,
assuming that adsorption capacity of cement decreases as ionic concentration in liquid

phase increases. It can be expressed as (Tang and Nilsson, 1993),

S=aC’ (2.25)

oC
Rem-afCH x (2.26)
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where o and S are empirical constants calculated by using regression analysis of
experimental results. Their values also vary with w/b ratio and types of binder used in
concrete. For Freundlich isotherm, the suitable range of free chloride concentration
changes from 0.01 to 1 mol/L. This range encompasses the concentration levels
encountered in most field or experimental work. Hence, it can be widely used in the

prediction models of chloride penetration in concrete.

2.2.4.2 Non-Equilibrium binding

Physical or chemical reactions between free ions and cement matrix in concrete are not
instantaneous processes. Existing literature reported that it usually takes 7~14 days to
achieve equilibrium between free chloride ions in pore solution and bound chloride in
hardened cement (Tang and Nilsson, 1993). Hence, equilibrium binding isotherms are
applicable for modelling long-term diffusion processes in concrete. However, for short-
term migration tests (less than two days), the above-mentioned isotherms are no longer
applicable. To describe this non-equilibrium binding in migration process, a three-phase
binding system has been suggested, which involves pore solution, hardened cement paste,
and interphase between them (Spiesz et al., 2012). The mass transfer process from pore
solution to cement matrix is divided into two steps. Take chloride adsorption as an
example, free chloride ions are first driven into liquid-solid interphase by concentration
gradient, and then partly bound onto hardened cement surface. This process repeats many
times until there is no concentration difference between the pore solution phase and
interphase. The resistance of interphase to mass transfer is responsible for non-
equilibrium binding in concrete, and it is defined as a transfer coefficient, ks. Therefore,

mass transfer rate between pore solution and liquid-solid interphase can be expressed as,

Re=- k,(C-Cj) (2.27)

where Cjs is chloride concentration in liquid-solid interphase. Assuming that chloride

adsorption and desorption take place immediately between the interphase and the solid
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cement matrix, Cj can be calculated by the binding isotherms as follows,

o aCy (2.28)
S=aCly; S=— e :S=aC’

Substituting Equation (2.28) into (2.27), it yields,
Rg=-k; (C-S/a); Rs=-ky(C-S/a-pS)), (2.29)

Rg= -k, (C-(S/a)"?)

Therefore, this non-equilibrium binding mechanism can be defined as follows: while the
free chloride concentration in interphase is less than that in pore solution, chloride ions
continue to transfer into interphase, and bound-chloride concentration in cement increases
accordingly. When free-chlorides concentration in interphase is greater than that in pore
solution, they are transferred from interphase to liquid phase. In order to maintain charge
balance, bound chloride will be released from cement paste into interphase (Spiesz et al.,

2012; Spiesz and Brouwers, 2012; Spiesz and Brouwers, 2013; Li et al., 2015).
2.2.4.3 Thermodynamic reactions

Abovementioned binding isotherms are widely adopted in numerical modelling of ionic
absorption in chloride penetration process. Nevertheless, there are two limitations of these
pre-designed isotherms. One is the binding capacity of chlorides, referring to parameters
in binding isotherms, which varies significantly with the pH value, types and content of
binder, w/b ratio, and so on. Therefore, the determination of binding parameters of
isotherms for different concrete types must depend on specific experimental data. Another
is that the formation of chloroaluminate salt (Friedel’s and Kuzel’s salt) and reduction of
cementitious components can lead to a change in pore structures (mainly the porosity of

concrete). However, existing isothermal binding models usually ignore the change in pore
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structure caused by chemical binding of chlorides. Therefore, it is essential to elucidate
the mechanisms of real physicochemical reactions in order to gain a more profound

comprehension of chloride ingress process.

The penetration of chloride ions will break the equilibrium between free ions in pore
solution and cementitious hydrations in solid phase and lead to new
precipitation/dissolution of hydration products and physical adsorption/ desorption on C-
S-H surfaces, for instance, the formation of chloroaluminate salt (Friedel’s and Kuzel’s
salt) and a corresponding reduction of AFm phases. The thermodynamic reactions

involved in chloride transport are given in Table 2.1.

Table 2.1 Thermodynamic reactions involved in this study and their forward reaction rate

coefficients &/ (mol/m?/s) and equilibrium constants.

Phase Thermodynamic reactions k' Log (Keq)
(Baur et al., 2004)  (Hosokawa et al.,
2011b)

AFt C3A-3CaS04-32H,0+6Ca%"+ 7.08x10713 -45.09
2A1(OH)s+3S04*+40H"

AFm (S) C3ACaSO4-12H,0 > 6.76x107'2 -29.4
4Ca*+2Al(OH)4+SO4*+40H

Friedel’s CsACaCly-10H20 — Instantaneous 271

Salt 4Ca**+2A1(OH)s+2C1+20H"

C-S-H =SiOH+OH" < = SiO+H,0 Instantaneous -12.7
=SiOH+Ca’*" < =SiOCa*+H" instantaneous 9.4
=SiOH+Ca?>"+S04* instantaneous -8.5
=Si0CaSO4+H"
=SiOH+Cl" « =SiOHCI’ instantaneous -0.35
=SiOH+Na" <> = SiIOHNa" instantaneous -13.6
=SiOH+K" <> = SiOHK" instantaneous -13.6

25



Thermodynamic equilibrium of reactions in concrete refers to the state at which the rates
of forward and reverse reactions are equal, resulting in no net change in the concentration
of the reactants and products. The thermodynamic equilibrium constants of
precipitation/dissolution of cement hydrates or aqueous complexation can be described

by the law of mass action as follows (Gao et al., 2022),

Kpeq= 1_[ 1,C)"™ p=1,...L (2.30)
k

where Kpeq 1s the equilibrium constant of the formation/ dissolution of p-th hydrate phase
in concrete at a given temperature, y, and Ci represent the activity coefficient and
concentration of k-th ionic species, respectively. ny, is stoichiometric coefficient of k-th
ionic species in p-th cement hydrate in concrete. In the case of concrete chemistry,
equilibrium constants can help predict the stability and formation of various hydration
products and physically bound species, as well as the potential for phase changes.
Specifically, when the value of right-hand term of Equation (2.30) is greater than the
equilibrium constant, the formation of hydration products or physically bound chloride is
favored. Conversely, the dissolution of hydration products or the release of bound

chlorides from C-S-H gel is favored.

There are several semi-empirical equations that can be employed to calculate the activity
coefficient of ionic species, such as Debye-Huckel equation (DH) (Debye and Hiickel,
1923), Davies equation (Davies, 1962), modified Davies equation (MD) (Samson et al.,
1999a), extended Debye-Huckel (EDH) equation (Samson et al., 1999a), and WATEQ
Debye-Huckel (WDH) equation (Truesdell and Jones, 1974). The expressions and valid

range of them are given in Table 2.2.
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Table 2.2 The semi-empirical equations of activity coefficient of ions in pore solution

Abbr. Equation Valid range
DH (Debye and Hiickel, 1923) lOng:'Azlzc ‘ﬂ] u<10?’m
EDH (Samson et al., 1999a) AZZ‘/' u<0.IM

lo
O B

Davies (Davies, 1962) , ‘jj u<0.5M
logy,=-Azj.( -0.3u)
1+‘j2
WDH (Truesdell and Jones, 1974) A2 ‘/' u<IM

lo
O T B ‘/—

MD (Samson et al., 1999a) Azk/ (bkﬂ+0 2)Aziu  us<I.5M
lo
e 1+Bak/ V1000

where, z; is valence of k-th ionic species, ax, and bi are the ion-specific parameters and
can be calculated using the mean-salt activity coefficient data. u is the ionic strength,

which can be expressed as follows,
1 (2.31)
H= Ez 2 Gy
k

Tonic species in pore solution include both free ionic species (CI', K*, Na*, Ca**, OH)
and aqueous complexes (AI(OH)4"). A and B are the constants determined by temperature

and dielectric constant as follows,

P (2.32)
871'(8,,80RT)3/2

22 (2.33)
B=
&.&0RT
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For the pore solution at room temperature (298K) with &,.£5=6.95x101° C%/(J-m),
A=0.5085 (M) and B=3.281 (M""*/nm). Take chloride ions as an example, the activity

coefficient y; gradually decreases with the increase of ionic strength.

Most physical reactions take place on the surfaces of C-S-H gel. The silanol (=SiOH) and
silandiol (=Si(OH)») sites on C-S-H surfaces can absorb protons, anions and cations via
van der Walls and electrostatic forces. Note that the surface reactions between pore
solution and silandiol sites are rarely involved in existing reactive models and reportedly
can be neglected (Guo et al., 2018; Tran et al., 2018). Thus, only the silanol aroused ionic
absorption is considered in this study. More importantly, these physical reactions result
in an electric charge on the surface of C-S-H. Subsequently, an electrical double layer
(EDL) forms at the interface between pore solution and C-S-H gel. The influence of EDL
on ionic transport was highlighted in some research (Friedmann et al., 2008b). To describe
the mass-action, mole-balance and charge-potential at surface, surface complexation
model was proposed based on EDL theory (Elakneswaran et al., 2010; Tran et al., 2018).
Gouy-Chapman theory is applied to describe ionic distribution with the assumption that
activities of these surface species given in Table 2.1 (such as =SiOHCI, =SiOHNa", =Si0")
are mathematically equal to their concentration (Elakneswaran et al., 2010). Therefore,

charge density can be calculated as follows,

G:F{FH-FOH+ZZCFC+ZZAFA} (234)

F

. CCSH{[zSiOH;]-[zSiO']+[zSi0Hc+]-[zSi0HA‘ 7}

where Iy, I'oy, I'c, and I’ are the adsorption densities of protons, hydroxyl ions, cations,
and anions, respectively. zc and z,4 are the valences of the adsorbing cations and anions.
Acsn is the specific area of C-S-H surface (500 m?/g), Ccsy is the content of C-S-H gel in
hydrate phase (g/m?). Terms in brackets represent concentrations of surface species
(mol/m?). Charge balance in double layer can be expressed as follows,
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O——l—o'd:O (235)

The relationship between surface potential and charge density in diffuse layer can be

expressed by Gouy-Chapman theory as follows (Elakneswaran et al., 2010),

04=-(8¢,69RTp)"sinh(y F/2RT) (2.36)

Substituting Equations (3.46) and (3.44) into (3.45), it yields,

% [(=SiOH; )-(=Si0)+(=SiOHC")-(=SiOHA)| (2.37)

=(8¢,&RT, ,u)msinh(y/ A72RT)

At an equilibrium state, the reactions between free ions and surfaces sites can be

determined by using law of mass action as follows (Hosokawa et al., 2011b),

(2.38)

[=SIOHX] -Fy y
Kooy=—= exp
¢ [=SiOHTy, X1 ™ \'RT

) X=K",Ca’* ,Na*,CI ...
where Kceq 1s the equilibrium constant for adsorption/desorption reactions between C-S-
H and X-th ionic species, and y, is the activity coefficient of X-#2 ionic species. The
equilibrium constants for sorption reactions of main species in pore solution are given in
Table 2.1. For sodium and potassium ions, equilibrium constants are related to Ca/Si ratio
in C-S-H, whereas those for chloride and calcium ions are not (Tran et al., 2018; Guo et
al., 2022). Ca/Si ratio is assumed to be unchanged in this study. Thus, the initial
equilibrium constants for all physiochemical reactions are constants as shown in Table
2.1. The number of reaction sites on C-S-H surface is determined by the specific surface
area exposed to pore solution and concentration of C-S-H. In the present thesis, the

specific surface area of C-S-H is 500 m?/g (Pointeau et al., 2006).
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For elementary (single-step) reactions, the reaction rates are assumed to be proportional
to the decline in reactant concentrations and the increase in product concentrations.

Mathematically, it can be described as follows,

= | | o [ [ocr (239)

iereact ieprod

where j is the j-th thermodynamic reaction in concrete, &/ and k° are forward and
backward reaction rate coefficients, respectively, y; and C; are the activity coefficient and
concentration of i-th species, respectively, and n; is stoichiometric coefficient of i-th

species in j-th thermodynamic reaction.

Forward or backward reaction rate coefficients are temperature-related and can be

calculated by Arrhenius equation as follows (Samson and Marchand (2007)),

f_ f a I

b_1f
K=k’ /K, (2.41)

where 4/ is the frequency factor of forward reaction, E, is activation energy, which is the
minimum amount of energy required for a reaction to take place, and K., is the reaction
equilibrium constant for physical or chemical reactions. The forward reaction coefficients

at room temperature are given in Table 2.1.

Each ionic species is involved in more than one reaction. Therefore, the mass transfer rate

of a specific species in concrete can be calculated as follows,

. 2.42
J
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where R; is the mass transfer rate of i-¢4 species between liquid and solid phase, n;; and r;
are the stoichiometric coefficient and reaction rate of i-th species in j-th reaction,

respectively.

Pore evolution refers to the changes in pore size, shape, and distribution and overall
porosity within concrete over time. It can affect the mechanical, transport, and durability
properties of concrete. Every type of cement hydrate in concrete has its own individual
volume density as listed in Table 2.3, which indicates that thermodynamic reactions can
change the volume of all cement hydrates and eventually change the porosity of concrete.
Based on the phase equilibrium calculated by thermodynamic reaction term, the time-

dependent porosity can be calculated by,

(2.43)
PPy Z Z—; (CrCp)

where m, and 6, are the molar mass and density of p-th hydrate phase, respectively.

p,and p, C,' and C, represent the porosities of concrete and the concentrations of p-th
hydrate phase at time ¢ and 0, respectively. Table 2.3 gives the molar mass and density of

hydration products involved in this study.

Table 2.3 The average molar mass and density of each solid phase (Balonis and Glasser,

2009).
Phase (formula) Molar mass (g/mol) Density (g/cm?)
AFt (C3A-3CaS0,4-26H,0) 1255.1 2.331
AFm (C3A-CaSQO4-12H,0) 622.5 2.015
Friedel’s salt (C3A-CaCl,-10H,0) 561.3 2.064
C-S-H (5Ca0-3Si0,6.3H,0) 574.2 2.331
CH (Ca(OH)2) 74.1 2.111
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A positive correlation exists between porosity and ionic diffusion coefficient. As porosity
increases, the ionic diffusivity tends to increase, indicating that ions can more easily
penetrate or move in or out from concrete matrix. This is because a higher porosity results
in a more permeable material with a greater number of interconnected voids, providing
easier pathways for ionic transport. Samson and Marchand (2007) proposed a refined
Kozeny-Carman model to describe the relationship between effective diffusion

coefficient and variation of porosity, which is expressed as,

oot (L) (422 24
1 1 pO ]_pt

where D;, D/’ is the initial diffusion coefficient of i-4 ionic species at time ¢ and 0,

respectively.
2.2.5. Polarization
2.2.5.1 Overpotential

Polarization is the change in potential of an electrode from its equilibrium state due to the
passage of current in a galvanic or electrolytic cell. This change is caused by reactions
taking place at electrode surfaces, which can modify the distribution of charge and
consequently alter electrode potential. Polarization can be observed in both cathode and
anode, leading to either a more negative or positive potential, respectively. Therefore, in
an electrochemistry system of concrete, such as rapid chloride migration test (RCM),
accelerated chloride migration test (ACMT), impressed current cathodic protection
(ICCP), and electrochemical chloride removal (ECR), polarization can lead to a potential
drop between electrode and concrete surface. In other words, an extra potential
(overpotential) required for the electrochemical reactions can reduce the actual voltage
applied on concrete and affect the efficiency and performance of RCM, ACMT, ICCP or

ECR.
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For example, NT BUILD-492 (1999) suggested a fixed overpotential with a value of 2 V
to reflect the negative effect of polarization on non-steady-state migration process for the
calculation of chloride migration coefficient as follows,

0.0239TL TLx, (2:45)

D,gom=——— *|x4-0.0238
nssm (U— 2) t Xd U-2

where Dyssm (x107'2 m?/s) is non-steady-state migration coefficient, U is pre-designed
voltage of external direct current (DC) power, L (mm) is the thickness of concrete
specimen, ¢ (hour) is migration test duration, and x4 (mm) is penetration depth of chloride
ions. “U-2” (voltage) represents actual output voltage on concrete surfaces. Therefore,
the voltage of “-2” was applied to compensate for the overpotential effect. However, other
studies reported that overpotential value varies with applied time, voltage and electrode
materials. Mcgrath and Hooton (1996) proposed a new conduction setup to examine
overpotential at electrode-concrete interfaces in migration tests by applying two reference
electrodes. They found that overpotential increases from 1.91 to 2.36 V as external
voltage is raised from 6 to 30 V. Spiesz and Brouwers (2012) investigated the variation
of overpotential with different materials for electrodes when a 30 V voltage is applied. It
was found that the magnitude of the overpotential change with current was in the range
of 1.8~2.2 V for stainless steel electrodes and 1.5~1.8 V for MMO-TiO2 electrodes. The
external voltage and conditions of electrolyte applied in existing migration tests are not
fixed. For example, the external voltage suggested in NT BUILD 492 (1999) is in the
range of 6~60 V. The concentration of NaCl solution in cathodic cell and electrode
material in different experiments are different (Chen et al., 2021; Spiesz and Brouwers,
2012; Jiang et al., 2013). However, there is limited experimental data about overpotential
in migration tests. So, it is still not certain whether a 2-V overpotential is applicable for
all cases with different electrode materials, external voltages, and various types of
concrete. Moreover, the effects of polarization on inside chloride penetration during

migration tests have not been investigated in either experimental or numerical studies.
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The application of an external electric field in an ICCP system also results in a change in
potential at electrodes. This potential shift refers to the change in overpotential caused by
polarization process. A 100-mV potential shift at cathode is necessary to ensure the
effectiveness of cathodic protection as given in BS 7361-1 (1991). Oleiwi et al. (2018)
found that overpotential shift at cathode varies with chloride-contaminated conditions,
applied currents through concrete, and time. Hassanein et al. (2002) and Muehlenkamp
et al. (2005) developed two 2-D numerical models to investigate potential shift in ICCP
system by introducing a time-varying electrical boundary at cathode. They discovered
that the value of overpotential shift is significantly influenced by the cathodic Tafel slope,

external voltage, and pore saturation of concrete.

Overpotential at electrode-electrolyte can be classified into three categories: activation,
ohmic and concentration overpotential. An activation overpotential is an extra potential
above equilibrium potential expected to overcome the activation barriers of
electrochemical reactions. It can be calculated by the Tafel equation as follows,

_ i (2.46)
”act_ ﬁTF loga

where 77, . is activation overpotential, £, iy, and i represent the Tafel slope, exchange
current density, and current density passing through electrodes. Tafel parameters are
determined by experiments. There are many factors that can influence the value of these
parameters, such as the types of electrochemical reactions, concentrations of electrolyte,
materials of electrodes, temperature, and so on. The Tafel parameters for the oxygen
reduction reaction (ORR) and hydrogen evolution reaction (HER) taking place at cathode

and oxygen evolution reaction (OER) taking place at anode are summarized in Table 2.4.
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Table 2.4 Tafel parameters for different electrochemical reactions involved in migration

tests (Xia et al., 2019; Wang et al., 2020).

Tafel parameters Notation ORR HER OER
Tafel Slope (mV/decade) Prr 100~490  30~208 24~199
Exchange current density (x107A/m?) iy 62.5~2000 1400~10000 6~1000

Concentration overpotential is aroused by the concentration difference between
electrolyte and electrode surface. It occurs when an electrochemical reaction is quick
enough to lead to an accumulation of products or depletion of reagents near electrode

surfaces. The value of concentration overpotential is described as:

RT '
Moo= In(1-—) 247
conc nF lL

where n represents the number of transferred electrons in electrochemical reactions, and

i; 1s the limiting current density.
Ohmic overpotential can be calculated by using Ohm’s law as follows,

N opmic =192 (2.48)

where / is current and Q is the combination resistance between electrode and electrolyte.
2.2.5.2 Electrochemical reactions

In electrochemical system of concrete, cathodic reactions taking place at cathode surfaces

can be expressed as:

35



2H,0 + Oy + 4e"= 40H" (2.49)

4H>0 + 4e =40H + 2H» (2.50)

Whereas oxygen evolution reactions at anode can be described as:

40H = 2H20 + Oz + 4¢ (2.51)

2H>0 - 4¢ = 4H + O: (2.52)

Based on charge conservation, current density flow through cathode is carried by flux of
generated hydroxyl ions. Current density flow through anode is contributed by fluxes of
hydrogen and hydroxyl ions. So that the flux boundary conditions at anode and cathode

are (Li and Page, 2000):

L 2.53
I zonJon (253)

L 2.54

T = Zondon + zply (2:59)
Jili=o, x=1=0,  i#OH H* (2.55)

This means that the fluxes of hydroxyl and hydrogen ions at electrodes are determined by
an externally applied electric field, while the fluxes of other ionic species can be assumed
to be zero. In electrochemical rehabilitation process, current density at electrode, /. or 1,
is equal to externally applied current density. Hydroxyl ions generation reactions (2.49)
and (2.50) at inside steel bar can lead to a high alkaline environment in concrete to protect

the passive film at steel surface (Liu and Shi, 2012; Mao et al., 2019).

For rapid chloride penetration systems, such as RCM and ACMT tests, both anodes and
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cathodes are placed out of concrete rather than inside of concrete. Due to the volume of
two electrolyte reservoirs located outside of concrete is much larger than that of pore
solution in concrete, the influence of the generation and/or consumption of hydroxyl and
hydrogen ions is usually ignored in existing numerical modelling (Xia and Li, 2013; Liu

etal., 2015a; Yu et al., 2019).
2.2.6. Coupling of multi-physical fields

The penetration process of chloride ions in concrete is always a combination of basic
physical and chemical processes introduced in Section 2.2.1 to 2.2.5, such as diffusion,
convection, electromigration, reactions, and so on. Different service environments for
concrete structures involve different combinations of these basic processes. Based on the
mechanisms of diffusion, convection, reactions and migration, the flux of i-th species
taking place in a transport medium under the action of multi-physical field can be written
as:

F

With consideration of physical and chemical reactions between free ions and hardened
cement matrix, the mass conservation of ions in concrete can be expressed as,
oC; (2.57)

— + VJ;=R,
at 1 1

where R; is the mass transfer rate of i-¢4 ionic species in concrete, which can be calculated

by Equations (2.22), (2.24), (2.26), (2.29), and (2.42). Substituting Equation (2.56) into

(2.57), it yields,
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(2.58)

%G _ bl pwe +piciZEve +Cuyl+ R
_vlpwe +pic, |+ R
ot | & —2— & o

where terms (1), (2), (@), and 4) represent the diffusion, migration, convection, and
reactions processes involved in chloride ingress in concrete. The selection of specific
terms in governing Equation (2.58) is determined by the conditions of service
environment. Coupled with the governing equations of electric field (Equations (2.12),
(2.13),(2.19), and (2.20)) and reaction items (Equations (2.22), (2.24), (2.26), (2.29), and
(2.42)), the time and space distribution of each ionic species and/or solid hydrate within
concrete can be evaluated. This thesis focuses on the study of saturated concrete.

Therefore, convection term will not be included in models presented in Chapter 3.

In conclusion, this section provides a summary and discussion of the mechanisms of each
sub-process involved in chloride transport in concrete. These include diffusion,
convection, electromigration, physicochemical adsorption, desorption, and polarization
at electrodes. Based on the above-described individual mechanisms and basic equations,
a coupling theoretical model is presented and expected to describe chloride transport in

concrete structures serviced in varying and complex environments.

2.3. Experimental methods of chloride transport in concrete

2.3.1. Chloride diffusion test

2.3.1.1 Bulk diffusion test

Bulk diffusion test was originally developed in AEC laboratory to measure non-steady-
state chloride diffusion coefficient based on Fick’s Second Law, which was adopted in
standard NT BUILD-443 (1995). To avoid convection and adsorption processes, concrete
specimens in this test are initially cured for 28 days at 20°C and subsequently immersed

in limewater until they reach a fully saturated state. This means that only ionic diffusion

38



is involved in this test. As shown in Fig. 2.2, only one surface of a concrete sample is
exposed to 2800 mol/m* NaCl solution, while all other surfaces are sealed. The typical
exposure period for normal concrete is 35 days, but for high strength concrete, this period
should be extended to more than 90 days. Once exposed period is complete, concrete
specimens are sliced into sections with a thickness of 0.5~1 mm, and these slices will be

ground off to obtain chloride concentration.

v

2.8 M NaCl Solution

Sealed on All

Faces Except One Concrete Sample ~60mm

Figure 2.2 Schematic of bulk diffusion test

2.3.1.2 Salt ponding test

Ponding test has been standardized as AASHTO-T259 (1980) to evaluate the apparent
diffusion coefficient of chloride ions. A concrete sample in ponding test is required to be
moist-cured for 14 days, and then placed in a room with 50% relative humidity for 28
days. As shown in Fig. 2.3, the surrounding four faces of a sample are sealed, while top
surface is covered by 3% (520 mol/m*) NaCl solution and bottom surface is exposed to
environment with 50% relative humidity. After 90-day testing, the mean chloride
concentration is measured for each 12.7mm-thick slice to plot chloride profiles. This
thickness is much larger than that in Bulk diffusion test and may lead to an inaccurate
diffusion coefficient. It should be noted that both diffusion and capillary suction are
involved in ponding test, and the latter may influence the diffusion coefficient obtained

from the test.
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Sealed on Sides
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50% r.h. atmosphere

Figure 2.3 Schematic of salt ponding test

2.3.1.3 Short-term immersion test

Bulk diffusion and ponding tests take several months to get a sufficient chloride profile
for estimating the chloride resistance of concrete. In order to reduce test duration, Park et
al. (2014) designed a new immersion test that involves minimizing the size of concrete
samples. As shown in Fig. 2.4, the setup of the test resembles that of ponding test. In
contrast to long-term tests, where chloride concentration in source solution is
approximately constant, chloride concentration in this short-term test gradually decreases
due to the limited size of solution container. After testing, the variation of chloride
concentration in container rather than that in samples is measured to calculate chloride

diffusion coefficient.

S ing %
v

Container :
Source solution
(ClI Solution)
Siliconn Concrete Sample
(Sealing)

Figure 2.4 Schematic of short-term immersion test
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2.3.2. Chloride migration test

Diffusion tests usually take a long time to obtain information on chloride penetration. The
application of an external electrical field can help speed up the movement of chloride ions.
Many migration tests, including coulomb test, steady-state migration test and non-steady-
state migration test, have been proposed to assess chloride diffusivity in concrete in a
reasonable time (Whiting, 1981; ASTM-C1202, 2012; Truc et al., 2000; NT BUILD-492,

1999).

2.3.2.1 Coulomb test

Coulomb test and rapid chloride permeability test (RCPT) were originally developed by
Whiting (1981) and later standardized by American Association of State Highway and
Transportation Officials (AASHTO) and American Society of Testing and Materials
(ASTM) as AASHTO-T277 (1983) and ASTM-C1202 (2012), respectively. As shown in
Fig. 2.5, a saturated sample is placed between two chambers filled with 520 mol/m?® NaCl
solution and 300 mol/m® NaOH solution, respectively. A 60 V DC power was applied to
auxiliary electrodes placed on concrete surfaces during Coulomb test. The total charge
passed through concrete sample after a 6-hour test is used to calculate the chloride
permeability of concrete. Several empirical equations were established to reflect the
relationship between passing charge and diffusion coefficient in concrete (Berke and

Hicks, 1992; Wee et al., 2000; Kou, 2006; Huang and Yang, 2018; Huang and Yang, 2020).

In the past two decades, this method has been criticized by many researchers for two
reasons. One is the temperature rise during Coulomb test caused by high external current,
which would increase the electrical conductivity of concrete and result in decomposing
of some hydration products (Shi et al., 2019). The other is the contribution of other ionic
species in pore solution has a remarkable effect on total charge passed through concrete.
Mcdonald (1994), Shane et al. (1999), and Shi (2004) confirmed that the inclusion of

supplementary cementing materials or corrosion inhibitors in concrete can change the
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ionic strength in pore solution and eventually affect the electrical conductivity of concrete.
Mcdonald (1994) found that the increase in chloride penetration depth is much lower than
the increase in coulomb value. To mitigate the impact of temperature increase during the
coulomb test, it is recommended to assess chloride diffusivity based on the charge passed
in initial 30 minutes and the initial current or conductivity (Feldman et al., 1999). RCPT
has been developed to reduce the impact caused by all other ions in pore solution. This
method uniformizes the conductivity of pore solution for different concrete specimens by

saturating concrete samples with a high concentration (4000 mol/m*) of NaCl solution.

60V Power Supply
I |
| Data logger
(records
charge passed)
\ 4
Printer
Holes for sampling \
— -
Cathode Anode

Concrete sample 50mm long,

3% NaCl 100mm digmeter, with_top 0.3 M NaOH
reservoir suface facing NaCl solution reservoir

Figure 2.5 Schematic of rapid chloride permeability test (AASHTO-T277, 1983)

2.3.2.2 Steady-state migration test

To avoid the drawbacks of RCPT test, NT BUILD-335 (1997) provided a new method to
determine chloride diffusion coefficient. As shown in Fig. 2.6, a constant voltage is
applied to the concrete specimens, so that chloride ions can migrate from negative
compartment with 5% NaCl (1000 mol/m?) solution to positive compartment with 300
mol/m> NaOH solution. To reduce the influence of other factors in pore solution, concrete
cylinder is immersed in saturated Ca(OH)> solution until mass stability is achieved prior

to testing.
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The applied voltage is at least 12 V. And it cannot be too high to keep temperature below
40°C during steady-state migration test. To maintain the chloride concentration
approximately constant in the negative compartment, NaCl should be added through top
hole during the test. Chloride migration coefficient can be calculated using the Nernst-
Plank equation when the change in chloride concentration in downstream cell remains

approximately a constant.
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Figure 2.6 Schematic of steady-state migration test (NT BUILD-335, 1997)

It is worth noting that, in NT BUILD-335 (1997), electrical potential used for chloride
diffusivity calculation is the value between two electrodes instead of that between two
surfaces of specimen. This means that the polarization of electrodes is ignored. Mcgrath
and Hooton (1996) modified the setup of NT BUILD-335 to measure the actual electrical
potential across concrete specimens. As shown in Fig. 2.7, two reference electrodes are
applied between specimen surfaces and wire mesh electrodes. Additionally, the quick
migration process may lead to an accumulation or consumption of chloride ions in
NTbuild 355 system. Therefore, an agitating facility was introduced to eliminate
concentration gradients in both negative and positive cells (Delagrave et al., 1997). It also

takes a long time to reach a steady-state condition in downstream cell of NT BUILD-335
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(1997) test. Therefore, Truc et al. (2000) developed a novel method to calculate the
chloride migration coefficient by using the flux of chloride ions at the upstream surface.
This method assumed that the inward flux of chloride ions at negative surface of specimen
is equal to the outward flux at positive surface under steady-state condition. They found
that the flux in upstream cell can reach a constant state in two or three days. It was
suggested that this upstream method could also be employed to determine chloride

migration coefficient of concrete that has already suffered from chloride attack.

In addition, a larger electrolyte cell was used to mitigate temperature rise aroused by Joule
effect in this steady-state migration test by Yang et al. (2002). However, the effect of
electrochemical reactions at anode is difficult to quantify. For instance, the generation of
chlorine gas in the downstream cell would result in an uncertain chloride migration

coefficient.

|
12V or 20V Power Supply Ag/AgCI reference

electrode

1
I I | Cl- I Cl-
Concrete
I ﬁnoge I or I Cathode chamber Filled with cathode
cham tler/ s | o (0.5 mole/L NaCl or anode electrolyte
(ﬁ.son;o)e L | bty | I and 0.3 mole/L.
al
I I sample | NaOH)
Cl- I
| | I\ c- cl-
l x Glass Luggin caplllary and reference
316 Stainless steel electrode used to accurately set
Cast rubber gaskets wire mesh electrode voltage drop across the sample

Figure 2.7 Schematic of steady-state migration test setup modified by Mcgrath and

Hooton (1996)
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Figure 2.8 Schematic of upstream test setup (Truc et al., 2000)

2.3.2.3 Non-steady-state migration test

To shorten the test duration, a non-steady-state migration test, named rapid chloride
migration test (RCM), was proposed to calculate migration coefficient by measuring
chloride penetration depth (Tang and Nilsson, 1992). Lately, this method has been
standardized as NT BUILD-492 (1999). As shown in Fig. 2.9, a concrete specimen with
100 mm diameter and 50 mm thickness is placed in a rubber sleeve, and then it is tilted

into the cathodic cell filled with 10% (2000 mol/m?) NaCl solution.

The external applied voltage and test duration are determined by the magnitude of initial
current obtained from a pre-test with a 30 V initial voltage. The application of varied
voltages and durations aims to minimize significant temperature rising and achieve a
suitable chloride penetration depth. After testing, the penetration depth is determined by
using a colorimetric method. For OPC specimens, colorimetric method suggests that the
chloride concentration at boundary, where a notable color change is observed, is 70
mol/m?. This value may exhibit variation depending on the specific types of binders used
in concrete (Liu et al., 2017; Zhao et al., 2021; Meck and Sirivivatnanon, 2003). Due to
its short testing duration, simple measurement and calculation procedure, RCM test has

been widely used for evaluating chloride resistance in various concrete types.
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Figure 2.9 Schematic of RCM test (NT BUILD-492, 1999)

2.3.2.4 Resistivity Techniques

Electrical resistivity, the reciprocal of conductivity, is a measure of the resistance of a
material to the flow of electric current. The diffusivity of ions in a solution is directly
proportional to the product of solution conductivity and ionic mobility, as elucidated by
Nernst-Einstein equation (Snyder and Marchand, 2001; Streicher and Alexander, 1995;).
Therefore, the conductivity of pore solution can provide a useful estimate of chloride
diffusivity in concrete. The relationship between pore solution conductivity and chloride
diffusivity is described in articles (Backe et al., 2001; Sengul and Gjerv, 2008; Polder and
Peelen, 2002; Sengul, 2014; Yoo et al., 2017). The conductivity of concrete can be
determined by a direct or alternating current electric circuit. The applied voltage in
resistivity tests is less than or equal to 10 V to avoid heating during testing. In this method,
concrete specimen is first dried and then vacuum saturated. It assumes that saturating
solution is identical before and after vacuum saturation process, which means that the
conductivity of pore solution is equal to that of saturating solution. Nevertheless, there is
a possibility that other ionic species may undergo precipitation during drying process.
Once the saturation process takes place, these previously precipitated ions may dissolve

and return to pore solution, thereby affecting its conductivity (Xia and Li, 2013).
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Therefore, a high-conductivity saturating solution is suggested in resistivity tests to
minimize the impact of other ionic species. Due to the short test duration and simple
operation, this technique is a sound method to obtain the chloride diffusivity of concrete.
However, it should be noted that this method does not consider the chloride binding and

the microcracks generated in drying process.

In conclusion, effective chloride diffusivity is a key index for both durability design and
service life prediction of concrete in chloride-rich environments. Both chloride diffusion
and migration tests offer valuable insights into the chloride penetration mechanism and
the effective evaluation of chloride diffusivity. Diffusion tests are relatively simple and
easy to perform, making them accessible to many laboratories and technicians. However,
diffusion tests take several months to obtain an appropriate result, which limits their
applicability to different concrete types, especially high-strength concrete. The setup of
chloride migration tests is more complex and requires specialized equipment. However,
migration tests offer faster results and are applicable to a wider range of concrete mixtures
and exposure conditions. Nowadays, rapid chloride migration and accelerated chloride
migration tests are widely used in laboratories. The application of an external electric
field in these migration tests may result in polarization and enhance the ion-ion
interactions between different ionic species. Therefore, further investigations should be
conducted to find out the underlying impacts of the external electric field in migration

test.

2.4. Analytical methods of chloride transport in concrete

2.4.1. Empirical models of chloride transport

2.4.1.1 Macro-scale model

The error function solution of Fick’s second law has been used to predict the diffusion
coefficient in chloride diffusion tests, which is based on the assumption that concentration

gradient is the only factor influencing chloride transport in concrete. However, it should
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be noticed that the surface concentration of chlorides undergoes changes over time during
the long-term natural diffusion process. Amey et al. (1998) summarized a linear function
to describe the buildup of chloride concentration at concrete surfaces in different service
environments. Weyers (1998) found that chloride concentration at the surface of bridge
decks increases with time and reaches a constant after 5-year exposure. Upon analyzing
the results obtained from Weyers’s study, an exponential function that relates surface
chloride concentration to time has been summarized by Kassir and Ghosn (2002).
Similarly, Pang and Li (2016) proposed an exponential model that describes a non-linear
increase in surface-chloride concentration over a period of 20-year exposure. Shakouri
and Trejo (2017) improved the time-variant model by considering the variation of surface-
chloride concentration with both time and chloride concentration in exposure
environments. Park et al. (2014) proposed an analytical solution for a short-time

immersion test where the surface chloride concentration changes with time.

Additionally, the permeability of concrete structures continually changes during their
service life due to the ongoing hydration process of cement-based materials. Therefore,
an empirical equation has been developed to describe the time-dependent behavior of

chloride diffusion coefficient as follows,

Dt:Dref( tre /t )m (260)

where D, and D,r is the diffusion coefficients at any time ¢ and at reference time t.,
respectively, m is a constant dependent on binder types. This equation has been widely
used in analytical models of chloride transport based on Fick’s second law (Stanish and

Thomas, 2003; Tang, 2008; Yang et al., 2018).

Nernst-Plank equation has been widely adopted to describe chloride migration process
under the action of an externally applied electric field. Tang and Nilsson (1992) proposed
a semi-infinite analytical model of non-steady-state migration by assuming that the

interactions between chloride and other ionic species and cement matrix can be ignored.
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The analytical solution can be expressed as follows,

zFE zFE
Cs zFEx x+(m)Dnssmt x'(m)Dnssmt (261)
Cx=7 eRTL erfc +erfc| ————

2 vV D nssml 2 AY; D nssmt

where Cs and C is the chloride concentrations at concrete surface and at penetration depth
x, respectively, erfc is the complement error function. £, R, E and Dusm represent
Faraday’s constant, gas constant, electric field, and non-steady-state migration coefficient,
respectively. Chloride profile calculated by this model has a sharp front, which is not
consistent with what was observed in RCM tests. Stanish et al. (2004) introduced two
material parameters to eliminate sharp fronts in prediction results. This analytical solution

can be expressed as,

XRT (2.62)
= . - — + . .
Cx Cs If(ZFEDl‘,aI,az):l Clnl

where D, Cini, a; and a> represent the diffusion coefficient, the initial concentration in
pore solution, the variation and average modification parameter of penetrability,
respectively. Jiang et al. (2013) suggested a semi-empirical model to obtain the time and
space distribution of chlorides in migration test, in which chloride migration coefficient

varies with source concentration and penetration depth. It can be written as follows,

RT a;x+a,x’ (2.63)

DI’lSSm:ZFE t

where a; and a; are fitting parameters for source concentration employed in migration

tests.

Moreover, w/c ratio and supplementary cementing materials in concrete also have a

significant influence on chloride diffusivity. For the replacement rate of fly ash below 50%
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and that of slag below 70%, the diffusion coefficient can be described as follows (Violetta,

2002),
m=0.2+0.4*(%FA/50+%GGBS/70) (2.65)

For the replacement rate of silica fume below 15%, it can be expressed as follows,

Dgp=Dopexe 165 4SF (2.66)

where FA, GGBS, and SF represent fly ash, ground granulated blast-furnace slag and silica
fume, respectively, Dopc and Dsr are chloride diffusion coefficients of ordinary Portland

concrete and concrete with silica fume, respectively.

2.3.1.2 Micro-scale model

In the micro-scale view of ionic transport, the effective diffusivity of porous materials is
determined by pore structure, including porosity, tortuosity and constrictivity. According
to Archie equation and Bruggeman asymmetric medium theory, the conductivity of
cement-based materials can be confirmed as follows (Backe et al., 2001; Sengul and Gjerv,

2008; Liu et al., 2013),

0=0,¢" (2.67)

where ¢ and o0, represent the conductivity of porous material and pore solution,
respectively, ¢ is porosity, and # is determined by the constrictivity and tortuosity of pore
structure and is usually in the range of 1~2. Based on the Nernst-Einstein equation and
Archie equation, the correlation between the diffusion coefficient and conductivity in

terms of cement-based materials can be expressed as D/D,= /0, (Yoo et al., 2017).
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Therefore, the relationship between chloride diffusion coefficient and porosity is given as

follows,

D=D,¢" (2.68)

where D, is the chloride diffusivity in pore solution. To specifically describe the effects

of tortuosity and constrictivity, the relationship is rewritten as follows (Sun et al., 2011),

s (2.69)

where 7 and ¢ represent tortuosity and constrictivity of pore structure, respectively.
Moreover, it has been reported that the streamline of unsteady transport process in
medium with multiple pore sizes, such as ionic migration in concrete, does not follow the
centerline of connected pore paths, which leads to a more tortuous migration path
(Gommes et al., 2009; Holzer et al., 2013). Therefore, the relationship between
tortuosities of diffusion and migration processes can be described as follows (Yang et al.,

2017),

Tn=apTy (270)

where ay represents the pore constrictivity parameter of ionic migration, which is highly
influenced by the size ratio between the smallest and largest pores and is in the range of

1.5~3 for various cementitious materials used in concrete (Yang et al., 2017).

Damrongwiriyanupap et al. (2011) suggested that the relationship between pore structure

and chloride diffusion coefficient in each phase in RAC can be calculated as follows,

:2(1-(VP+VPC))
b

7 e Q2.71)
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where V), is the porosity of each phase, ¥, is critical porosity (the porosity at which pore

space is first connected) of each phase, and S is surface area of pore.

Garboczi and Bentz (1996) suggested a non-linear dependency of ionic diffusivity on the

distance approaching the aggregate surface. It can be described as follows,

D=D,,(0.001+0.07¢(x)>+1.8-H($(x)-0.18)-($(x)-0.18)°) (2.72)

where ¢(x) is the porosity at a distance x approaching to aggregate surface, H is Heaviside
function, and 0.18 is a critical connection porosity of capillary pore. This changing
porosity in ITZ has been observed in an image analysis conducted by Diamond and Huang

(2001).

Zheng et al. (2014) proposed a power-law equation to calculate the chloride diffusivity in

cement and ITZ subjected to external mechanical loading, which can be expressed as,

b 2¢2. 75Dp (2'73)
P (130 )+ 14.4(1-9)7 7

2.4.2. Effective medium models of chloride transport

The effective medium theory is a theoretical framework used to describe the behavior of
composite materials and their physical properties. This theory assumes that the composite
material can be treated as a homogeneous medium with effective properties that are
different from those of its constituent materials. The effective properties are determined
by the geometrical and physical properties of the composite, such as the volume fraction,
shape, and size of the constituent particles or pores. The heterogeneous concrete can be
treated as a composite consisting of cement matrix, aggregate, and ITZ. With the knowing
chloride diffusivity and volume fraction of each individual phase, a series of effective

medium models have been proposed to calculate the effective chloride diffusivity of
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heterogenous concrete by using different homogenized methods.

Hobbs (1999) proposed two two-phase composite concrete models, in which aggregates
and cement paste were assumed to be parallel. With the assumption that the decrement of
chloride concentration and mass transport content of chlorides are the same in both
aggregate and cement paste, the upper and lower bounds of effective diffusivity Dy are

estimated by following equations,

min _ 1 (2.74)
4 V,/D,+(1-V,)/D,,

DI*=V,D + (1-V,)/D,, (2.75)

where D,, D, and V, are the diffusion coefficients of aggregate and mortar, and the

volume fraction of aggregate, respectively.

Xi and BaZant (1999) applied Maxwell’s model to estimate effective diffusivity, in which
aggregates were conceptualized as inclusions embedded within a homogeneous cement
medium. By using the provided volume fraction and diffusivity for each phase, the

effective chloride diffusion coefficient can be calculated as follows,

5 2D,(1-V,)+D,(I1+V,) (2.76)
eff
P Dp(2+Va)+Da(]'Va)

A n-layer sphere model was originally developed to obtain the effective elastic and
thermal behavior of multiply coated composites (Hervé and Zaoui, 1995). Caré and Hervé
(2004) treated concrete as a three-phase composite consisting of aggregate, ITZ and
cement paste and first used n-layer sphere approximation method to predict the effective
chloride diffusivity of concrete. Under the assumptions that aggregates are uniformly
coated by ITZ and that aggregates themselves are impermeable, the effective chloride

diffusivity of concrete can be calculated as follows (Lu and Torquato, 1992),
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b 6D, (1-V,)(V,+ V) +2V(D-Dp)(1+2V,+2V7) (2.77)
D0 3D, V)V V) +2V(D-Dp) (1-V V)

where Dy is diffusion coefficient of ITZ, and V7 is volume fraction of ITZ. Zheng and
Zhou (2007) used this three-phase sphere model to investigate the effects of the thickness
of ITZ, maximum diameter, and grading curve of aggregate. Subsequently, Zheng and
Zhou (2008) proposed a three-phase lattice model to examine the effects of aggregate
shape, in which the effective diffusivity of equivalent aggregate, De,, is estimated as

follows,

D DD U+’ V, 2V, +V)) (2.78)
ea=Dr- 12((1+ﬂ)Va+m)((1+ﬂ)Va+ﬂV1)

where u is the ratio between the long and short axes of elliptical aggregate.

Sun et al. (2011) proposed a three-phase sphere model to predict the effective chloride
diffusion coefficient of concrete, in which the non-linear distribution of porosity in ITZ
was included. Ying et al. (2013a) proposed a five-phase analytical model of partially
replaced aggregate concrete, which includes old aggregate, old ITZ, old residual mortar,

new ITZ, and new mortar.

Yang and Weng (2013) developed a new analytical model to predict effective migration
coefficient in two stages. In the first stage, the diffusivity of equivalent aggregate
(aggregate plus ITZ) is determined by a double-layer sphere model. In the second stage,
the overall migration coefficient, M., is calculated by using Mori-Tanaka theory, which is

expressed as follows,

{ I V(M-M) }" (2.79)
M, ={—+ ‘ i
M, M,(1-V)) (MM, )S-V(M,-M )+M,,
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where M, and M. is migration coefficients of cement paste and equivalent aggregate, V'
is total volume fraction of aggregate and ITZ in concrete, and S is Eshelby tensor for

inclusion solely existing in an infinite homogeneous medium.

Zheng and Zhou (2013) used Bruggeman's model to predict the chloride diffusivities of
two-phase material composed of cement paste and equivalent aggregate. It can be

described as follows,

Dea'Deff Dcp'Deﬁ' _ (280)

— > 4V 0
“D,, +2D,r P Doyt 2D

where Veq and De, 1s volume fraction and diffusivity of equivalent aggregate, Vep and Dy

is volume fraction and diffusivity of cement paste.

In conclusion, there are a large number of analytical ionic transport models proposed in
the literature to predict effective chloride diffusivity. Empirical models have been
developed by analyzing and summarizing the relationship between chloride diffusivity
and time, surface-chloride concentration, and concrete pore structure. Effective medium
models have been employed to characterize the impact of each individual phase
(aggregates, cement paste, and ITZ) on the chloride diffusivity of multi-phase concrete.
It should be noticed that most existing models have focused on concrete containing either
100% NA or 100% RA, and very few models are developed for concrete that includes

both natural and recycled aggregates.
2.5. Numerical methods of chloride transport in concrete
2.5.1. Modelling of single-species transport

Assuming that there are no ion-ion interactions in pore solution and no reaction between
free ions and hardened cement paste, a series of single-species models have been

developed to simulate chloride diffusion process in composite concrete by using Fick’s
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second law. Tang (2008) proposed a ClinConc model to predict the distribution of free
and total chloride in concrete containing silica fume and pozzolanic ash. In this 1-D model,
the effects of temperature and binder types on chloride binding are investigated. Zeng
(2007) presented a 2-D heterogeneous model consisting of circular aggregate and cement
paste to investigate the influence of chloride binding and time-reducing effects on
chloride diffusion coefficient in cement matrix. Li et al. (2012) developed a 2-D concrete
model to investigate the effects of the volume fraction and shapes of aggregate on chloride
diffusion in concrete. Based on numerical results, they suggested an upper and lower
bound for effective diffusivity of heterogeneous concrete. Abyaneh et al. (2013) proposed
a 3-D concrete model composed of three phases with distinct diffusivities to examine the
effects of the orientation and axial ratio of elliptical aggregate on chloride diffusion

coefficient.

At the same time, a series of five-phase models were established to evaluate the effective
chloride diffusivity of RAC, in which original aggregate, old and new ITZs and mortars
are included. Xiao et al. (2012) conducted a simulation that included only one piece of
aggregate to estimate the effects of the aggregate shape, thickness of ITZ, adhesive rate
of old mortar, and volume fraction of RCA. Then the influences of replacement rate and
distribution of RA are investigated in a four-piece aggregate model presented by Ying et
al. (2013b). Subsequently, a multi-aggregate five-phase model has been proposed to
access general chloride diffusivity of RCA, in which aggregates are randomly distributed

and generated following Fuller gradation (Hu et al., 2018).

Assuming that chloride transport is completely independent of the transportation of all
other ionic species in pore solution, various models of chloride migration have been
conducted based on Nernst-Plank equation. In these models, electrical fields are assumed
to be constants and determined by applied voltages and the size of concrete specimens.
Spiesz et al. (2012) and Spiesz and Brouwers (2012) proposed a homogenous model to
obtain chloride concentration profiles in RCM test when different external voltages are
applied. They suggested that non-equilibrium chloride binding can offer a more accurate
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simulation of an electrically forced migration process. Li (2014) and Li et al. (2015)
simulated chloride penetration process in migration tests with considering the pore size
distribution in concrete. They found that the distribution of pore size and ion-exchange
rate between large and small pores have significant influences on the wave front of
chloride profiles in RCM tests. Du et al. (2020) developed a single-species transport
model of accelerated corrosion test for concrete with cracks. They found that the width
of cracks in concrete has a greater impact on electrically accelerated corrosion than

natural corrosion.

2.5.2. Modelling of multi-species transport

Electric potential distribution in concrete can be influenced by each ionic species in pore
solution, such as potassium, sodium, chloride, hydroxyl ions, and so on (Johannesson,
2010a; Liu, 2014). In turn, electrostatic potential would influence ionic transport process
as given in Equation (2.11). However, the interactions between electric field and ionic
species distribution in concrete are not included in abovementioned single-species
modelling. Therefore, a series of multi-species transport models have been proposed.
Numerical simulation of multi-species transport process can be characterized into two

groups: current conservation law and Gauss’s law methods.

2.5.2.1 Solving electrical field by using current conservation law

As given in Section 2.2.3, the relationship between ionic distribution and electrical field
in concrete can be described by Equations (2.19) and (2.20), which are derived from
current conservation law. This method can be used for cases with either a current density

or a voltage boundary.

When there is no external electric field applied on concrete, current conservation method
is called the zero current method, which is adopted to investigate the ionic diffusion in
pore solution of concrete. Marchand (2001) investigated the influence of electrolytes with

varying concentrations and ionic species by Fick’s second Law and zero current method.
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They found that the apparent diffusion coefficient calculated by current conservation law
(Equation (2.19)) is time-dependent rather than the constant one adopted in Fick’s Law.
Khitab et al. (2005) calculated the chloride ingress profiles for both diffusion and
immersion tests by using Nernst-Plank equation and zero current method. The
numerically obtained penetration depths of chlorides are very close to the measurements
in experiments. Johannesson (2010a) also simulated the multi-species diffusion in
saturated porous material by using zero current method. Xia et al. (2019) used the zero
current method to simulate multi-species transport and subsequent corrosion of steel bars

induced by chloride ions.

Current conservation law also has been adopted to predict the -efficiency of
electrochemical rehabilitation techniques, where an external current density is applied to
remove chlorides out of concrete or increase internal alkalinity of concrete. Li and Page
(1998, 2000) and Wang et al. (2001) proposed several multi-species models to investigate
the effects of activity coefficient, external current density, treatment time, chloride
binding, and tortuosity on chloride removal. They found that the total amount of removed
chlorides increased with the increase in current density and treatment time. Kubo et al.
(2007) employed current conservation method to predict the efficiency of corrosion
inhibitors injection and pH around steel when concrete is subjected to an external current
density. They found that corrosion inhibitors distribution and pH obtained from their
numerical model fitted well with the experimental results. Liu and Shi (2012) and Mao et
al. (2019) proposed a series of three-phase models to simulate electrochemical chloride
removal and/or electrochemical lithium migration process in concrete. Numerical results
exhibited that existing aggregates show two opposite effects on ionic transport. On the
one hand, aggregates increase the tortuosity of ionic transport path, on the other hand,
they reduce current density flowing through concrete specimen. More recently, Cheng et
al. (2020) presented a new multi-species transport model that incorporates stirrup and
porosity changes during ECR process. Their study revealed that chlorides removal has an

obvious influence on concrete porosity. Additionally, the efficiency of chloride removal
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is enhanced by stirrup.

Moreover, a series of numerical models have been developed to describe multi-species
transport under the action of externally applied voltage by using current conservation
method as given in Equation (2.20). Narsilio et al. (2007) explored the influence of
chloride concentration in cathodic chambers and applied voltages on chloride diffusion
coefficients, considering the interactions between different ionic species. Their findings
revealed that an increase in upstream concentration will lead to a rise in the non-linearity
of electrical potential. Friedmann et al. (2008a) investigated the variation of current
density in migration test with considering chloride binding and concrete porosity.
Marriaga and Claisse (2009) adopted this method to simulate membrane potential caused
by different mobility of ionic species in concrete during ASTM test. Guo et al. (2021b)
proposed a current conservation model to simulate the electrochemical corrosion control
of concrete exposed to NaCl solution, in which electrochemical reactions at electrodes

are involved.

2.5.2.2 Solving electrical field by using Poisson’s equation

Poisson's equation is a partial differential equation that describes the relationship between
electrostatic potential and charge distribution in a region of space, as given in Equation

2.11).

Samson et al. (1999b) originally employed Poisson-Nernst-Plank equation (PNP) to
simulate multi-species diffusion in cement-based materials. Johannesson et al. (2007)
proposed a 1-D model to investigate the multi-species diffusion and corresponding
chemical reactions during the process. Numerical results showed that internal electrical
field is very small but not equal to zero, which is aroused by multi-species coupling.
Subsequently, Johannesson (2010a) simulated multi-species diffusion in saturated porous
material by using zero current method and PNP method, respectively. The results showed

that two approaches give the same distribution profiles for each species, although the
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electroneutral condition is included in zero current method.

PNP equation has been used to investigate the mechanism of multi-species transport in
non-steady-state migration tests. The effect of temperature on chloride penetration in
migration test was investigated using a homogenous multi-species migration model
proposed by Samson and Marchand (2007a). They found that an average constant
temperature in simulation can lead to an overestimated or underestimated chloride
diffusion coefficient due to different temperatures in service environments. At the same
time, the effects of temperature on porosity, tortuosity, saturation of pore solution, and
chemical reactions are also included in their model. Xia and Li (2013) investigated the
effects of externally applied voltage and initial ionic concentration in pore solution on the
distribution of ionic species and electrical field in migration test. Liu et al. (2012, 2015a,
2018) developed a series of multi-species and multi-phase models to investigate the
influence of the presence of aggregates, ITZ, cracks in concrete and geometric shape of
aggregates on chloride penetration during migration test. Recently, Yang et al. (2017)
proposed a modified PNP model to predict the accelerated ionic transport with
considering the effect of pore constrictivity on migration path. Numerical results
demonstrated that this refined PNP model can effectively modify the chloride migration
profiles in the RCM test, bringing them closer to the experimental results. Yu et al. (2019)
considered the coupling of multi-species transport and moisture transport to generate an
accurate simulation of chloride penetration in unsaturated concrete experiencing seasonal

variations.

As mentioned above, both Poisson’s equation and current conservation law were used to
describe the relationship between the distribution of multiple ionic species and electric
potential in concrete. It should be noticed that Xia et al. (2013) and Liu et al. (2015a) have
highlighted that the assumption of electroneutrality inherent in the current conservation
law represents a mathematical approximation that may result in numerical inaccuracies.
Nevertheless, despite the aforementioned limitations, the current conservation law has
been consistently used in simulating multi-species transport in concrete during migration
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tests and electrochemical rehabilitation (Mao et al., 2019; Guo et al., 2021b; Chen et al.,
2021). The differences and application scope of Gauss’s law (Poisson’s equation) and

current conservation law in simulating multi-species transport have not been addressed.

2.5.3. Modelling of reactive multi-species transport

Chloride in concrete exists in two different forms: free chloride ions in pore solution and
bound chloride that is physically or chemically adsorbed in cement hydrates. Although
bound chloride does not contribute to steel corrosion in concrete, it can still have an
impact on the service life of concrete structures by slowing down ionic transport and
reducing the amount of free chloride ions near steel bars. To describe the influence of
chloride binding on ionic transport, several binding isotherms were proposed to calculate
the concentration of bound chloride as given in Section 2.2.4. In the abovementioned
single-species and multi-species models, the effects of chloride binding on ionic transport
are described as a time-dependent diffusion coefficient calculated by binding isotherms
(Sergi et al., 1992; Glass and Buenfeld, 2000; Baroghel-Bouny et al., 2011; Spiesz et al.,
2012; Jiang et al., 2013; Liu et al., 2015a; Shakouri and Trejo, 2017; Shi et al., 2019; Mao
et al.,, 2019). Nevertheless, there are two limitations of these pre-designed binding
isotherms. Firstly, binding parameters in each isotherm vary significantly depending on
various factors, such as pH value, the type and content of binder, w/b ratio, etc. Therefore,
the determination of these parameters for different concretes must depend on specific
experimental data. Secondly, isothermal binding models usually ignore pore evolution
caused by the formation of chloroaluminate salt (Friedel’s and Kuzel’s salt) and/or the
change of other cement hydrates. To resolve the abovementioned problems, a series of
reactive mass transport models have been developed to simulate chloride binding in

different types of concrete.

Physical adsorption of chloride, potassium, calcium, and sodium ions on C-S-H gel has
been calculated by a surface complexation model, in which these physical binding

reactions are influenced by double electrical layer on C-S-H surface (Elakneswaran et al.,
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2010). The predicted distribution profiles of total chlorides showed good agreement with

experimental profiles after a 91-day exposure to sea water.

Hosokawa et al. (2011b) divided chloride penetration into two parts: mass transport and
thermodynamic equilibrium. Multi-species mass transport is solved by using Poisson-
Nernst-Plank equation. Thermodynamic equilibrium part is calculated by using
PHREEQC programme, in which the precipitation/dissolution of cement hydrates and
interactions between C-S-H and ions are separately solved. Then a sequential operator
splitting method was used to assemble mass transport and chemical/physical equilibrium
processes to obtain the time-varying distribution of both solid-phase composition and
ionic species in pore solution. Subsequently, Jensen (2014) considered the coupling of
chemical equilibrium between cement hydrates and free ions and ionic transport to
simulate chloride transport and the variation of solid phase when concrete is exposed to

NacCl solution.

Tian et al. (2018) and Tran et al. (2018) considered both thermodynamic equilibrium of
cement hydrates and surface complexation on C-S-H gel to predict the chloride binding
capacity of concrete with different binder types, and various water/binder ratios, and
different cation types in exposed environments. Physical binding onto C-S-H surface and
chemical binding to AFm are presented in their study. They found that the total amount

of bound chloride decreases in the following order: CaCl>, MgCl,, NaCl, and KCl solution.

Guo et al. (2018) adopted thermodynamic equilibrium to estimate the effects of chloride
concentration in exposed solution, saturation degree of pore solution, and temperature on
physical and chemical chloride binding capacity for cement-based materials. In their
modelling, the variation of porosity caused by chemical reactions is considered. They
found that the formation of Friedel’s salt needs a higher chloride concentration than that
of C-S-H-CI. After that, Guo et al. (2021b) proposed 2-D homogenous models that
coupled thermodynamic reactions, pore evolution and multi-species transport to predict

chloride penetration in ordinary Portland cement concrete and coral aggregate concrete.
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More recently, this thermodynamic model has been used to investigate the chloride
binding affected by carbonization (Guo et al., 2022), sulfate-attack attack (Cao et al.,

2020), and hydrate cement leaching in nitrate solution (Arnold et al., 2017).

In conclusion, numerical simulation has been adopted as an efficient and effective way to
investigate the mechanism of ionic transport in cement-based materials. Over the years,
the development of numerical models has undergone significant advancements, which
can be summarized in the following stages: 1) from ideal diffusion process to electrically
accelerated migration process, 2) from single-species transport to multi-species transport,
3) from homogenous concrete models to multi-phase heterogenous concrete models.
However, there are still differences in the results between the existing numerical models

and experimental observations.

2.6. Knowledge gaps

This chapter presents a literature review on experimental, analytical, and numerical
studies on chloride transport in concrete. The basic mechanisms of ionic transport,
heterogeneity of concrete, multi-species coupling in pore solution, and physical and
chemical reactions between free ions and cement hydrates are also described. Some

conclusions as well as research gaps drawn from the literature are summarized as follows:

1) Pore solution of concrete is a multi-species system, and each ionic species has a
distinct mobility, which can result in a non-linear distribution of electrostatic
potential in concrete. Current conservation law and Gauss’ law methods have been
proposed to investigate the influence of multi-species coupling on chloride
penetration. However, the differences between these two methods and their
application scope are not clarified. Therefore, the study of multi-species transport

is conducted based on these two methods, as presented in Chapter 4.

2) The heterogeneous properties of both NAC and RAC have been widely

recognized. Each phase in composite concrete has its own individual chloride
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3)

4)

diffusivity and can influence the general chloride resistance of concrete. However,
there is still a lack of literature on effective chloride diffusion coefficient of
concrete including both NA and RA. Therefore, the study of chloride transport in
partially replaced RAC will be investigated by using a 2-D finite element method

model and an infinite analytical model, as presented in Chapter 5.

In chloride migration tests, electrical potential difference across concrete
specimen is different from that applied on electrodes due to polarization at outside
electrodes. However, the influence of polarization on chloride transport is still not
discussed in existing simulations. Therefore, a 2-D numerical model will be
developed to combine the inside ionic transport and outside polarization during

migration tests, which is presented in Chapter 6.

Simulation of chloride binding is widely based on empirically designed binding
isotherms. There is no single binding isotherm that can cover all binding modes
observed in general concrete. Furthermore, the pore evolution resulting from
chloride binding has not been accounted for in existing binding isotherms. An
insight into thermodynamic reactions between ions in pore solution and cement
hydrates is required to understand the influence of chloride binding in migration
tests. Therefore, a reactive mass transport model will be proposed to describe the
actual reactions involved in chloride penetration in concrete, which is presented

in Chapter 7.
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CHAPTER 3 METHODOLOGY

This chapter presents the development of analytical and numerical models employed in
this study to suit different research objectives. To validate the reliability and accuracy of
each model proposed, a series of benchmark models are established based on
experimental or numerical studies conducted by other researchers. The details of
geometric configuration, diffusion properties, boundary conditions, and solution
procedure used in each model are addressed. Two commercial software packages are
employed in the present study: 1) COMSOL Multiphysics, engaged for numerical
simulation considering multiple physical fields. 2) MATLAB, employed for analytical

simulation as well as pre- and post-processing of numerical simulations.

3.1. Multi-species and single-phase model of chloride transport

In this section, three numerical models are developed to understand the multi-species
coupling effects on chloride transport during diffusion and migration tests and to elucidate
the distinctions between the models based on Gauss’s law and the models based on current
conservation law. As shown in Fig. 3.1, during chloride penetration tests, a concrete
specimen is placed between two reservoirs filled with 520 mol/m> NaCl and 300 mol/m?
NaOH solutions, respectively. When an external voltage of 24 V is applied, the apparatus
1s set up for the migration test, whereas when there is no external voltage (0 V) is enforced,

the apparatus is regarded as the one for chloride diffusion test.
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Figure 3.1 Schematic representation of the chloride migration test (representing for

diffusion test when external voltage is 0 V)
3.1.1. Governing equations

Assuming that the concrete specimen is saturated and there are no physical and chemical
reactions between free ions and cement hydrates, only ionic diffusion and
electromigration of ions are involved in chloride penetration process. Therefore, terms (1)
and (2) in Equation (2.58) are selected to describe the multi-species mass transport in
concrete as follows,

(3.1)

i _pycn L v =12
5 D i+Dipr (C; VD) i=1,2,..n

As given in Section 2.2.3, electrostatic potential gradient, V@, can be calculated by
Equations (2.12), (2.13) or (2.20). Herein, the multi-species transport model based on
Poisson’s equation (Equation (2.12)) is named as Poisson model. Equations (2.13) and
(2.20) are derived with the assumption of electroneutrality. Hence, models based on
Equations (2.13) and (2.20) are named as Strong-EN model and Weak-EN model in this

thesis, respectively.
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3.1.2. Geometry and meshing

In this section, concrete is assumed to be a homogenous material. Therefore, a 1-D single-
phase geometric model can be used to conduct multi-species transport analysis. Sample

length L is 50 mm. A small uniform element size of 0.05 mm is used in all three models.

3.1.3. Diffusion properties and boundary conditions

Four ionic species, potassium, sodium, chloride, and hydroxyl are considered in this
section. Other ionic species, such as calcium and sulfate ions, are ignored due to their low
concentrations in the pore solution, which was demonstrated in the experimental tests
carried out by Bertolini (1995). The electrodes in chloride migration test are placed on
the surfaces of a concrete specimen as shown in Fig. 3.1. The influence of electrochemical
reactions at electrodes is considered negligible, as explained in Section 2.2.5.2. This
means that ionic concentrations in reservoirs on both sides of concrete remain constant,
as listed in Table 3.1. The diffusion coefficient, initial and boundary conditions of each

ionic species, and external voltage in three models are given in Table 3.1.

Table 3.1 Initial and boundary conditions, charge number and diffusion coefficients of

four ionic species in mortar specimen.

Field variables Potassium  Sodium  Chloride Hydroxide External

(mol/m’)  (mol/m?®) (mol/m?) (mol/m®)  voltage(V)

Initial conditions 200 100 0 300 0
Boundary conditions x=0cm 0 520 520 0 0
Boundary conditions x=5cm 0 300 0 300 0/24
Charge number 1 1 -1 -1 N
Diffusion coefficient x10'' m?/s 1.960 1.334 2.032 5.260 N
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3.1.4. Solution procedure

Mass transport derived by Equation (3.1) and electric field derived by Equations (2.12),
(2.13), or (2.20) can be synchronously solved by the Transport of Diluted Species module
and PDE module in COMSOL Multiphysics. With the initial and boundary conditions
listed in Table 3.1, the distributions of all ionic species and electric potential can be

obtained.
3.2. Multi-phase and single-species model of chloride transport

In this section, a five-phase numerical model and a two-step analytical model are
proposed to predict the effective chloride diffusion coefficients of heterogenous concrete
containing various contents of both NA and RCA. Only a single species, chlorides, is
involved in the simulation of diffusion tests. Based on these two heterogenous models of
concrete, the effects of each individual phase, such as the volume and chloride diffusivity

of old ITZ, attached old mortar, new ITZ, and new mortar, can be assessed.
3.2.1. Multi-phase numerical models of heterogenous concrete
3.2.1.1 Governing equations

Assuming that pore solution in concrete is saturated and there is no reaction between
chlorides and cement, single-species transport during diffusion test can be described by
Fick’s second Law as given in Section 2.2.1. When it is extended to a 2-D heterogeneous

concrete, Fick’s Law (Equation (2.2)) can be expressed as follows,

oCt, x,y)
o

3.2
D V°C(t x,y) k=1,23475 3-2)

where C(t,x,y) is chloride concentration at time ¢ (s) and position (x, y) (mol/m?), Dy is

chloride diffusion coefficient in k-th phase, and k = 1, 2, 3, 4,5 stands for old aggregate,
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old ITZ, attached old mortar, new ITZ, and new mortar, respectively. With the initial and
boundary conditions, the distribution of chlorides in a multi-phase concrete can be

determined by solving Equation (3.2) numerically.

3.2.1.2 Geometry and meshing

Figs. 3.2 and 3.3 show a series of 50 x 50 mm multi-phase concrete models with different
replacement rates of RCA, different volume fractions of old mortar, and different shapes
of aggregate. New and old natural aggregates (white region) in all models are assumed to
be impermeable. The total volume fraction of aggregates in this section is assumed to be
0.5. In NAC and RAC models, NA and/or RCA are generated and located randomly in
cement matrix using a MATLAB programme (as shown in Appendix A). The size
distribution of both NA and RCA follows the Fuller gradation, with their radii ranging

from 2 mm to 15 mm.

As shown in Fig. 3.4, old ITZ, old mortar, and new ITZ are assumed to be uniform shells
that surround impermeable old aggregate layer by layer. Blue and red shells in Fig. 3.4
represent new and old ITZs, respectively. Existing research has concluded that the
thickness of new and old ITZs usually varies from 20 to 80 um (Diamond and Huang,
2001; Car¢ and Herve, 2004; Xiao et al., 2013). To better understand the effect of each
phase on chloride penetration, a parametric analysis is conducted with various property
settings. Table 3.2 shows the parameter setting of the replacement rate of RCA (Vrc4), old
ITZ thickness (4.iz), new ITZ thickness (/.iz), total volume fraction of aggregates e (V14),
and volume fraction of old mortar in RCA (Vo) in standard case and parametric analysis

cascs.

Fig. 3.5 shows the finite element mesh of a five-phase RAC model. Due to the extremely
thin interfacial transition zone and the significant difference in chloride diffusivity
between individual phases, the finite element size near interfaces between two phases

must be extremely small to get a convergent numerical solution. Triangular meshing is
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adopted with a minimum mesh element size of 1.5x10 m, requiring a total of 537607

free triangle elements in the domain.

Table 3.2 Volume parameters and chloride diffusivities of each phase in standard and

parametric analysis cases.

Standard case Parametric cases

Volume fraction of total aggregate V7 0.5 0,0.1,0.3,0.5
RCA replacement rate Vrca 0.5 0,0.2,0.5,1
Volume fraction of old mortar in RCA Vo, 0.3 0.1,0.3,0.5
Old or new ITZ thickness Aoirz, hnir- (Lm) 40 40, 80, 120
Chloride diffusivity in new mortar x10"' m%*/s ~ 2.03 2.03
Diffusivity ratio between ITZ and mortar ;- 5 2~20
Diffusivity ratio between old and new mortars 1.5 02,15,3

keom

To validate the accuracy of the present multi-phase numerical model, a benchmark model
was developed in accordance with experimental research conducted by Kou and Poon
(2012). Mix design used in the experiment was 410 kg/m? of binder (75%OPC+25%FA),
611 kg/m® of sand, and 1017-1048 kg/m’ of natural and recycled coarse aggregates.
Accordingly, the total volume fraction of coarse aggregates is about 0.4. Four replacement
rates of RA (combined stone, RCA, and masonry aggregate), 0, 0.2, 0.5, and 1, were
employed in experiments and adopted in benchmark model. The volume fraction of old
mortar in RA is 0.13, which is estimated based on the density of NA and RA given in Kou
and Poon (2012). The thicknesses of old and new ITZs adopted in benchmark model are

the same as those used in standard case.
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Figure 3.2 Multi-phase concrete models with circular aggregates (a) Vzca
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Figure 3.3 Multi-phase concrete models with unregular aggregates (a) Vrca =0, Vo =0,

(b) VRCA = 0.2, Vom = 0.5, (C) VRCA = 0.5, Vom = 0.3, (d) VRCA = 1, Vom = 0.1
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Old ITZ Old mortar

Natural aggregate

Old mortar Natural aggregate

Figure 3.4 Zoomed-in schematic of RAC (Vrca = 0.5, Vom = 0.5, hnitz = hoir- = 40 pm)

Figure 3.5 Meshing of RAC model (Vrca = 0.5, Vom = 0.5, hnitz =hoir- = 40 pm)

3.2.1.3 Diftusion properties and boundary conditions

In these multi-phase models, chloride ions have distinct diffusion coefficients in each
individual phase. Previous studies concluded that the ratio of chloride diffusivity between
ITZ and mortar (ki = Dyum / Dhitz = Dom / Doirz) Varies in the range of 1.3~18.5 times (Xiao

et al., 2012; Hu et al., 2018). The chloride diffusivity ratio between old and new mortars
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(kom = Dom / Dum) commonly ranges from 0.24 to 5 times (Kou and Poon, 2006; Kou and
Poon, 2012; Xiao et al., 2012; Yu and Lin, 2020). To investigate the influence of chloride
diffusivity in old ITZ, new ITZ, and old mortar, various chloride diffusion coefficients of

each phase are considered in simulation and given in Table 3.2.

In benchmark model, the chloride diffusion coefficients of new mortar and ITZ are the
same as those in standard case. The diffusivity ratio between old and new mortars is
determined by their w/b ratios. Two w/b ratios of new mortar, 0.45 and 0.55, are adopted
in benchmark experiment. Correspondingly, the calibrated diffusivity ratio between old
and new mortars is 1.8, and 0.6 for w/b=0.45 and w/b=0.55, respectively. The initial and
boundary conditions of chlorides are the same as the values in diffusion test listed in Table

3.1.
3.2.1.4 Solution procedure

Transport of Diluted Species module in COMSOL Multiphysics is selected to solve
single-species transport in saturated concrete (Equation (3.2)). When chloride diffusion
reached steady state, the average flux of chloride at the boundary exposed to NaOH

solution, as shown in Fig. 3.1, can be expressed as,

[l Ji=c0, 1 y)dy (3.3)
Jx=l: h

where / and / are the length and height of 2-D concrete models. In the macro-scale view,
the 50 mmx50 mm concrete specimen can be treated as a representative homogeneous
element. Therefore, the average steady-state flux of chloride at the right boundary of

meso-concrete can also be described as,

oCc G, (3.4)

Jeet=-Def 7= =Deyy7-
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where Dy is the effective chloride diffusion coefficient of NAC or RAC, Ci is the chloride
concentration at the boundary exposed to NaCl solution as shown in Fig. 3.1. Substituting
Equation (3.3) into (3.4), the effective chloride diffusion coefficient can be solved as

follows,

D, = / hJ Ly)d -3)
—_— — [=
eff Cgh.[;) ( 0, ’y) y

3.2.2. Two-step analytical models of heterogenous concrete

To get a convergent solution, element sizes in previous five-phase numerical models are
extremely fine (Fig. 3.5), which will lead to a high computational burden. In this section,
a simple analytical model is developed to reduce computational burden. In this analytical
model, RAC is considered as a three-phase composite consisting of NA plus ITZ (NA+),
RCA plus ITZ (RCA+), and new mortar as shown in Fig. 3.6. The effective chloride
diffusion coefficient in RAC can be calculated in two steps. Firstly, NA+ and RCA+ are
assumed to be two-layer and four-layer particles, respectively, as shown in Fig. 3.6. The
effective diffusivities of NA+ and RCA+ can be calculated using a multi-layer spherical
approximation (MLSA). Secondly, the effective diffusivity of this three-phase RAC is

obtained using an effective medium approximation (EMA).
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New ITZ
Old Mortar
Old ITZ

Natural Aggregate

©

Figure 3.6 The schematic representation of (a) concrete with both NA and RCA, (b)

natural aggregate plus ITZ, (c) recycled concrete aggregate plus ITZ

3.2.2.1 Multi-layer spherical approximation

As shown in Fig. 3.6 (b), NA+ phase is composed of natural aggregate and enclosed new
ITZ. Based on two-layer spherical approach (Caré and Hervé, 2004), the effective

chloride diffusion coefficient of NA+ can be described as:

_ (3-2Vaitz 1) Dna+2V itz 1Dz . (3.6)
A VnitzIDNA +(3' Vnitzl )Dnitz e

where Dny and D,;i- are the chloride diffusivity in NA and new ITZ, respectively. Vi
and Va4 represent the volume fractions of ITZ and NA in NA+ phase, respectively, and
thus Vyiz1 + Vaa = 1. Generally, NA can be considered as impermeable and thus Dys = 0

is adopted in this section. Equation 3.6 can be rewritten as,
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2 (3.7)
Dyg+= %< Vaiz1 Dz
A= (3' Vnitz]) el :

Since the order of magnitude of ITZ thickness is significantly less than that of the

aggregate radius, the following approximations can be made,

Ry thyi)’ Ry 3hyi (3.8)
T Ryath)’ R

2 39
DNAJrz } Vnitlenitz ( )

where Rys and Ky are the average values of NA’s radius and new ITZ’s thickness,
respectively.

Similarly, the effective chloride diffusivity of RCA+ can be calculated as follows,

_ SDRCA +2 VnitZZDnitz (3 1 0)
CA+— itz
Rear VnitzZDRCA +3Dnitz e

where V-2 and vrea represent the volume fractions of new ITZ and RCA in RCA+ phase,
respectively, and Vyi2 + vrca = 1, Drea 1s the effective chloride diffusion coefficient of

permeable RCA.

It should be noted that the configuration of NA, old ITZ, and old mortar in RCA may vary
significantly from one to another. As an approximation, RCA can be modelled as a three-
layer sphere, as shown in Fig. 3.7. The effective diffusivity of this three-layer RCA can
be calculated by the recursion of two-layer spherical model. Firstly, similar to the NA+
phase, the effective diffusion coefficient of the impermeable old NA plus old ITZ (ONA+)

phase can be expressed as,
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2V itz (3.11)
D = D .
N BV ona+2Vi2) 7"

where Vi and Vona represent the volume fractions of old ITZ and old NA in RCA,

respectively, Dy 1s the chloride diffusion coefficient in old ITZ.

RCA can be treated as an auxiliary two-layer model, including ONA+ and old mortar.

Hence, the effective diffusivity of RCA can be described as,

. (3'2 Vom)DONA+ +2 VomDom (3 . 12)
fed VomD ONA+ + (3 - Vom)D om o

where D, 1s the chloride diffusion coefficient of old mortar and Vo, is the volume
fraction of old mortar in RCA, and Vo + Vona + Voir- = 1. Substituting Equation (3.11)

into (3.12), it yields,

_ 2(3'2 Vom) VoitzDoitz +2(3 VONA +2 Voitz) VomDom (3 1 3)
Rea™ 2 Vom VoitzDoitz+(3 VONA +2 Voitz) (3' Vom)Dom o

Thus, the effective chloride diffusivity of RCA+ phase can be obtained by solving
Equations (3.10) and (3.13). The chloride diffusion coefficients and volume parameters

of each phase in standard case are given in Table 3.3.

Old Mortar

PPN

Figure 3.7 Three-layer spherical RCA model
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Table 3.3 The chloride diffusion coefficients and volume parameters of each phase in

standard case.

Composite Component Volume fraction  Diffusion coefficient (x 107" m%/s)

in each composite

RAC New mortar 0.5 2.03
NA+ 0.5%(1-Vrca) Equation (3.9)
RCA+ 0.5%Vrca Equation (3.10)
NA+ New ITZ (NA) 0.03 kizx6.0 (kiz = 5)
NA 1-0.03 0
RCA+ New ITZ (NA) 0.03 kizx6.0 (ki = 5)
RCA 1-0.03 Equation (3.13)
RCA Old mortar 0.28 kom*6.0 (kom = 1.5)
Old ITZ 0.02 kitz}kom>6.0 (kom = 1.5, kiz = 5)
Old NA 0.70 0

3.2.2.2 Effective medium approximation

After multi-layer spherical approximation, NA+ and RCA+ particles can be considered
as two isotropic phases with individual diffusion coefticients. The RAC can be treated as
a three-phase composite made up of mortar matrix, randomly distributed NA+ and RCA+
particles. Due to their individual diffusion properties and independent distribution, both
NA+ and RCA+ contribute independently to the effective diffusivity of RAC. To reflect
the independent effects of NA+ and RCA+, an effective medium approximation (EMA)
is adopted here. EMA was developed by Bruggeman and Landauer to describe the
macroscopic properties of a two-phase material by averaging the arbitrary values of the
randomly oriented inclusions (Bruggeman, 1935; Landauer, 1952). There are many

versions of EMA, such as the Maxwell-Eucken model (Eucken, 1940), the Maxwell-
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Garnett model (Garnett, 1904), and so on. These models can provide acceptable
predictions under different conditions. Mathematically, when it comes to chloride

diffusion, EMA can be described as,

DDy, DDz 0

(3.14)
1 Vo=
2Dy+D; ' 2Dy tD,

where D,y represents the effective diffusivity of a two-phase mixture, D;, D>, V; and V>
are the diffusion coefficients and volume fractions of components 1 and 2, respectively.

Equation (3.14) can be rewritten as follows,

v, . v, ] (3.15)
1 2 1 2 D
§D’+§Deﬁ- §D2+§Deff <f

Equation (3.15) indicates that phase 1 with volume fraction ¥; and phase 2 with volume
fraction V> can be considered as connected in series, provided that the diffusion
coefficients in two phases are taken as (D;/3 and 2D.#3) and (D2/3 and 2D.s/3),
respectively. This means that the relationship between the effective diffusivity and
volume of individual phases and overall composite in EMA model is similar to the
relationship between the total and partial voltage and current in a series-parallel circuit,
as shown in Fig. 3.8. Therefore, for a three-phase RAC, Equation (3.15) can be easily

extended as follows,

Vim N Va+ N Vrca+ _ (3.16)
T2y T, 2y Ty 25 Dax

where Vim, Via+, Vrca+ are respectively the volume fractions of new mortar, NA plus ITZ,
and RCA plus ITZ in concrete (Var + Va+ + Vrca+ = 1), and Dr4c 1s the effective chloride
diffusion coefficient of RAC. Note that one of the conditions for applying EMA is that
the volume fraction of zero diffusion coefficient phase must be less than 2/3. In three-
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phase concrete, neither NA+ phase nor RCA+ phase has a volume fraction greater than
2/3. Moreover, since both NA+ and RCA+ phases involve the ITZ, the diffusion

coefficients in the NA+ and RCA+ phases would not be zero.

D,/3

Figure 3.8 The schematic representation of effective medium approximation

The effective diffusivity of concrete is influenced by several important factors, as
described in Equations (3.9), (3.10), and (3.13), including the volume fractions of ITZ,
new mortar, and adhesive old mortar, the RCA replacement rate, and the diffusivity ratio

between each phase. Therefore, Equation (3.16) can be converted as:

Deﬁ:Deﬁ‘(Vnm’ Vnitz’ Voitz’ VRCA: Vom: kilZ’ kom’ Dnm) (317)

where Vrca 1s the replacement rate of RCA in terms of volume fraction. With given
parameters in Equation (3.17), the effective diffusivity of RAC can be calculated using a
MATLAB programme (as shown in APPENDIX B). It is obvious that Dr4c = Dnac when
Vom or Vrca 1s zero, where Dnac is the effective chloride diffusion coefficient of NAC. As
given in Table 3.3, k,m is adopted to describe the influence of the w/b ratio of parent
concrete and the crushing process on the chloride diffusivity of old mortar. ki is used to
describe the influence of w/b ratio of concrete on the chloride diffusivity of new and old

mortars.

81



3.3. Overpotential model of chloride transport

In this section, an overpotential model is developed considering multi-species transport
in a multi-phase concrete to find out the variation of overpotential at electrode-concrete
interfaces and how it influences internal ionic transport in a heterogenous concrete during

chloride migration tests.

3.3.1. Governing equations

As mentioned in Section 3.1, without consideration of chloride binding, ionic mass
transport in saturated concrete during a migration test can be expressed as Equation (3.1).
In Section 3.3, the relationship between the distributions of electric field and multiple

ionic species in concrete is calculated using the current conservation law method.

3.3.2. Geometry and meshing

Figs. 3.9 and 3.10 show the geometric configuration of three-phase NAC and five-phase
RAC models employed in this section. The size of all concrete models is 50 mm x 50 mm.
NA and RCA are randomly generated and located by the MATLAB code given in
APPENDIX A. The diameters of aggregates are in the range of 2~15 mm, and the total

volume fraction of them is 0.5.

Previous experiments indicated that the effective chloride diffusivity of concrete
significantly increases with an increase in RCA replacement rate (Kou and Poon, 2012;
Janior et al., 2019; Bao et al., 2020). Based on Equation (2.14), the current density
flowing through concrete may be influenced by the replacement rate of RCA, leading to
variations in overpotential at electrode-concrete interfaces. To investigate the influence
of using RCA on the overpotential, two replacement rates of 0.5 and 1 are employed. The
volume fraction of old adhesive mortar in RCA is taken as 0.3, and the thickness of old
and new ITZs is 40 um. Fig. 3.9 shows the meshing of present multi-phase overpotential

model. It is worth noting that free triangle elements used in overpotential model should
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be finer compared to those used in Section 3.2 (Fig. 3.5) due to the involvement of multi-

species coupling.

Two benchmark models are developed to validate the reliability of overpotential model.
The volume fraction of aggregates and size of specimens in benchmark models are
adjusted to be consistent with two chloride migration experiments conducted by
Castellote et al. (1999) and Jiang et al. (2013), as given in Table 3.6. Figs. 3.11 and 3.12

plot the geometric configuration of two benchmark models.

Figure 3.9 The geometric model and meshing of natural aggregate concrete
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(a) Vrca-0.5 (b) Vrea-1

Figure 3.10 The geometric models of RAC with different replacement rates of RCA

Figure 3.11 The geometric configuration of benchmark model for experiment conducted

by Castellote et al. (1999)
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Figure 3.12 The geometric configuration of benchmark model for experiment conducted

by Jiang et al. (2013)

3.3.3. Diffusion properties and boundary conditions

3.3.3.1 Diffusion properties of ionic species

Four ionic species, namely potassium, sodium, chloride, and hydroxyl ions, are involved
in Section 3.3. The diffusion coefficients of those ionic species in new mortar are the
same as those mentioned in Section 3.1 (Table 3.1). According to Equations (2.11) and
(2.14), the current density flowing through concrete can be influenced by ionic
concentrations in pore solution and externally applied voltage, which may lead to a
variation in overpotential. Therefore, a parametric analysis of initial ionic concentrations
and external voltage is conducted, and the values of them in parametric study cases are

given in Tables 3.4 and 3.5.

In benchmark models, initial ionic concentrations, external DC voltage, anolyte and
catholyte solutions, and duration of test (as shown in Table 3.6) are taken or estimated
from experiments conducted by Castellote et al. (1999) and Jiang et al. (2013). Note that
calcium and sulfate ions are also ignored in benchmark model due to their low
concentrations in pore solution. To maintain electroneutrality in pore solution, the initial

concentrations of other species are slightly adjusted.

85



Table 3.4 In parameters used in Standard and Parametric study cases.

Parameter Notation Standard case  Parametric Reference
cases
Aggregate  volume Va 0.5 0.5
fraction
Initial concentration K" 200 50 and 400 (Liu et al., 2012)
3
(mol/m?) Na* 100 25 and 200
Cr 0 0
OH 300 75 and 600
Tafel parameters Le 180 100 and 280  (Xiaet al., 2019;
(Mv/decade) (Mv/decade) Wang et al., 2020)
ic,0 10 6 and 100
(x10°A/m?)  (x10°A/m?)
L 120 60 and 200
(Mv/decade) (Mv/decade)
la,0 10 6 and 50
(x107A/m?)  (x107A/m?)
Voltage applied AD 24V 8and 16 V
Limiting current ir 100 (A/m?) 100 (A/m?) (Haverkort and
density Rajaei, 2020)

Table 3.5 Initial ionic concentrations in pore solution in parametric study (mol/m3)

Potassium Sodium Chloride Hydroxide
Case 1 50 0 75
Case 2 200 0 300
Case 3 400 0 600

86



Table 3.6 Input parameters in benchmarked models.

Parameters Notation Jiang’s expt. Castellote’s expt.
(Jiang et al., 2013) (Castellote et al., 1999)
Size of specimen - 50x100 75x150
(mmxmm)
Initial ionic K* 600 700
concentration
3 Na* 202 200

(mol/m”)

Cr 0 0

OH 802 900
External DC power AD 30V 12V
Aggregate  volume Va 0 0.75
fraction
Anolyte (mol/m?) NaOH 300 300

3

Catholyte (mol/m~) NaCl 500 500
RCM test time - 28 Days 36 Hours

3.3.3.2 Electric and ionic boundaries

During chloride migration tests, polarization leads to a more positive potential at anode

and a more negative potential at cathode. Therefore, the actual electric potential employed

on cathodic (@,,.) and anodic (®,,) concrete surfaces can be expressed as follows,

CDSC:@C+;7€
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CDSa :@a'na (3 4)

where @,, 7 , @., and 77 represent electric potential, and overall overpotential at anode
and cathode, respectively. Due to the low resistance of line segment for electrode, ohmic
overpotential is neglected in present modelling. Therefore, as discussed in Section 2.2.5,

the overall overpotential at electrodes in migration tests can be calculated as follows,

I,  RT I, (3.5)
= — b —IIn(1 ==
n,=p, logl.a,o + = In( iL)
I. RT I
n,=p_ log—+— In(1 — ) (3.6)

Ieo nkF l

where I, and /. represent the current density at anode and cathode, respectively. The
current flowing through electrodes is assumed to be equal to that flowing through concrete
surfaces, based on Equation (2.14), which can be described as follows (Li and Page, 1998;
Li and Page, 2000),

(3.7)

n
IC=FZ z,J;

i=1

n
Jaze ziJ;

i=1

x=0

(3.8)

x=L

The ionic fluxes flowing through concrete surfaces are time-varying, which implies that
the electric boundaries calculated by Equations (3.3) and (3.4) also vary with time.
According to Equations (3.5) and (3.6), overpotential is also influenced by Tafel
parameters, which are dependent on the electrode material, electrolyte, and
electrochemical reactions. Based on the range of Tafel parameters given in Section 2.2.5,

five sets of Tafel parameters are selected for parametric analysis, as listed in Table 3.7.
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Table 3.7 Input Tafel parameters in parametric analysis

Ba(Mv/decade) ino(107A/m?)  Be(Mv/decade)  ico(10-A/m>)

Highest case 200 6 280 6
High case 200 50 280 100
Base case 120 10 180 10
Low case 60 6 100 6
Lowest case 60 50 100 100

3.3.4. Solution procedure

Mass transportation within concrete and polarization at electrodes have been considered
in the present overpotential model. The former is used to describe the internal multi-
species transport using Transport of Diluted Species module and PDE module in
COMSOL Multiphysics. The latter is employed to reflect the time-varying overpotentials
in migration tests using Boundary Probe in COMSOL Multiphysics. As shown in Fig.
3.13, a sequential non-iterative algorithm (SNIA) is employed to combine the mass
transport and polarizing processes. The electric potential boundaries are updated at each
time increment step in SNIA. So that an accurate and unique solution for chloride
penetration in concrete can be achieved. The solution procedure at each time step can be

concluded as follows:

1. Initializing the boundary and initial conditions of all variables.

2. Calculating the uncorrected ionic concentrations without considering polarization

and the corresponding overpotential.
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3. Updating electric potential boundaries according to Equations (3.3) and (3.4) and

recomputing ionic concentrations.

4. Updating corrected ionic concentrations in the next time step and repeating steps

2 to 4 until the total time of simulation is reached.

® External electric potential BEGIN
® Tafel parameters

® Initial ionic concentration » Establishing geometric model and meshing

# Initializing boundary and initial conditions

Obtaining uncorrected ionic

Solving the PNP Equations in concrete

concentrations C;/*~!’

- . Obtaining the cathodic and
Solving the Polarization . .
- anodic overpotentials, 4™, 57! P
Equations at electrode- —* . . . | on=nsl |
Resetting the electrical potential (B SAE T
electrolyte interfaces .
boundaries

Updating the concentrations C/**!

Figure 3.13 Solution procedure employed in the overpotential model

3.4. Reactive mass transport model of chloride transport

In this section, a reactive mass transport model and a non-equilibrium binding model are
proposed to investigate the physicochemical reactions between free ions and cement
hydrates and their influences on free- and bound-chloride distribution are examined. In
reactive mass transport model, the formation/dissolution of cement hydrates and reactions

on C-S-H surfaces are involved in chloride penetration by introducing thermodynamic
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equilibrium. In non-equilibrium binding model, chloride binding is described by a pre-

designed Langmuir isotherm.

In Sections 3.1 and 3.3, Ca?*, SO4*, and AI(OH)s are disregarded due to their low
concentrations. However, it is important to include these three ionic species in the present
reactive mass transport model to account for the thermodynamic reactions associated with
chloride penetration, as discussed in Section 2.2.4.3 (Table 2.1). Therefore, this section
involves the simulation of seven ionic species (Na‘, K*, Ca®", CI', OH", SO4*, and
AI(OH)4) in pore solution and five hydrate phases (AFt, AFm (S), Friedel’s salt, and C-

S-H) in cement matrix.
3.4.1. Governing equations

With the consideration of physical and chemical reactions between free ions and cement
hydration products, as discussed in Section 2.2.6, mass transport equation in saturated
concrete during a migration test can be written as follows,

oC;
= =D, 7°C, +D |7(c Vo) + R; (3-9)

Under the action of external electrical field, ionic transport does not always follow the
centerline of connected pore path. This implies that the tortuosity effect to ionic migration
is greater than that to ionic diffusion, as discussed in Section 2.4.1 (Equation (2.70)). To
investigate the influence of pore size distribution on ionic transport during migration tests,
the pore constrictivity parameter of ionic migration is introduced in reactive and non-

equilibrium binding models. Hence, the ionic mass transport can be rewritten as,

oC; Dz 1
= — =D, 7’C;+ I7(C Vo) + R; (3.10)
0

where ap is pore constrictivity parameter, which varies with the binder types used in
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concrete. Three pore constrictivity parameters, 1.5, 2, and 3, are used in parametric

analysis to investigate the influence of the binder types on ionic transport.

In reactive mass transport model, reaction term R; can be calculated by Equations (2.39)
and (2.42). The ionic diffusion coefficient of each ionic species D; varies with the

variation in porosity, as discussed in Section 2.2.4 (Equation (2.44)).

The concentration of cathodic electrolyte used in non-equilibrium binding model is 520
mol/m® NaCl solution. As suggested in Section 2.2.4.1, Langmuir binding isotherm is
appropriate to describe the relationship between free and bound ions. The binding
capacity of sodium, potassium, calcium, sulfate, and hydroxyl ions is assumed to be
proportional to that of chloride. Based on Equation (2.29), reaction term R; in non-

equilibrium binding model can be expressed as:

Sel ) (3.11)
a'ﬁScl

Ri:p,- ks (Ccl’
where C¢;, and S represent free and bound chloride concentrations, respectively. To keep
charge balance in liquid-solid interphase, the binding proportion coefficient p; of CI', Na®,
K*, Ca**, OH", SO4*, and AI(OH)4 can be simplified as 1, 1/8, 1/8, 1/8, -1/8, -1/8, and -

1/8, respectively (Liu et al., 2014).

In non-equilibrium binding model, the governing equation of electric field can be
described by Poisson’s equation (Equation (2.12)). Note that the surface species absorbed
by C-S-H also influence the distribution of electric potential in concrete. Therefore, in

reactive mass transport model, Poisson’s equation has been rewritten as follows,

(3.12)

where z. and C. are the valence number and concentrations of surface species.
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3.4.2. Geometry and meshing

Fig. 3.14 shows the geometric models of three-phase NAC and five-phase RAC used in
this section. The gradation, volume fraction, shape, and size distribution of aggregates
and the dimension of concrete model are identical to those in the standard case outlined
in Section 3.3. The old mortar in RCA not only provides an additional transport path for
chlorides but also has the ability to absorb free ions. To examine the effect of old mortar
on chloride penetration in concrete, three volume fractions of old mortar (represented by
blue shells), 0.3, 0.4, and 0.5, are used, as shown in Fig. 3.14. The replacement rates of
RCA in all RAC models are 0.5. To validate the reliability of the present reactive multi-
species mass transport model, a homogeneous benchmark model with a size of 50 mm x

100 mm is developed based on the experiment conducted by Jiang et al. (2013).

The significant scale difference between ITZ and other phases and the coupling of
thermodynamic reactions and multi-species transport will lead to a huge computational
burden to obtain a convergent solution for reactive mass transport in concrete. Therefore,
a thicker thickness of old and new ITZs, 100 um, is used in this section to reduce the

numerical scheme (as shown in Fig. 3.14).

ol )OO Q O
OS5 OCO)OOOO %Oo 500 QOOQ

(a) NAC (b) RAC (Von=0.3)
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Figure 3.14 The geometric models of NAC and RAC with different volume fractions of
old mortar (¥,m) (The blue rings represent old adhesive mortar located between new and

old ITZs)
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Figure 3.15 The zoom-in meshing of NAC and RAC

3.4.3. Diffusion properties and boundary conditions

3.3.3.1 Diffusion properties of ionic species

The diffusion coefficients and initial concentrations of all ionic species in new mortar,
new [TZ, old mortar, and old ITZ are given in Table 3.8. Initial concentrations of cement

hydration and binding constants are taken from Guo et al. (2021a) and Yuan et al. (2013)
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and recomputed for the concentration unit (mol/m?®) used in this thesis. The concentration
of cement hydrate varies with the types of concrete, which can influence the reactions
between free ions and cement hydrates, specifically the reaction between chlorides and
AFm. To investigate the influence of the concrete types on chloride binding, three AFm

concentrations are used in parametric analysis, as given in Table 3.8.

Table 3.9 shows the input parameters used in benchmark model, derived from the
experimental research conducted by Jiang et al. (2013). Considering the inclusion of
supplementary cementitious materials (FA, SF, and GGBS) in this experiment, a higher
pore constrictivity (ap = 3) is employed in benchmark model, following the
recommendation by Yang et al. (2017). Initial concentrations of cement hydrates are

assumed to be identical to those used in standard case as indicated in Table 3.8.
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Table 3.8 The input parameters in the present reactive mass transport and non-equilibrium

binding models for chloride migration tests

Parameter Notation = Standard  Parametric = Reference
case cases
Duration (hour) t 24 24
Voltage applied (V) AD 24 24
Initial porosity (%) ¢ 13.6 13.6 (Guo et al,
2021a)
Adsorption/desorption rate ks 5.0x10%  5.0x10* (Li et al., 2015)
(1/s)
Binding constants 1% 1.40 1.40 (Yuanetal., 2013)
S 0.0008 0.0008
(m*/mol)  (m*/mol)
Aggregate volume fraction V5 0.5 0.5
Constrictivity factor ao 2 1.5,2,2.5 (Yangetal.,2017)
Diffusion coefficient in Ca2* 0.79 0.79 (Samson and
new mortar (x 107" m%/s) SO/ 1.07 1.07 Marchand, 2007a;
Al(OH)s  5.04 5.04 Hosokawa et al.,
OH 5.26 5.26 2011a)
Ca2" 0.79 0.79
SO+ 1.07 1.07
Al(OH)s  5.04 5.04
Diffusivity ratio between ki 2 2 (Hu et al. 2018)
ITZ and mortar
Diffusivity ratio between kon 1.5 1.5 (Hu et al. 2018)
old and new mortar
Initial concentration K" 400 400 (Guo et al,
(mol/m?) Na* 100 100 2021a)
Cr 0 0
OH 500 500
Ca2” 3 3
SO+ 2 2
Al(OH)s 2 2
CH 2660 2660
AFm 150 100, 150,
250
AFt 160 160
CSH 2132 2132
reaction
sites
Fridel s 0 0
salt
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Table 3.9 Input parameters in benchmarked models.

Parameters Notation Jiang’s expt.
(Jiang et al., 2013)

Size of specimen (mmxmm) - 50x100
Water/cement ratio w/c 0.5
Adsorption/desorption rate 2 5.0x10(1/s)
Constrictivity factor ao 3
Binding constants a 1.686

i 0.0099
Initial ~ ionic  concentration K" 602
(mol/m?) Na* 200

Cr 0

OH 800

Ca2" 1

SO/ 1

Al(OH)s 2
Electric potential at anode D, 30V
Electric potential at cathode D, ov
Aggregate volume fraction Va 0
Anolyte (mol/m?) NaOH 300
Catholyte (mol/m?) NaCl 500
RCM test time - 36 hours

3.4.3.2 Electric and ionic boundaries

The ionic concentrations and electric potential at boundaries in standard and parametric
study cases are the same as those employed in Section 3.1, as listed in Table 3.1. In
benchmark model, the ionic concentrations and electric potential at boundaries are given

in Table 3.9.
3.4.4. Solution procedure

For the non-equilibrium binding model, mass transport (Equations (3.9) and (3.11)) and
electric potential distribution (Equation (2.12)) can be synchronously solved by the
Transport of Diluted Species module and PDE module in COMSOL Multiphysics. For
the reactive mass transport model, physicochemical reactions between hardened cement

and free ions, multi-species transport in pore solution, and porosity change are interacting
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and inter-influencing. To resolve this multi-field coupling problem, SNIA is adopted for
reactive mass transport in concrete. Generally, the solution procedure can be divided into

the following steps:

1. Initializing input parameters, including initial and boundary conditions of hydrate
phases and free ions, diffusion coefficients of all ionic species in new mortar, new

ITZ, old mortar, old ITZ, electrical boundary, and pore constrictivity parameter.

2. The distribution of all hydrates and free ions at each time step is determined by
simultaneously solving thermodynamic equilibrium and multi-species transport
using the Transport of Diluted Species, PDE, and Reaction modules in COMSOL

Multiphysics.

3. The calculated concentrations of cement hydrates in step 2 are used to update the
porosity of concrete based on their molar mass and density. The updated porosity
is subsequently used to recompute the concentrations of all ionic species and

hydrates.

4. Updating corrected ionic concentrations in the next time step and iterating

through steps 2 to 4 until the total simulation time is reached.
3.5. Summary

This chapter provides a theoretical framework and methodology for modelling the
chloride penetration in saturated NAC and RAC during chloride diffusion and migration
tests. The first section presents three multi-species models simulating the chloride
diffusion or migration test. The second section details the construction of 2-D multi-phase
diffusion models to analyze the effective chloride diffusion coefficient in heterogeneous
concrete, incorporating the impact of various parameters of NA and RCA. The third
section investigates the effect of polarization at electrodes on ionic transport in concrete
during migration tests. The fourth section presents the reactive mass transport model,
considering multi-species transport, thermodynamic reactions, and pore evolution during

the course of ionic transport.
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CHAPTER 4 INFLUENCE OF MULTI-SPECIES COUPLING ON
CHLORIDE PENETRATION IN CONCRETE

4.1. Introduction

The purpose of this chapter is to characterize the influence of multi-species coupling on
chloride penetration in concrete during the chloride diffusion and migration tests. The
numerical scheme of this chapter is covered in Section 3.1 and in relation to objective 1,
outlined in Section 1.2. Based on Poisson, Strong-EN, and Weak-EN models, the time-
space distributions of four ionic species (K*, Na®, CI, and OH") and the electric potential
gradient in concrete during chloride diffusion and migration tests can be evaluated and
compared. The differences and application scopes of these three models are discussed and

concluded in this chapter.

4.2. Numerical results of chloride diffusion test

Figs. 4.1-4.2 present the distributions of electric potential and potential gradient in
concrete calculated by Poisson, Strong-EN, and Weak-EN models. When Poisson’s
equation or current conservation law is employed as the governing equation, the
electrostatic potential and potential gradient in Poisson and Weak-EN models do not
remain at zero, even when no external voltage is applied during diffusion tests. The
presence of a small internal electric field in Poisson and Weak-EN models can be
attributed to the different mobilities of various ionic species in pore solution, as described
by Equations (2.12) and (2.20). Laplace’s equation (Equation (2.13)) used in Strong-EN
model releases the interactions between different ions. Hence, it is evident that the electric

potential and potential gradient in Strong-EN model are observed to be zero.

Figs. 4.3-4.6 show the distributions of chloride, hydroxyl, potassium, and sodium ions
after a 14-day diffusion test. The chloride profiles obtained from Poisson model and
Weak-EN model are almost the same, which is consistent with the findings from

Johannesson (2010a). Chloride penetration depths obtained from Poisson and Weak-EN
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models are slightly deeper compared to those from Strong-EN models. Due to the multi-
species coupling, the ionic distribution profiles in Poisson model and Weak-EN model for
other species are correspondingly altered. This means that the internal electric field
arising from multi-species coupling has the potential to accelerate ionic transport in
concrete. It is important to note that the difference in chloride ingress depth due to multi-
species coupling in diffusion tests is minimal, measuring less than 0.5 mm. This indicates
that the dominant driving force is still the concentration gradient, and the effect of multi-
species coupling is relatively minor and can be disregarded in diffusion test simulations.
Strong-EN model demonstrates its accuracy and simplicity in simulating the diffusion

process in saturated concrete.
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Figure 4.1 Comparison of electrostatic potential distribution profiles calculated by
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Figure 4.6 14-day diffusion profiles of sodium ions calculated by Poisson, Weak-EN,

and Strong-EN models
4.3. Numerical results of chloride migration test

Figs. 4.7-4.8 show the distribution profiles of electric potential and potential gradient
concrete after an 8-hour chloride migration test. According to Laplace’s equation
(Equation (2.13)), the electric potential gradient in Strong-EN model is constant and only
determined by the externally applied voltage and length of concrete, that is V@
=A@/L=480 V/m. This constant electric potential gradient indicates that the interactions
between different ionic species are released in Strong-EN model. However, the
electrostatic potential gradients obtained from Poisson and Weak-EN models exhibit
pronounced non-linearity and remarkable similarity. The observation in Fig. 4.8
highlights the presence of sudden jumps in the potential gradients in Poisson and Weak-
EN models, which vary both in position and time. The time- and space-varying electric
potential gradient in Poisson and Weak-EN models indicates that the migration velocity
of each ionic species varies with position and time. This is in contrast to the Strong-EN

model, where the electric potential gradient remains constant.
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Figs. 4.9-4.12 show that the ionic transport behaviors in Strong-EN model differ
significantly from those in Poisson and Weak-EN models under the action of different
electric potential fields. Generally, negatively charged chloride and hydroxyl ions migrate
towards the anode, while positively charged potassium and sodium ions move toward the
cathode. In Strong-EN model, the migration wave fronts of four species exhibit noticeable
differences and are proportional to their diffusion coefficients. For example, the diffusion
coefficient and wave speed of hydroxyl ions are nearly three times greater than those of
chloride ions. This observation further emphasizes that ionic transport occurs

independently from one to another in Strong-EN model.

In contrast, in Poisson and Weak-EN models, the wave fronts of similarly charged ionic
species are aligned at the same depth. For example, despite the significant difference in
diffusion coefficients between chloride and hydroxyl ions, their wave fronts are located
at the same position (approximately 25 mm from cathodic surface), as shown in Figs. 4.9
and 4.10. This phenomenon implies that multi-species coupling can accelerate chloride
ingress and slow down the removal of hydroxyl ions. Similarly, Figs. 4.11 and 4.12 show
the correspondingly altered transport behaviors of positively charged potassium and
sodium ions in Poisson and Weak-EN models. It is worth noting that, in contrast to
findings from the simulation of diffusion test (Section 4.2), the difference in ionic
distributions between linear and non-linear electric potential models for migration tests is
significant. This implies that an externally applied field can significantly enhance the
influence of multi-species coupling on ionic transport. These findings highlight the
significance of ion-ion interactions between different ionic species in simulating chloride

migration and indicate that such interactions cannot be ignored in the following study.

Fig. 4.13 shows the distributions of all variables obtained from Poisson and Weak-EN
models at three different times. It can be observed from Fig. 4.13 (a) that the nonlinearity
of electric potential becomes less noticeable over time. This phenomenon indicates that
the difference in migration speeds of different ionic species gradually decreases as
chloride ions permeate concrete. There are minor discrepancies in ionic distributions
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between Poisson model and Weak-EN model at the cathodic boundary. These differences

do not affect the calculation of chloride migration coefficients as given in Equation (2.45).

Despite the inclusion of electroneutral assumption ) (z;*C;) =0 in Weak-EN model, the
distributions of all ionic species and electric potential obtained from it are almost the same
as those obtained from Poisson model. This demonstrates that both Poisson model and
Weak-EN model proposed in Section 3.1 can be used to simulate multi-species transport
in migration tests. However, it is important to note that each model has a specific scope
of application. Firstly, as discussed in Section 2.2.3, Weak-EN model is suitable for tests

involving current or voltage boundaries, whereas Poisson model is limited to solving

F

E0&r

problems with voltage boundaries. Secondly, due to the order-of-magnitude of — in
Poisson’s equation reaching up to 10'%, the net charge Y (z;*C;) in concrete should be a
very small number to ensure that V2@ remains a finite value. Consequently, the solution
of Poisson model involves the multiplication of a very large number and an extremely
small number. This indicates that Poisson model requires higher precision, finer elements,
and longer computation times compared to Weak-EN model. Therefore, numerically,
Weak-EN model is a preferable option for achieving a balance between simulation
accuracy and the computational burden involved in modelling multi-species coupling.
Lastly, it should be noticed that the derivation of Equations (2.19) or (2.20) used in Weak-
EN model neglected the effects of other important phenomena, such as physical and/or
chemical reactions between ions and cement hydrates. The additional reaction terms
cannot be included in the constitutive assumption of current conservation law (Equation
(2.14)). In contrast, Poisson’s equation establishes a direct relationship between the
distribution of ions and electric field. Therefore, Poisson model is applicable for
modelling ionic transport while considering factors such as chloride binding and/or other

reactions involved in chloride penetration.
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Figure 4.7 Comparison of electrostatic potential distribution profiles calculated by

Poisson, Weak-EN, and Strong-EN models after 8-hour migration test
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Figure 4.9 Distribution profiles of chlorides calculated by Poisson, Weak-EN, and
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4.4. Summary

In this chapter, three multi-species models based on Poisson’s equation, Laplace’s

equation, and current conservation law are used to investigate the influence of ion-ion

interactions on chloride transport during diffusion and migration tests. By comparing the

distributions of individual ionic species and electric potential obtained from each model,

the following conclusions can be drawn:

1)

2)

3)

4)

5)

6)

The influence of multi-species coupling on chloride diffusion (when there is no

external electric field involved) is quite limited and can be ignored.

Laplace’s equation used in Strong-EN model releases the multi-species coupling.
Therefore, when conducting simulations focused solely on the diffusion process,

Strong-EN model is a suitable choice due to its accuracy and simplicity.

During the simulation of chloride migration tests, multi-species coupling
significantly increases the nonlinearity of electric field and accelerates chloride

ingress, making it imperative to consider multi-species coupling in simulations.

The similarity of ionic distribution profiles obtained from Poisson and Weak-EN
models implies that both Poisson's equation and the current conservation law can
adequately capture the influence of ion-ion interactions between different ionic

species.

Poisson model is suitable for simulating migration tests that involve the application
of voltage, while Weak-EN model is appropriate for migration tests with either

external current or voltage.

The solution of Poisson model requires high precision in finite element calculation
and a longer computation time. Weak-EN model offers a better balance between

computation burden and accuracy when modelling multi-species transport in
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7)

migration tests.

Poisson model establishes a direct relationship between the distribution of ions and
the electric field in concrete. In comparison to Weak-EN model, it is more adaptable

for simulating cases involving chemical and/or physical reactions.
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CHAPTER 5 INFLUENCE OF HETEROGENEITY OF CONCRETE
ON CHLORIDE PENETRATION

5.1. Introduction

As has been mentioned in Chapter 4, ion-ion interactions between different ionic species
can be ignored when there is no external electric field involved. This means that chloride
transport in diffusion tests can be assumed to be independent of the transportation of other
ionic species. Hence, only chloride is considered in the five-phase numerical model and

two-step analytical model used in this chapter.

This chapter focuses on chloride transport properties in heterogenous NAC and RAC
during chloride diffusion tests, considering the presence of different phases, including the
old ITZ, old mortar, new ITZ, and new mortar. The numerical scheme of this chapter is
covered in Section 3.2 and in relation to objective 2, outlined in Section 1.2. The variation
of effective chloride diffusivity of RAC is investigated with respect to different volume
fractions and quality of old mortar and old ITZ, replacement rate of RCA, properties of
new ITZ, and total volume fractions of aggregates. The accuracy of both analytical and
numerical models is validated against existing experimental and numerical studies

published in literature.

5.2. Results and Discussion

5.2.1. Numerical results

The distribution of aggregates in five-phase concrete models exhibits variability and
uncertainty because all aggregates are randomly generated and positioned, as described
in Section 3.2.1. Fig. 5.1 shows several geometric models with the same aggregate
parameters (V74=0.3, Vo,=0.3, Vrca=0.5, dnin=2mm, dpne=15mm, Fuller gradation). Yu
and Wu (2019) reported that the mechanical and durability properties of NAC or RAC

may vary due to the random distribution of aggregates. And they found that the
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mechanical properties of concrete gradually tend to be stable as the number of samples
increases. If the number of numerical samples is too small, effective chloride diffusivity
cannot be accurately assessed. A large number of numerical samples will lead to time-
consuming computation. Hence, it is crucial to determine an appropriate number of

numerical samples before investigating the influences of each phase in concrete.
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Figure 5.1 Geometric models with randomly generated and located aggregates (V' 74=0.3,

Vor=0.3, Vrca=0.5, dmin=2mm, dna=15mm, Fuller gradation)

For comparison, the chloride diffusivity of RAC is normalized as a ratio between the
effective diffusivity of RAC and that of new mortar (Dey/Dum). Figs. 5.2 and 5.3
demonstrate the variations of the average and standard deviations of normalized
diffusivity with the number of numerical samples. Four RCA replacement rates, 0, 0.2,
0.5, and 1, are involved, and other parameters are the same as those in a standard case as
listed in Table 3.2. When the number of numerical samples reaches 15, both the average
values and standard deviations of chloride diffusivity of RAC remain almost unchanged,
indicating that 20 random trials for each specific RAC model are adequate for the

following investigation.
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Moreover, aggregate shape varies and is irregular in realistic situations. However, in most
existing numerical models, aggregates are assumed to be perfect circles. To investigate
the influence of aggregate shape, NA and/or RCA are assumed to be circles and irregular
polygons, respectively. Other aggregate parameters are the same as those used in Fig. 5.1.
Chloride diffusivities in each phase are identical to the values listed in Table 3.2 under
the standard case. To avoid the influence of the random distribution of aggregates, 20
numerical samples are generated for each concrete model with different aggregate shapes.
Fig. 5.4 plots the average normalized chloride diffusivities of concrete with different RCA
replacement rates and different aggregate shapes. Aggregate shape has an insignificant
impact on chloride diffusion in both NAC and RAC, with a maximum difference of only
2.3% between circular and irregular aggregate cases. This indicates that the shape effects
on chloride transport can be neglected. Thus, the circular aggregates can be used in

subsequent investigations.
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The most notable difference between RCA and NA is the presence of old mortar in RCA

that cannot be completely removed. An investigation of the content and chloride

resistance of old mortar in RCA is conducted in this section with four RCA replacement
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rates. Other input parameters are identical to those used in standard case (Table 3.2). Fig.
5.5 presents the variation of the normalized diffusion coefficient in RAC with different
volume fractions of old mortar in RCA. As expected, the old mortar content in RCA has
a significant impact on the chloride resistance of RAC. Specifically, when there is a
greater amount of mortar adhering to old natural aggregates, the chloride resistance of
RAC is reduced. The negative effect of old mortar becomes more pronounced as the
replacement rate of RCA increases. Specifically, when V,, increases from 0.1 to 0.5, the
effective diffusivity increases by 0%, 3.7%, 11.5%, and 31.3% for a given Vrc4 0f 0, 0.2,
0.5, and 1, respectively. This can be explained by the fact that, when V,, in RCA is

constant, the total amount of old mortar in concrete increases as Vrca increases.

Fig. 5.6 illustrates the variation of normalized chloride diffusivity of RAC with different
chloride diffusivities of old mortar. The results demonstrate that when Vo, is 0, RAC is
essentially equivalent to NAC, and effective chloride diffusivity is unaffected by the
chloride permeability of old mortar. In cases where V,, is non-zero, the chloride
resistance of RAC increases with decreasing diffusivity in old mortar. This tendency is
particularly noticeable in RAC with a higher content of old mortar. Even when RCA is
obtained from high-quality parent concrete (low chloride diffusivity, kom = 0.2), the
chloride resistance of RAC is still lower than that of NAC. That highlights the importance

of prioritizing chloride prevention in concrete structures utilizing RCA.
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As shown in Fig. 3.4, the assumption of a uniform coating of old ITZ on aggregate surface
may underestimate or overestimate the volume fraction of old ITZ. To examine the effects
of volume fraction of old ITZ, three different thicknesses of old ITZ (40 pm, 80 um, 120
um) are employed in analysis. Other input parameters remain the same as those employed
in Table 3.2 (standard case). Fig. 5.7 shows the variation of effective chloride diffusion
coefficients for RAC with varying old ITZ thicknesses. With an increase in the
replacement rate of RCA from 0.2 to 1, the increasing amplitude of effective diffusivity
changes from 6.8% to 19.2% to 42.4% when the thickness of old ITZ ranges from 40 to
80 um. This indicates that the presence of old ITZ, even though it is relatively small in

scale, can still affect the durability of concrete in terms of chloride resistance.
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of old ITZ

As a bond connecting two phases with different properties, ITZ is inherently more porous
(Scrivener, 1999; Diamond and Huang, 2001). In practice, the diffusion properties of old

and new ITZs vary from batch to batch. Existing studies have summarized that the
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diffusivity ratio between ITZ and mortar (ki) is in the range of 1.3~18.5 (Hu et al., 2018).
Five diffusivity ratios (kiz), 1, 5, 10, 15, and 20, are selected to demonstrate the impact of
ITZ diffusion properties. The RCA replacement rate ranges from 0 to 1 while maintaining
a fixed old mortar content of V,,=0.3. Figs. 5.8 and 5.9 show the variation of normalized
chloride diffusivity of concrete with various diffusivities of new and old ITZs. It is clear
that the chloride resistance of RAC consistently decreases with increasing chloride
diffusivities in both new and old ITZs. The relationship between the diffusivity in new
ITZ and the chloride resistance of concrete is not influenced by the replacement rate of
RCA. For example, when ki of new ITZ increases from 1 to 20, the effective diffusivity
of concrete increases by 19.6%, 26.4%, 24.8%, and 18.2% for a given Vzc4 00, 0.2, 0.5,
and 1, respectively. However, the influence of diffusivity in old ITZ obviously increases
with RCA replacement rate. Specifically, when k.- of old ITZ increases from 1 to 20, the
effective diffusivity of concrete increases by 0%, 2.8%, 8.7%, and 16.8% for a given Vrca4
of 0, 0.2, 0.5, and 1, respectively. This is probably because a higher RCA replacement
rate can result in a greater total volume fraction of old ITZ, thereby significantly
increasing the influence of old ITZ. While the RCA replacement rate does not show a

clear correlation with the total volume fraction of new I'TZ in the present five-phase model.
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Fig. 5.10 shows the effects of the total volume fraction of aggregate on the normalized
chloride diffusivity of concrete with four different RCA replacement rates. As expected,
the chloride diffusivity of RAC decreases with an increased volume fraction of all
aggregates, while it increases with an increase in RCA replacement rate. It can be found
that the effective diffusivity of concrete is consistently lower than that of new mortar due
to the presence of impenetrable parts in both NA and RCA, which differs from the
findings from Ying et al. (2013a) and Hu et al. (2018). The possible reason is that the

volume fractions and chloride diffusion coefficients of old mortar within RCA used in

their models are higher than those used in present five-phase models.
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Figure 5.10 Normalized chloride diffusivity in NAC and RAC with various total volume

fractions of aggregate

5.2.2. Validation of five-phase numerical model

To validate the accuracy of the present multi-phase model, a benchmark model has been

developed in Section 3.2. All input parameters are directly taken or estimated from
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experimental data from Kou and Poon (2012), as given in Section 3.2.1. For comparison,
the chloride resistance capacity of RAC is normalized as the ratio between the effective
diffusivity of RAC and NAC (Dey/Defn). Deyr and D, represent the effective chloride

diffusion coefficient of RAC and NAC, respectively.

Fig. 5.11 shows that the predicted results agree well with the experimental results. This
confirms the accuracy and appropriateness of the present multi-phase numerical model
for calculating the effective chloride diffusivity of both NAC and RAC. Additionally, the
normalized chloride diffusivity decreases with increasing w/b in new mortar. It should be
noted that the normalized value represents the chloride diffusivity ratio between RAC and
NAC, rather than the absolute chloride diffusion coefficient of concrete. Therefore, this
decreasing trend does not imply that RAC with lower w/b in new mortar exhibits higher
chloride resistance. Instead, it suggests that the use of RCA has a more significant

influence on the chloride resistance of concrete with a lower w/b ratio.
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Figure 5.11 Comparison of relative chloride diffusion coefficient of predicted results
from present five-phase model and measured results from experiments conducted by
Kou (2012)
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5.2.3. Analytical results

Numerical results from Section 5.2.1 (Fig. 5.4) have shown that the shape of aggregate
has a negligible effect on the effective chloride diffusivity of concrete. Thus, the
assumption of spherical aggregates in EMA and MLSA used in two-step analytical model

is appropriate.

The effect of RCA on the diffusivity of RAC is mainly due to its permeable feature caused
by the adhering old mortar and ITZ in the RCA. Thus, it would be of interest to see how
the effective diffusion coefficient of RCA varies with the volume fraction of old mortar
in the RCA. The effects of the volume fraction and diffusivity of old mortar on the
effective chloride diffusion coefficient for RCA are depicted in Fig. 5.12. The chloride
resistance of RCA increases with both the content and diffusivity of old mortar. Moreover,
it seems that the effect of the chloride diffusivity of old mortar is more remarkable than
the effect of its volume fraction. Specifically, when the volume fraction varies from 0.1
to 0.8, the effective diffusivity of RCA increases by 13% for a given kom of 0.2. Whereas
the increase becomes more significant, exceeding 200%, when ko, is set to 3.0. When the
normalized diffusivity of RCA exceeds one, it becomes the most vulnerable part of RAC
to chloride attack. Hence, RCA with high-content and low-chloride-resistance mortar
should be avoided in construction. Compared with old mortar, the volume fraction of ITZ
in RCA is very limited. However, Fig. 5.13 shows the significant impact of old ITZ on
the durability of RCA in terms of chloride penetration. For example, when the volume
fraction of old ITZ in RCA increases from 0.01 to 0.04, the effective diffusivity of RCA

increases by 5.2%, 7.9%, and 14.1% for a given ki- of 5, 10, and 20, respectively.
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Fig. 5.14 shows the variation of the effective chloride diffusivity of concrete with different
total volume fractions of aggregate. As expected, the chloride resistance of concrete
increases with an increasing volume fraction of aggregates, regardless of the RCA
replacement rate. This can be explained by the fact that the total amount of impermeable
parts in both RAC and NAC increases with an increasing volume of aggregate in concrete.
Additionally, the increasing rate varies significantly depending on RCA replacement rates
used. The chloride diffusivity of concrete with a higher replacement rate of RCA
decreases at a much slower rate than that of concrete with a lower replacement rate of
RCA. Specifically, in the case of V74 = 0.5, the normalized effective diffusivity of concrete

with Vrcq = 0.2 is almost 1.6 times that of the fully replaced RAC (Vrca = 1).

D,/ D,,

0.0 0.2 0.4 0.6 0.8

Volume fraction of total aggregates in concrete

Figure 5.14 Effect of total volume fraction of aggregate on normalized chloride

diffusivity for RAC
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Figure 5.15 Effect of the new ITZ on normalized chloride diffusion coefficient for

concrete. (a) Volume fraction of new ITZ and (b) diffusivity in new ITZ

Fig. 5.15 shows the impact of volume fraction and diffusivity of new ITZ on the chloride
resistance of concrete. The normalized chloride diffusion coefficient in concrete exhibits
a linear increase with the replacement rate of RCA. The increasing rate slightly declines
with increasing volume fraction and chloride diffusivity of new ITZ. Moreover, it seems
like the effect of volume fraction and diffusivity of new ITZ on chloride diffusion appears
to be nearly equivalent. For instance, in the case of Vrcs = 0.5, when D, is doubled while
keeping Vuir- fixed, the effective chloride diffusivity of RAC increases by approximately
13.2%. Similarly, when V.. is doubled while keeping Dy fixed, the increase in chloride

diffusivity is about 13.8%.

5.2.4. Validation of two-step analytical model

To validate the accuracy of the present two-step model, the effective chloride diffusivities
obtained from the two-step analytical model and those from the numerical model
proposed by Yu and Lin (2020) are compared. The effect of w/c ratio in old mortar is
investigated. Input parameters in benchmark model are directly taken or estimated from

a multi-phase numerical model conducted by Yu and Lin (2020). The total volume
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fraction of coarse aggregate in concrete and the volume fraction of old mortar in RCA are
0.22 and 0.35, respectively. The calibrated chloride diffusivities and volume fractions of
each phase used in benchmark model are Doy=2.25kom>x 1072 m/s%, ki=1.5, Dyn=6.0 x10-
2 m/s?, Voirr=Vizi=Vnit2=0.01, where kom is a constant with k.» =1.0 and 3.25 for
w/b=0.45 and 0.65, respectively, for the two types of RCA used. For comparison, the
chloride resistance capacity is normalized as the ratio between the effective diffusivity of
RAC and NAC. Fig. 5.16 shows the impacts of w/c in old mortar on the chloride
resistance of concrete with different RCA replacement rates. It can be seen from the figure
that the chloride resistance of concrete can be improved by enhancing the quality of RCA,
such as by using RCA with a lower w/c ratio (Vazquez et al., 2014; Ozbakkaloglu et al.,
2018). It is evident that analytically predicted chloride diffusivities coincide well with
those from Yu’s simulation. This high level of agreement indicates that the two-step
analytical model is reliable and accurate in predicting the effective chloride diffusivity of

concrete containing both NA and RCA.
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— — analytical model--old w/c=0.65 Jo
O model of Yu--old w/c=0.45 -
1.20 - 0 model of Yu--old w/c=0.65 P
S 1.15
Q
~
$
Q 1.10 H
1.05
1.00 €
: T y T y T y T y
0.0 0.2 0.4 0.6 0.8 1.0
Replacement rate of RCA

Figure 5.16 Comparison of effective chloride diffusivities from present two-step
analytical model and numerical model proposed by Yu and Lin (2020) (Des» represents
the effective chloride diffusion coefficient of NAC)
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5.3. Summary

Based on the five-phase numerical model and two-step analytical model proposed in

Section 3.2, the influence of each phase, such as old aggregate, old ITZ, old mortar, new

ITZ, and new mortar, on the chloride resistance of concrete has been evaluated. Numerical

and analytical results lead to the following conclusions:

1)

2)

3)

4)

5)

Aggregate shape shows insignificant influence on the effective chloride diffusion
coefficient in RAC or NAC. Circular aggregates can be employed in the multi-phase

numerical simulations.

Replacing NA with RCA in concrete can increase the effective chloride diffusion
coefficient in concrete because RCA is generally not impermeable. The magnitude of
the increase in effective diffusivity of concrete is dependent on the quality of RCA,

including the volume fraction and chloride diffusivity of old mortar and ITZ.

Despite the volume fraction of ITZ is relatively small, its influence on the effective
chloride diffusivity of concrete is significant and cannot be ignored. An increased
volume fraction and chloride diffusivity of ITZ can result in lower chloride resistance

in concrete.

The effective diffusion coefficient shows a decline as the total volume fraction of
aggregates increases, regardless of the RCA replacement rate. Moreover, concrete
with a higher RCA replacement rate exhibits a smaller decrease in effective

diffusivity compared to concrete with a lower RCA replacement rate.

Comparison between predicted effective diffusivities and those obtained from
experimental tests or numerical simulations demonstrates that the present five-phase
numerical model and two-step analytical are reliable and appropriate for simulating

chloride diffusion in concrete containing both NA and RCA.
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CHAPTER 6 INFLUENCE OF POLARIZATION AT ELECTRODES
ON CHLORIDE TRANSPORT IN MIGRATION TEST

6.1. Introduction

As mentioned in Chapter 5, the shape of aggregates has a negligible influence on chloride
transport in concrete. Results from Chapter 4 emphasize the importance of considering
multi-species coupling when simulating migration tests. Hence, the overpotential model

used in this chapter incorporates multi-species coupling and circular aggregates.

This chapter focuses on chloride transport properties in heterogenous NAC and RAC
during chloride migration tests, considering the influence of polarization at electrodes.
The numerical scheme of this chapter is covered in Section 3.3 and in relation to objective
3, outlined in Section 1.2. The distribution of chloride, hydroxyl, sodium, and potassium
ions within concrete, as well as the time-varying overpotential at electrode-concrete
interfaces, are quantitatively predicted using SNIA. The simulation results are verified
with experimental data published in the literature. In addition, the effects of externally
applied voltage, Tafel parameters, initial ionic concentration in pore solution, and RCA

on the overpotential and chloride penetration are analyzed in a quantitative manner.

6.2. Validation of overpotential model

To validate the reliability of the present overpotential model and estimate the influence
of polarization on chloride ingress in migration tests, two benchmark models are proposed
in Section 3.3. All input parameters are directly taken or estimated from experiments
conducted by Castellote et al. (1999) and Jiang et al. (2013), as given in Table 3.6. The
non-steady-state migration coefficient is calculated based on a specific chloride ingress
depth (Equation (2.45)). In this chapter, a threshold concentration of 70 mol/m? is used as
the criterion to determine chloride penetration depth in both numerical and experimental

studies, following the recommendation in NT BUILD-492 (1999).
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Fig. 6.1 plots a comparison between the numerical and experimental results of effective
chloride penetration depth. It is evident that results from overpotential models are in good
agreement with those from experiments. This means that the present overpotential model
is rational to simulate the chloride transport in concrete under the action of an external
electrical field. The fluctuations and small deviation observed in the simulation of
Castellote’s experiments may be attributed to the random distribution of aggregates, as
shown in Fig. 3.11. Moreover, the obvious discrepancy between the experimental and
non-overpotential numerical results indicates that chloride diffusivity would be
overestimated if the overpotential between electrode and concrete surface is ignored.
Hence, the simulation of chloride transport within concrete must include the external

polarizing process.
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Figure 6.1 Comparison of chloride penetration depths between experimental and

numerical research
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6.3. Results and discussion

6.3.1. Applied voltage

In this section, three external voltages (8, 16, 24 V) are employed in simulation to
investigate the variation in overpotential and ionic concentration distribution during
migration test. Other input parameters are the same as those in standard case, listed in

Table 3.4.

Fig. 6.2 shows that the overall overpotential slightly increases with the increase in
externally applied voltage, ranging from 2.07 to 2.24 V. This finding is consistent with
the findings from Megrath and Hooton (1996), where the overpotential ranged from 1.91
to 2.36 V when the externally applied potential increased from 6 to 30 V. According to
Equations (3.5)-(3.8), the increase in overpotential can be attributed to the increase in
current density, as shown in Fig. 6.3. It is observed that both the difference in
overpotential between 8 V-, 16 V- and 24 V-models and the value of overpotential show
a decreasing trend with time. This is because the discrepancies in current density between

8 V-, 16 V- and 24 V-models decrease quickly during the first 12 hours (see Fig. 6.3).

The external overpotential in turn affects the concentration distribution of chlorides
within concrete. Taking the 24 V-model as an example, the overall overpotential gradually
decreases over time from 2.26 to 2.14 V. Correspondingly, based on Equations (3.3) and
(3.4), the actual electric potential difference throughout concrete decreases approximately
8.9~9.4% compared to that applied on two electrodes. This means that the driving force
for ionic transport, offered by external electric field, is reduced by the outside polarizing
process. Therefore, the chloride penetration depths in overpotential models are
significantly smaller than those in non-overpotential models, as shown in Fig. 6.4. The
red line in Fig. 6.4 represents the effective chloride penetration depth, determined by a

threshold concentration of 70 mol/m°.
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Figure 6.4 Concentration distributions of chlorides in 24V-models with and without

overpotential

To provide a more intuitive description of the influence of overpotential, Figs. 6.5 and 6.6
present the concentration profiles of all ionic species at different times and applied
voltages. The profiles are obtained by averaging ionic concentrations at each depth in
concrete. Fig. 6.5 shows that the difference in chloride penetration depth between models

with and without considering overpotential becomes more pronounced over time, even

133



though total overpotentials decrease during this process. It can be observed from Fig. 6.6
that with an increase in external voltage, the depth of chloride ingress into concrete also
increases. This is because the movement speed of each ionic species in concrete is higher
under a stronger electric field. However, the effect of overpotential on chloride
penetration tends to increase as external voltage decreases. Specifically, the polarization-
induced reduction in chloride penetration depth is approximately 1.5 times greater at 8 V
applied voltage compared to 16 V applied voltage and 2.4 times greater at 8 V compared
to 24 V. This discrepancy arises because the overpotential causes a proportional reduction
of the electric driving force by approximately 25% in the 8 V-case, whereas in the 24 V-
case, this reduction is around 7%. This indicates that the decrease in chloride ingress is
determined not only by the magnitude of overpotential but also by its proportion to

external voltage.

The transportation of potassium, sodium, and hydroxyl ions is also affected by external
polarization. Figs. 6.4 and 6.5 show that the influence of overpotential on positively
charged potassium ions is more significant compared to its impact on sodium ions. This
can be attributed to two potential reasons. Firstly, potassium ions have larger diffusion
coefficients than sodium ions. Secondly, the NaOH solution employed in an anodic
electrolyte could provide a sufficient supply of sodium ions moving through concrete

specimens.
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6.3.2. Tafel parameters

In this section, the effects of Tafel slope and exchange current density, which describe the
electrode and electrolyte conditions, are investigated through five cases: Highest case,
High case, Base case, Low case, and Lowest case. The Tafel parameters used for each
case are given in Table 3.7. External voltage and initial ionic concentrations are the same

as those listed in Table 3.4.

Fig. 6.7 presents the overall overpotentials in cases with different Tafel slopes and
exchange current densities after 1-hour, 12-hour, and 24-hour migration tests. As expected,
the overall overpotential is inversely proportional to exchange current density and is
proportional to Tafel slope. Moreover, the influence of Tafel slope on overpotential value
is significantly greater than that of exchange current density. Specifically, the value of
overpotential in Highest or High case is three times higher than that in Lowest or Low
case. In Highest and High cases, the overall overpotential holds in the range of 3.09~3.71
V, which is significantly higher than values measured or adopted in Megrath and Hooton’s
(1996) or NT BUILD-492 (1999). Therefore, selecting appropriate Tafel parameters is

crucial for conducting numerical studies on migration tests.

For comparison, Fig. 6.8 summarizes the concentration profiles in overpotential models
with different Tafel parameters and the non-overpotential model. A lower overall
overpotential caused by polarization leads to a higher electric potential difference
throughout concrete in migration tests, resulting in an increased chloride penetration
depth. It can be observed that there is no significant difference in ionic concentration
between Lowest case and Low case, or between Highest case and High case. Conversely,
there is a noticeable difference between Low case and Base case, as well as between High
case and Base case. This implies that the impact of Tafel slope on ionic transport is more
pronounced compared to that of exchange current density. Additionally, a high Tafel slope
can magnify the effect of exchange current density on both the overpotential value and

chloride penetration depth.
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6.3.3. Initial concentration

This section investigates the effect of initial ionic concentrations of all ionic species,
which are influenced by the choice of binders and mix design in concrete. Three cases,
Casel, Case2, and Case3, are presented in Table 3.5 to represent different initial ionic
concentration scenarios. External voltage and Tafel parameters used in each case are

provided in Table 3.4.

Fig. 6.9 clearly demonstrates that overall overpotential increases with the increase in
initial concentration in pore solution. This can be explained by the fact that a higher ionic
concentration results in a greater current density flowing through the concrete boundaries,
as illustrated in Fig. 6.10. Consequently, this affects the magnitude of overpotential.
Furthermore, it is evident from Fig. 6.10 that the differences in current densities among
the three cases remain relatively constant over time. Correspondingly, the differences in
overpotential between each case remain nearly constant over time, with values ranging
from 0.1 to 0.2 V. Fig. 6.11 exhibits the distribution profiles of all ionic species in concrete
with varying initial ionic concentrations. It demonstrates that initial ionic concentrations
have a considerable impact on the total amount of chlorides that penetrate into concrete.
Higher initial concentrations result in a greater total amount of chloride ions penetrating
concrete. However, the variation in chloride penetration depth is relatively small in three
cases. Additionally, it is evident that the influence of overpotential on chloride penetration

depth becomes more obvious when the initial ionic concentrations are higher.
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ionic initial concentrations after 24-hour migration test

6.3.4. Recycled concrete aggregate

As presented in Figs. 5.5 and 5.7, the effective chloride diffusivity of concrete increases
significantly with an increase in RCA replacement rate. Hence, based on Equation (2.14),
the current flow through concrete would vary with RCA replacement rate, ultimately
affecting the value of overpotential at electrode-concrete interfaces. This section
examines the influence of incorporating RCA in concrete on overpotential and ionic

distributions. Three replacement rates (0, 0.5, and 1) are employed.

Fig. 6.12 summarizes the variation of overall overpotential with different RCA
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replacement rates. It shows a positive correlation between the volume fraction of RCA
used in concrete and the magnitude of overpotential. The influence of using RCA in
concrete on overpotential is limited. It suggests that the same overpotential can be used
to simulate ionic transport in both NAC and RAC specimens. Fig. 6.13 indicates that the
presence of RCA has an obvious impact on chloride ingress. An increase in the volume
fraction of RCA results in a greater depth of chloride penetration. Specifically, the
chloride penetration depth increases by 37% when all natural aggregates are replaced by
recycled aggregates. Simultaneously, the distributions of potassium, sodium, and
hydroxyl ions undergo corresponding changes. The overpotential has a limited effect on
the migration of sodium ions, which is identical with the results from Fig. 6.5. The

explanation for this phenomenon is provided in Section 6.3.1.

Total overpotential at electrodes (V)

1H 4H 12H 24H
Migration test time

Figure 6.12 Variation of overall overpotential at electrode-concrete interfaces for

models with different replacement rate of RCA
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Figure 6.13 Concentration profiles of CI, OH", K, Na" ions in models with different

replacement rate of RCA after 24-hour migration test

6.4. Summary

Based on the overpotential model proposed in Section 3.3, the variation of overpotential
and its effects on the time and space distributions of all ionic species in concrete during
chloride migration tests are presented. This chapter also performed a parametric analysis
on the external voltage, initial ionic concentration, Tafel parameters, and replacement rate

of RCA. Based on the numerical results obtained, the following conclusions can be drawn:

1) Taking into account the polarization at electrodes, the potential difference across a
concrete specimen is reduced by 7~25% compared to externally applied voltage in

various cases, resulting in a decrease in chloride penetration depth.

2) Overall overpotential gradually decreases over time as the current density decreases
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3)

4)

5)

6)

during the migration test. However, the influence of overpotential on the ionic

distribution of all ionic species becomes more evident with time.

The influence of polarization on ionic transport depends on both the value of
overpotential and its magnitude relative to externally applied voltage. Overpotential

effect on chloride penetration is less pronounced at higher externally applied voltages.

Overall overpotential significantly increases with the increase in Tafel slope, whereas

it slightly drops with the increasing exchange current density.

Initial ionic concentration in pore solution has a limited effect on both overpotential
and chloride penetration depth. However, there is a noticeable increment in the total

amount of penetrated chloride ions with an increase in initial ionic concentration.

The application of RCA significantly reduces the chloride resistance of concrete, but

its effect on overpotential is limited.
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CHAPTER 7 INFLUENCE OF CHLORIDE BINDING ON IONIC
TRANSPORT IN MIGRATION TEST

7.1. Introduction

In Chapter 7, a numerical analysis has been conducted on the chemical and physical
reactions between free ions in pore solution and cement hydrates, specifically focusing
on the chloride binding reactions and their influence on ionic transport in migration tests.
The numerical scheme of this chapter is covered in Section 3.4 and in relation to objective
4, outlined in Section 1.2. In reactive mass transport model, the formation and/or
dissolution of cement hydrates related to chloride ingress, along with the corresponding
variation in porosity, as well as the physical reactions on C-S-H surface are included. In
non-equilibrium binding model, the adsorption and desorption of all ionic species are
considered using a Langmuir binding isotherm. As suggested in Chapter 4, multi-species
coupling is considered in these two migration models. The application of thermodynamic
reaction equilibrium and non-equilibrium binding in simulating chloride migration tests
is calibrated with existing experimental research. The comparison results indicate that the
reactive mass transport model is more accurate and reliable for predicting chloride

transport within concrete during migration tests.

7.2. Validation of reactive mass transport model

To compare the differences between reactive mass transport model and non-equilibrium
binding model and to determine which one provides a more accurate simulation of
chloride profiles during migration tests, the normalized distribution profiles of chlorides
(Cci/Cci0) from these two numerical models are compared with those obtained from an

experiment conducted by Jiang et al. (2013).

Fig. 7.1 compares the normalized distribution of chlorides at three different times from
experiments, non-equilibrium binding modelling, and no binding modelling. It exhibits

that when binding effect is ignored in simulation, chloride ions ingress into a deeper layer
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of concrete, resulting in an overestimation of chloride migration coefficient. Chloride
penetration depth obtained from non-equilibrium model fits well with that from Jiang’s
experiment. However, it is evident that the chloride concentration profiles obtained from
non-equilibrium binding model present a sharp migration front, which is significantly
different in shape compared to the experimental profiles. In the numerical models of
migration tests conducted by Xia and Li (2013), Savija et al. (2014), Liu et al. (2015a),
and Liu et al. (2015b), the chloride profiles also exhibit an obvious migration front. The
difference between the chloride profiles obtained from numerical simulations and
experimental measurements indicates that non-equilibrium binding model cannot
accurately capture the transport behavior of chlorides during migration tests. One possible
explanation for this difference is that the pre-designed binding isotherm used in non-
equilibrium binding model is unsatisfactory in describing the real reaction kinetics in

concrete during the chloride ingress process (Tang, 1996).

Fig. 7.2 presents a comparison of the normalized distribution of chlorides at three
different times obtained from experiments and reactive mass transport modelling.
Chloride profiles from reactive model present a gradual shape that agrees well with that
from experiment. This indicates that the thermodynamic equilibrium (dissolution and
formation of solid cement hydrates and surface reactions on C-S-H) used in reactive
model is rational and appropriate for simulating chloride migration tests. Therefore,
reactive mass transport model, rather than non-equilibrium binding model, is employed
in subsequent parametric analyses. Fig. 7.3 exhibits that the porosity of concrete slightly
increases as chloride ions ingress into it, which is consistent with the findings from Qiao
et al. (2018). One possible explanation for the limited change in porosity could be the
relatively short duration of migration tests in the present simulations, which may not have
allowed sufficient time for reactions between free ions and cement hydrates (Lothenbach,
2010). In turn, the variation of porosity slightly speeds up the ionic transport in concrete,
as shown in Fig. 7.2. The difference between results obtained from reactive models with
and without considering pore evolution is negligible due to the limited variation of
porosity.

145



L P '- — et \ A 6H-Experiment
‘| \ —— 6H-Non-equilibrium binding model
! .
c X : | = «=<6H-No binding model
S @ \ l I 12H-Experiment
| ° -Experimen
© o08q, X i ! : P
= A ° H | 12H-Non-equilibrium binding model
<5} ]
8 b }l{ | I = = 12H-No binding model
) .
8 A H : % 18H-Experiment
o 06 X ! |
o : | 18H-Non-equilibrium binding model
S : | = - 18H-No binding model
= |
= o |
© 04 Al & x| |
' .
g : I
S . x |
(1} | )
' X .
E o] a1 ; :
o ’ | | l
Z ' I
: B
0 A“-.’_.L : :
0 10 20 30 40 50

Chloride penetration depth (mm)

Figure 7.1 Comparison of distribution profiles of chloride ions obtained from

experiment, non-equilibrium binding and no binding models
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Figure 7.3 Variation in porosity during the chloride migration test

7.3. Results and discussion

7.3.1. Distributions of ionic species and hydration products

Fig. 7.4 presents the distributions of free chloride ions in pore solution, related cement
hydrates, and porosity after a 24-hour migration test. Under the action of an external
electric field, negatively charged chloride ions migrate towards the anode. The ingress of
chlorides can break the equilibrium between free ions and cement hydrates, resulting in
the precipitation or dissolution of hydration products and new thermodynamic reactions
between chloride ions and C-S-H as listed in Table 2.1 (Lothenbach, 2010; Hosokawa et
al., 2011; Tran et al., 2018). These reactions eventually lead to a decrease in the content
of AFm phase and C-S-H reaction sites, while simultaneously promoting the formation
of Friedel’s salt and =SiOCI, as shown in Figs. 7.4 (¢) and (d). As given in Table 3.8, the
concentration of C-S-H reaction sites is significantly greater than that of AFm phase.

Nevertheless, the concentration of chemically bound chloride is much higher than that of
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physically bound chloride, which agrees with the findings of simulations conducted by
Hosokawa et al. (2011b) and Yu et al. (2019). This explains the fact that C-S-H has a
lower chloride-binding ability compared to AFm (Florea and Brouwers, 2012). Figs. 7.4
(d) and (f) indicate a similar increasing trend in both porosity and Friedel’s salt as
chlorides ingress into concrete. This can be attributed to the lower average molar density

of Friedel’s salt compared to that of AFm phase, as listed in Table 2.3.

Figs. 7.5-7.7 summarize the distributions of OH", SO4*, and AI(OH)s ions and the
corresponding cement hydrates. Under the action of an electrical field, all negatively
charged ions move towards the anode. Despite having different diffusion coefficients,
their migration fronts are nearly identical due to the multi-species coupling. It should be
pointed out that the initial concentration of sulfate ions is only 2 mol/m>. However, Fig.
7.6 (a) reveals that sulfate ions gradually accumulate within concrete, reaching over 35
mol/m? after a 24-hour migration test. This accumulation is attributed to the chemical
reaction between AFm and chlorides, which releases sulfate ions into pore solution. The
released sulfate ions can then react with AFm and C-S-H to form AFt and =SiOCaSOy,
as shown in Figs. 7.6 (b) and (c). According to the reaction equations listed in Table 2.1,
the dissolution of AFm phase can also release AI(OH)4™ ions from solid phase to pore
solution. However, the distribution of AI(OH)4™ will not accumulate in concrete as shown
in Fig. 7.7. This is because once AI(OH)4 ions dissolve into pore solution, they
instantaneously react with chloride and calcium ions and form Friedel’s salt (Baur et al.,

2004), as given in Table 2.1.

From Figs. 7.8-7.10, it is observed that positively charged ionic species migrate towards
the cathode during migration test. Sodium ions exhibit a different behavior compared to
other cations, likely due to the NaOH solution in an anodic cell supplies sufficient sodium
ions for the migration process. The variation in distribution profiles for physically bound
cations follows a similar trend to that of free cations. Additionally, the concentrations of
physically bound hydroxyl, potassium, sodium, and calcium are significantly lower
compared to physically bound chloride. This can be attributed to the infinitesimal
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equilibrium constants of reactions between these ionic species and C-S-H, as provided in

Table 2.1.

(e) Reaction sites on C-S-H surfaces (f) Porosity (%)

Figure 7.4 Distribution of chloride ions, related hydrate phases, and porosity in concrete

after 24-hour migration test (mol/m?)
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(a) Free hydroxyl ions (b) Physically bound hydroxyl
Figure 7.5 Distribution of free and bound hydroxyl in concrete after 24-hour migration

test (mol/m?)

(c) AFt

Figure 7.6 Distribution of free sulfate ions and related solid phase in concrete after 24-

hour migration test (mol/m?)
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Figure 7.8 Distribution of free and bound potassium after 24-hour migration test
(mol/m?)

(a) Free sodium ions (b) Physically bound sodium
Figure 7.9 Distribution of free and bound sodium in concrete after 24-hour migration
test (mol/m?)
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(a) Free calcium ions (b) Physically bound calcium

Figure 7.10 Distribution of free and bound calcium in concrete after 24-hour migration

test (mol/m?)

7.3.2. AFm content

In this section, three different initial concentrations of AFm phase are considered: 100
mol/m? in Case 1, 150 mol/m? in Case 2, and 250 mol/m? in Case 3. The corresponding

variations in chloride transport behavior are then examined.

Fig. 7.11 shows the distribution profiles of free chloride ions in concrete with different
initial concentrations of AFm. It can be seen that chloride penetration depths in these three
different cases are almost the same. This suggests that the initial concentration of AFm
phase has a limited influence on the rate of ionic movement during migration tests.
However, it is notable that the concentration of chloride ions decreases with an increase
in AFm content. This can be explained by the fact that a higher presence of AFm in
concrete results in more chloride ions being bound to solid phase. Furthermore, Fig. 7.11
reveals an interesting observation: unlike the findings from Chapters 4 and 6 (Figs. 4.9
and 6.5), chloride profiles from reactive mass transport model exhibit a gradual migration
front, aligning with the profiles observed in experimental studies conducted by Yang and
Chiang (2013) and Jiang et al. (2013). This may be attributed to several factors: 1) Time-
space dependent chloride binding rate calculated by thermodynamic equilibrium
(Equations (2.37) and (2.40)), which allows for a more realistic representation of chloride
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profiles. 2) Effect of other ionic species, such as released sulfate ions from AFm phase,
as shown in Fig. 7.6. 3) Considering the pore constrictivity in ionic transport, which can
slow down the velocity of ionic migration in concrete (Yang et al., 2017). Moreover, the
presence of impermeable natural aggregates may contribute to some minor fluctuations

in chloride profiles, as it can result in local variations in ionic transport properties.

Fig. 7.12 illustrates the gradual decrease in AFm content in concrete as it transforms into
Friedel’s salt due to the ingress of chloride ions. Fig. 7.13 provides insights into the
relationship between Friedel’s salt, AFm phase, and chloride ions. Interestingly, it is
observed that an increase in AFm content does not always lead to a higher formation of
Friedel’s salt. This is because the formation of Friedel's salt depends on the concentrations
of both free chloride ions in pore solution and AFm phase in hardened cement. When the
concentration of chloride ions is sufficiently high, AFm content becomes a dominant
factor in the formation of Friedel’s salt. Otherwise, if the concentration of chloride ions

is relatively low, chemical binding is primarily determined by their concentration instead.

Similarly, the physical adsorption of chloride ions is also influenced by the concentrations
of both C-S-H reaction sites and free chloride ions. The distribution of free chloride ions
changes with varying AFm content in concrete. Therefore, the concentration of physically
bound chloride decreases with increasing AFm content, even though the concentrations
of C-S-H reaction sites are the same in all three cases, as shown in Fig. 7.14. The variation
of porosity in concrete exhibits a similar increasing trend as the formation of Friedel’s
salt, as shown in Fig. 7.15. An increase in Friedel’s salt leads to higher porosity in concrete,
and vice versa. This variation in porosity can be attributed to the difference in average

molar volume between Friedel's salt and AFm phase, as given in Table 2.3.
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Figure 7.11 Concentration profiles of free chloride ions in models with three different

initial AFm contents after 24-hour migration test
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Figure 7.12 Distributions of AFm phase in models with three different initial AFm

contents after 24-hour migration test
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Figure 7.13 Concentration profiles of Friedel’s salt in models with three different initial

AFm contents in concrete after 24-hour migration test
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Figure 7.14 Concentration profiles of physically bound chloride in models with three

different initial AFm contents after 24-hour migration test
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Figure 7.15 Profiles of porosity in models with three different initial AFm contents after

24-hour migration test

7.3.3. Pore constrictivity

Pore constrictivity is a dimensionless parameter used to examine the influence of pore
size on the length of ionic migration path in porous concrete (Yang et al., 2017). Fig. 7.16
shows variations in the distribution profiles of free chloride ions with varying pore
constrictivity factors. According to Equations (2.70) and (3.10), an increase in pore
constrictivity leads to a longer ionic migration path, resulting in a decrease in ionic
migration velocity. Therefore, it is evident that both the penetration depth and content of
chloride ions decrease with increasing pore constrictivity. Correspondingly, the
concentrations of both physically and chemically bound chlorides decrease with
increasing pore constrictivity, as shown in Figs. 7.17 and 7.18. It is worth noting that the
migration front of chloride profiles in cases with high ionic migration velocity appears to
be more gradual than that in cases with low ionic migration velocity. This does not imply
that migration is not the dominant process in concrete with low pore constrictivity,
characterized by high ionic migration velocity, during chloride migration tests. The faster
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ingress of chloride ions in the low pore constrictivity case leads to a higher concentration

of bound chloride in concrete, which subsequently affects the wave front of ionic

distribution.
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Figure 7.16 Concentration profiles of free chloride ions in models with three different

pore constrictivity factors after 24-hour migration test
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Figure 7.17 Concentration profiles of Friedel’s salt in models with three different pore

constrictivity factors after 24-hour migration test
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Figure 7.18 Profiles of physically bound chloride in models with three different pore

constrictivity factors after 24-hour migration test
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7.3.4. Recycled concrete aggregate

Fig. 7.19 demonstrates the distribution profiles of free chlorides in NAC and RAC. It is
evident that RAC exhibits lower chloride resistance compared to NAC due to the existing
old mortar and ITZ in RCA. However, the increase in the volume fraction of old mortar
in RCA does not significantly affect the penetration depth or concentration of chlorides.
Fig. 7.20 shows that the average concentrations of physically and chemically bound
chlorides are almost the same in all four cases. These findings can be attributed to the fact
that the old mortar in RCA has dual effects on chloride penetration in RAC: 1) The
inherent porosity or microcracks in old mortar provide extra paths for ionic transport
(enhancing chloride penetration). This is supported by SEM observations conducted by
Meng et al. (2020) and numerical results from Chapter 5 (Figs. 5.6 and 5.12). 2) Cement
hydrates in old mortar provide more reaction sites and absorb more free ions (reducing
chloride penetration). This is evidenced by the significant increase in the total amount of
physically and chemically bound chlorides in concrete over time, as shown in Fig. 7.21.
These findings suggest that the application of high-quality RCA that has a strong chloride

absorption capacity is a viable strategy for enhancing the chloride resistance of RAC.
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Figure 7.19 Concentration profiles of free chloride ions in NAC and RAC with three

different volume fractions of old mortar after 24-hour migration test
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Figure 7.20 Concentration profiles of bound chloride (chemically bound chloride plus
physically bound chloride) in NAC and RAC with three different volume fractions of

old mortar after 24-hour migration test
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volume fractions of old mortar after 24-hour migration test

7.4. Summary

Based on the reactive mass transport model and non-equilibrium binding model
demonstrated in Section 3.4, the influence of physicochemical reactions between free ions
and cement hydrates, particularly chloride binding, on ionic transport in concrete has been
examined. The variations in free ionic species and the cement hydrates involved in
chloride penetration are presented. Based on the numerical results obtained, the following

conclusions are summarized:

1) Incorporating thermodynamic equilibrium into the reactive mass transport model
enables a more precise representation of actual reaction kinetics during chloride
migration tests, as opposed to the preset binding isotherm utilized in non-equilibrium
model. Therefore, the chloride concentration profiles obtained from reactive mass

transport model present more gradual migration fronts.

2) As chloride ions penetrate into concrete, a fraction of the AFm phase undergoes
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3)

4)

5)

6)

transformation into Friedel's salt. The formation of Friedel’s salt can contribute to an
increase in concrete porosity, which in turn slightly accelerates chloride transport in

concrete.

The concentrations of physically bound potassium, sodium, calcium, and sulfate are

significantly lower compared to that of physically bound chloride.

The effect of AFm content on Friedel's salt formation hinges on the concentration of
chloride ions in the concrete. With abundant chloride ions, an increase in AFm
content can enhance Friedel's salt formation. Conversely, if chloride ions are scarce,

their concentration becomes crucial in controlling Friedel's salt formation.

Free and bound chloride concentrations in concrete during migration tests are
significantly influenced by pore constrictivity. Higher pore constrictivity leads to a
lower ionic migration velocity and a decrease in the concentrations of free and bound

chlorides.

The application of RCA in concrete has two opposite effects on chloride transport.
On the one hand, the porous old mortar and ITZ in RCA can accelerate the ingress of
chloride. On the other hand, the cement hydrates in old mortar can adsorb more

chloride ions, potentially reducing the penetration of chloride.
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CHAPTER 8 CONCLUSIONS AND FUTURE PERSPECTIVES

8.1. Conclusions

The aim of this thesis is to investigate the ionic transport properties in heterogenous
concrete and to develop reliable and rational prediction models to estimate the chloride
penetration during diffusion and migration tests. Based on the understanding of each sub-
process of ionic transport in concrete, such as diffusion, electromigration, polarization,
physicochemical adsorption and desorption, several numerical and analytical models of
chloride ingress in natural and recycled aggregate concrete have been proposed and
verified. Firstly, ion-ion interactions between different ionic species in pore solution and
their influence on ionic transport behaviors in concrete have been examined by three
multi-species coupling models (Chapter 4). Secondly, each individual phase in concrete,
such as natural impermeable aggregate, old ITZ, old mortar, new ITZ, and new mortar,
and their influences on concrete resistance to chloride attack have been investigated by a
five-phase numerical model and a two-step analytical model (Chapter 5). Thirdly, the
polarization induced overpotential between electrode and concrete surface and its
influence on inner ionic transport during migration tests have been assessed using
overpotential models (Chapter 6). Finally, physicochemical reactions between free ions
and solid cement hydrations and their influence on free- and bound-chloride distribution
have been examined by a reactive mass transport model and a non-equilibrium model

(Chapter 7). The main findings obtained from the present study are concluded as follows:

Multi-species coupling and its effects on ionic transport behaviors:

1) During chloride diffusion tests, multi-species coupling does not influence chloride
penetration significantly. While, in the case of chloride migration tests, it has a
remarkable effect, accelerating chloride ingress into concrete up to approximately

67% in the present simulation.

2) Both Poisson’s and current conservation law methods can describe the impacts of
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3)

4)

multi-species coupling on chloride transport during migration tests.

Current conversation law is a better choice to balance computation burden and
accuracy when modelling multi-species transport in migration tests with an

external voltage or current.

Poisson’s equation is appropriate for modelling chloride migration tests with an
external voltage when both multi-species coupling and physicochemical reactions

are involved.

Heterogeneity of concrete and its influences on chloride resistance:

1)

2)

3)

4)

Incorporating RCA into concrete enhances its effective chloride diffusion, as RCA
is generally not impermeable. This rate of increase depends on the volume
fractions of the old mortar and ITZ, their respective chloride diffusivities, and the

w/b or w/c ratio of both old and new mortars.

The extremely thin old and/or new ITZs in concrete significantly increase the

effective chloride diffusivity of RAC.

The effective diffusion coefficient decreases with increasing total volume fraction
of aggregate, regardless of the replacement rate of RCA used. Furthermore,
concretes with a greater RCA replacement rate experience a smaller decrease in
effective chloride diffusivity compared to those with a lower RCA replacement

rate.

When the quality and replacement rate of RCA are given, the present five-phase
numerical model and two-step analytical model provide reliable and precise

predictions of concrete's chloride resistance.
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Outside polarization and its influences on inner ionic transport during migration

tests:

1)

2)

3)

4)

Overpotential, induced by polarization, contributes to a marked decrease in
chloride penetration depth during migration tests. Overpotential experiences a
steady decline over time. Nevertheless, its effect on the distribution of each ionic

species increases as time progresses.

The effect of polarization on chloride penetration depends on both the absolute
value of overpotential and its proportion in relation to the externally provided
voltage. Overpotential effects on chloride transport behavior increase with

decreasing external voltage.

Factors such as external voltage, initial ionic concentration in pore solution, and
RCA replacement rate exhibit a relatively small impact on the overpotential
magnitude. However, these factors considerably affect the penetration depth

and/or the total amount of chloride ions in concrete.

Tafel parameters, which are dependent on the conditions of the electrolyte and
electrode, have a notable influence on overpotential variation. The selection of
electrolyte and electrode is crucial to improving the efficiency of chloride

migration tests.

Physicochemical reactions and their impacts on ionic transport behaviors during

migration tests:

1)

2)

Physical and chemical reactions between free ions and cement hydrations
markedly decelerate the ingress of chloride ions. Neglecting chloride binding in

simulation may result in underestimating the concrete's resistance to chloride.

Compared to the pre-designed binding isotherm used in non-equilibrium binding
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3)

4)

5)

6)

model, the thermodynamic equilibrium integrated into reactive mass transport
model enables a more accurate description of the real reaction kinetics during

chloride migration tests.

Chloride penetration induces a phase transition from AFm to Friedel's salt,
resulting in an increase in porosity within concrete. This increase in porosity

correspondingly slightly accelerates ionic transport in concrete.

The concentration of AFm in concrete does not markedly influence chloride

penetration depth. However, it plays an important role in the formation of bound

chloride.

Increased pore constrictivity results in reduced migration velocity of chloride ions

and a decreased quantity of physically and chemically bound chlorides.

The increase in old mortar in RCA has a small impact on chloride penetration.
This can be attributed to its ability to adsorb free ions and its porous

microstructure that offers additional pathways for ionic transport.

8.2. Future work

This section suggests several aspects of ionic transport properties in heterogenous

concrete that need further to study, which are summarized as follows:

1)

2)

All concrete models employed in present thesis are saturated, and as such, convection

behavior is not considered in chloride penetration processes. Hence, the multi-species

transport in an unsaturated cement-based materials should be explored in future.

The present simulation of chloride migration tests assumes a constant ionic

concentration in the external electrolyte. However, electrochemical reactions at

electrodes have the potential to generate or consume hydroxyl or hydrogen ions,

166



3)

4)

5)

which may influence chloride penetration through ion-ion interactions. Therefore,
the effects of time-varying concentration of hydroxyl ions in electrolyte cells during

chloride migration tests should be studied in future.

In present five-phase models for RAC, old aggregates are assumed to be fully
enclosed by old mortar, which is not a realistic situation. Random distribution of old
mortar may change the ionic transport path, ultimately affecting the effective chloride
diffusivity of RAC. Further studies are recommended to investigate the effects of

randomly distributed old mortar.

Initial porosity in present numerical models is assumed to be uniform in concrete
specimens. However, pore distribution is typically nonhomogeneous in cement-based
materials, particularly when NA or RCA are involved. Therefore, future
investigations should consider the influence of randomly distributed porosity on ionic

transport in concrete.

Pore solution and hydration products vary in concrete using different binders, such
as fly ash, silica fume, and pozzolan, which can influence the desorption and
absorption of all ionic species. Hence, future work should further explore the
applicability of present multi-species, multi-phase, and multi-physical field models

in different types of concrete.
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APPENDIX A: MATLAB CODE FOR MULTI-PHASE GEOMETRIC
MODEL

The generation and placement of aggregates in a 2-D concrete model can be divided into
four steps: 1) Initializing the geometric parameters in concrete model, including the size
of concrete specimen, total volume fraction of aggregates, replacement rate of RCA,
aggregate shape, 2) Determining the diameter of aggregates, which are randomly
generated and follow Fuller gradation, 3) Placing aggregates generated in step 2 in a 2-D
square concrete model and saving the diameter and center coordinates of aggregates, 4)
Importing the geometric parameters of aggregates into COMSOL using COMSOL
Multiphysics with MATLAB. MATLAB code for the above mentioned four steps is

written as follows,

function Aggregates2D
%% random 2D round aggregates generation
%  Dmin, Dmax, Ai, Aa, a, b, t, e
%  result.txt
% including Aggregates NO., Diameter and Center coordinate
clear;
% Maximum and minimum size of aggregate
Dmax =15;
Dmin =2;
% Size of concrete specimen
a=50;
b = 50;
% N - aggregate shape
N=1;
% Aggregates parameters
Aa=0.5;
V=0.5; re=0;
Aal = Aa*(1-re);
Aa2 = Aa*re;
% Number of concrete specimen
1=1;
% ITZ thickness
t =0.0008;
% Minimum distance between aggregate
e =0.2;
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clc;

fprintf('Aggregate area ratio %3.3f is generating....\n',(Aal+Aa2));
con{l}.dmin = Dmin;

con{l}.dmax = Dmax;

con{l}.smax = N;

con{l}.t =t;

con{l}.e =¢;

con{l}.length = g;

con{l}.width = b;

con{l}.fillrate = Aal+Aa2;

con{l}.n=0;

fprintf('Aggregate N %d is generating....\n',N);

%% Generation of aggregates
if N==
clear d;
Ai=0;
Ail =0;
Ai2 =0;
n=0;
w = rand(4000,1);
while(Ai < Aa*a*h)
n=n+l;
fprintf('Aggregate NO. %d is generating.... Now Aa = %3.3f.\n',n,Ai/a/b);
d(n) = P2DFullerSolve(con{1},w(n));
if (s(n)==N)
iIf(Ail+d2area(d(n),s(n)) <= Aal*a*Db)
Ail = Ail+d2area(d(n),s(n));
elseif(Ail+d2area(d(n),s(n)) > Aal*a*b)
d(n) = area2d(Aal*a*b-Ail,s(n));
Ail = Ail+d2area(d(n),s(n));
if( Ai2>=Aa2*a*b)
break;
else
s(n)=0;d(n)=0.1;
Ail = Ail,;
end
end

elseif(s(n)==N)
if(Ai2+d2area(d(n),s(n)) <= Aa2*a*Db)
Ai2 = Ai2+d2area(d(n),s(n));
elseif(Ai2+d2area(d(n),s(n)) > Aa2*a*b)
d(n) = area2d(Aa2*a*b-Ai2,s(n));
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Ai2 = Ai2+d2area(d(n),s(n));

if( Ail>=Aal*a*b)
break;
else
s(n)=0;d(n)=0.1;
Ai2 = Ai2;
end
end
con{l}.n=n;

[d,index] = sort(d,2,'descend");
fori=1:n
con{l}.agg{i}.n=1;
con{1}.agg{i}.r(1) = d(i)/2;
con{l}.agg{i}.isused = 1;
end
fprintf('Aggregate generation has been finished!\n');
elseif N ==2
clear d di,;
Ai=0;
n=0;
w = rand(4000,1);
while(Ai < Aa*a*b)
n=n+l;
fprintf('Aggregate NO. %d is generating.... Now Aa = %3.3f.\n",n,Ai/a/b);
d(n) = P2DFullerSolve(con{1},w(n));
if (s(n)==N)
if(Ail+d2area(d(n),s(n)) <= Aal*a*Db)
Ail = Ail+d2area(d(n),s(n));
elseif(Ail+d2area(d(n),s(n)) > Aal*a*b)
d(n) = area2d(Aal*a*b-Ail,s(n));
Ail = Ail+d2area(d(n),s(n));
if( Ai2>=Aa2*a*b)
break;
else
s(n)=0;d(n)=0.1;
Ail = Ail;
end
end

elseif(s(n)==N)
if(Ai2+d2area(d(n),s(n)) <= Aa2*a*Db)
Ai2 = Ai2+d2area(d(n),s(n));
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elseif(Ai2+d2area(d(n),s(n)) > Aa2*a*b)
d(n) = area2d(Aa2*a*b-Ai2,s(n));
Ai2 = Ai2+d2area(d(n),s(n));

if( Ail>=Aal*a*b)
break;
else
s(n)=0;d(n)=0.1;
Ai2 = Ai2;
end
end
end
con{l}.n=n;
[d,index] = sort(d,'descend’);
fori=1:n
con{l}.agg{i}.n = 2;
con{1}.agg{i}.r(1) = d(i)/2;
con{1}.agg{i}.rot = 2*pi()*rand();
con{l}.agg{i}.isused = 1,
end
fprintf('Aggregate generation has been finished!\n');
else
clear d;
Ail=0;
Ai2 =0;
n=0;
w = rand(4000,1);
s = fix(2*rand(4000,1))+N;
if (s(n)==101)

if(Ail+d2area(d(n),s(n)) <= Aal*a*b)
Ail = Ail+d2area(d(n),s(n));
elseif(Ail+d2area(d(n),s(n)) > Aal*a*b)
d(n) = area2d(Aal*a*b-Ail,s(n));
Ail = Ail+d2area(d(n),s(n));
if( Ai2>=Aa2*a*b)
break;
else
s(n)=0;d(n)=0.1;
Ail = Ail;
end
end

elseif(s(n)==102)
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if(Ai2+d2area(d(n),s(n)) <= Aa2*a*Db)
Ai2 = Ai2+d2area(d(n),s(n));

elseif(Ai2+d2area(d(n),s(n)) > Aa2*a*b)
d(n) = area2d(Aa2*a*b-Ai2,s(n));
Ai2 = Ai2+d2area(d(n),s(n));

if( Ail>=Aal*a*b)
break;
else
s(n)=0;d(n)=0.1;
Ai2 = Ai2;
end
while((Ail+Ai2) < ((Aal+Aa2)*a*h))
n=n+l,;
fprintf('Aggregate NO. %d is generating.... Now Aa
= %3.3f.\n',n,(Ail+Ai2)/a/b);
d(n) = P2DFullerSolve(con{1},w(n));

end
end
end

con{l}.n=n;

s =s(1:n);

[d,index] = sort(d,'descend’);

s = s(index);

fori=1:n
con{1}.agg{i}.n = s(i);
con{1}.agg{i}.r(1) = d(i)/2;
con{l}.agg{i}.ang = 2*pi()/N;
con{l}.agg{i}.rot = 2*pi()*rand();
con{l}.agg{i}.isused = 1,

if d(i) >0.1
anum(i)=1,;
else
anum(i)=0;
end
end
num=sum(anum(:))

fprintf('Aggregate generation has been finished!\n');
end
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%% Placement of aggregates
i=1;

fprintf('Aggregate NO. %d is placing....\n",i);

ntry = 0;
while(i <= con{l}.n)

if( ntry > n_max)
ntry = 0;

fprintf('max times is reached. Aggregate NO. %d is failed.\n',i);

con{l}.agg{i}.cenx = -50;
con{l}.agg{i}.ceny = -50;
if i ==con{l}.n

break;
else

i =i+1;

fprintf('Aggregate NO. %d is placing....\n",i);

end
end

xi = con{1}.agg{i}.r(1)+t+e;
yi = con{1}.agg{i}.r(1)+t+e;
if(i ==1)
con{l}.agg{i}.cenx = xi;
con{l}.agg{i}.ceny = yi;
else
tag = 0;
forj=1:-1

if con{I}.agg{j}.isused ==

it sqrt(((xi-con{l1}.agg{j}.cenx)"2+(yi-con{l}.agg{j}.ceny)"2)) <

con{l}.agg{i}.r(1)
tag = 1,
break;
end
end
end
if tag ==
ntry = ntry+1,
continue;
else
con{l1}.agg{i}.cenx = xi;
con{l1}.agg{i}.ceny =yi;
end
end
i = i+1;
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ntry = ntry+1;
fprintf('%d times OK\n',ntry);
if i <=con{l}.n
fprintf('Aggregate NO. %d is placing....\n',i);
end
ntry = 0;

end

fprintf(All aggregate has been placed!\n’);

%% save result to file
fprintf('Saving data to file!\n');
paths=['C:\OneDrive\OneDrive - University of Plymouth\matlab-
aggregates\RCA\data'l;
save([paths,num2str(Aal+Aa2),num2str(N),".mat’],'con’);
fprintf('Finish\n");

end
function d = P2DFullerSolve(con,w)
%% random 2D Fuller aggregates diameter generation

x1 = con.dmin;
X2 = con.dmax;
F1 = P2DFuller(con,x1)-w;
F2 = P2DFuller(con,x2)-w;
while(1)
X = 0.5%(x1+x2);
F = P2DFuller(con,x)-w;
if(sign(F) == sign(F1))

x1l=x;

F1=F;
else

X2 =X;

F2=F,
end
if(abs(x1-x2)>1e-5 && abs(F)>1e-6)

continue;
else

break;
end

end
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d=0.5*(x1+x2);

end

%% import geometric parameters into COMSOL
clc;clear;

import com.comsol.model.*

import com.comsol.model.util.*

model = ModelUtil.create('Model’);

model.modelPath(['D:\OneDrive - University of Plymouth\
aggregate\aggregate\triangle' native2unicode(hex2dec('684c"), 'Cp1252")
native2unicode(hex2dec('9762'), 'Cp1252") ]);

model.modelNode.create('mod1’);
model.geom.create('geom1’, 2);

model.mesh.create('meshl’, ‘geom1’);
model.physics.create(‘chds’, 'DilutedSpecies’, 'geoml’, {'c'});

model.study.create('std1');
model.study('std1").feature.create('time’, ‘Transient’);

N=1;
Aa=0.1;
B4=4;
Bn=4;

load('C:\OneDrive\OneDrive - University of Plymouth\matlab-
aggregates\RCA\data\0.5_re20 cir_2mm_15mm.mat’,'con’);
fori=1l:con{N}.n

str = ['c',int2str(i)];

strl = ['cc',int2str(i)];

str2 = ['ccc',int2str(i)];

str3 = ['ccec',int2str(i)];

if con{N}.agg{i}.n ==
model.geom(‘'geoml’).create(str, 'Circle’);
model.geom(‘'geoml’).feature(str).set('base’, 'center’);
model.geom(‘'geoml’).feature(str).set('pos’', {num2str(con{N}.agg{i}.cenx/scale)
num2str(con{N}.agg{i}.ceny/scale)});
model.geom(‘'geoml’).feature(str).set('r', num2str(con{N}.agg{i}.r(1)/scale*rm));
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model.geom(‘geom1’).run(str);
model.geom(‘geom1’).create(strl, 'Circle’);
model.geom(‘geom1’).feature(strl).set('base’, ‘center’);
model.geom(‘geoml’).feature(strl).set('pos’, {num2str(con{N}.agg{i}.cenx/scale)
numa2str(con{N}.agg{i}.ceny/scale)});
model.geom(‘geoml’).feature(strl).set('r', num2str(con{N}.agg{i}.r(1)/scale));
model.geom(‘geom1’).run(strl);
model.geom(‘geoml’).create(str2, 'Circle’);
model.geom(‘geom1’).feature(str2).set('base’, ‘center’);
model.geom(‘geoml’).feature(str2).set('pos’, {num2str(con{N}.agg{i}.cenx/scale)
num2str(con{N}.agg{i}.ceny/scale)});
model.geom(‘geoml’).feature(str2).set('r',
numa2str(con{N}.agg{i}.r(1)/scale*rm+t));
model.geom(‘'geom1').run(str2);
model.geom(‘geom1’).create(str3, 'Circle’);
model.geom(‘geom1’).feature(str3).set('base’, ‘center’);
model.geom(‘geoml’).feature(str3).set('pos’, {num2str(con{N}.agg{i}.cenx/scale)
numa2str(con{N}.agg{i}.ceny/scale)});
model.geom(‘geoml’).feature(str3).set('r', num2str(con{N}.agg{i}.r(1)/scale+t));
model.geom(‘geom1’).run(str3);

elseif con{N}.agg{i}.n ==2
model.geom(‘geoml").create(str, 'Ellipse’);
model.geom(‘geom1’).feature(str).set('base’, ‘center’);
model.geom(‘geoml’).feature(str).set('pos’', {num2str(con{N}.agg{i}.cenx/scale)
num2str(con{N}.agg{i}.ceny/scale)});
model.geom(‘geom1’).feature(str).set(‘a’, num2str(con{N}.agg{i}.r(1)/scale*rm));
model.geom(‘geom1’).feature(str).set('b’,
numz2str(con{N}.agg{i}.r(1)/scale*2/3*rm));
model.geom(‘geoml").feature(str).set('rot’,
numa2str(con{N}.agg{i}.rot*360/2/pi+t));
model.geom(‘geom1’).run(str);
model.geom(‘geom1').create(strl, 'Ellipse’);
model.geom(‘geom1’).feature(strl).set('base’, ‘center’);
model.geom(‘geom1’).feature(strl).set('pos', {num2str(con{N}.agg{i}.cenx/scale)
num2str(con{N}.agg{i}.ceny/scale)});
model.geom(‘geoml’).feature(strl).set('a’, num2str(con{N}.agg{i}.r(1)/scale));
model.geom(‘geoml’).feature(strl).set('b’, num2str(con{N}.agg{i}.r(1)/scale*2/3));
model.geom(‘geoml’).feature(strl).set('rot’,
numa2str(con{N}.agg{i}.rot*360/2/pi+t));
model.geom(‘geom1').run(strl);
model.geom(‘geom1').create(str2, 'Ellipse’);
model.geom(‘geom1’).feature(str2).set('base’, ‘center’);
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model.geom(‘geom1’).feature(str2).set('pos’, {num2str(con{N}.agg{i}.cenx/scale)
numa2str(con{N}.agg{i}.ceny/scale)});
model.geom(‘'geom1l').feature(str2).set('a’,
num2str(con{N}.agg{i}.r(1)/scale*rm+t));
model.geom(‘geom1l’).feature(str2).set('b’,
num2str(con{N}.agg{i}.r(1)/scale*2/3*rm+t));
model.geom(‘'geoml’).feature(str2).set(‘rot', num2str(con{N}.agg{i}.rot*360/2/pi));
model.geom(‘'geoml’).run(str2);
model.geom(‘geoml’).create(str3, 'Ellipse");
model.geom(‘'geoml’).feature(str3).set('base’, ‘center’);
model.geom(‘'geoml’).feature(str3).set('pos’, {num2str(con{N}.agg{i}.cenx/scale)
num2str(con{N}.agg{i}.ceny/scale)});
model.geom(‘'geoml’).feature(str3).set('a’, num2str(con{N}.agg{i}.r(1)/scale+t));
model.geom(‘'geoml’).feature(str3).set('b’,
numa2str(con{N}.agg{i}.r(1)/scale*2/3+t));
model.geom(‘'geom1').feature(str3).set(‘rot', num2str(con{N}.agg{i}.rot*360/2/pi));
model.geom(‘'geoml’).run(str3);
Bn = Bn+4;
else
B4 = B4+con{N}.agg{i}.n;
Bn = Bn+con{N}.agg{i}.n;
x1 = con{N}.agg{i}.cenx/scale+con{N}.agg{i}.r/scale*cos(con{N}.agg{i}.rot);
y1 = con{N}.agg{i}.ceny/scale+con{N}.agg{i}.r/scale*sin(con{N}.agg{i}.rot);
Pc{1,1} = num2str(x1);
Pc{2,1} = num2str(y1);
Xrml =
con{N}.agg{i}.cenx/scale+con{N}.agg{i}.r*rm/scale*cos(con{N}.agg{i}.rot);
yrml =
con{N}.agg{i}.ceny/scale+con{N}.agg{i}.r*rm/scale*sin(con{N}.agg{i}.rot);
Pcrm{1,1} = num2str(xrm1l);
Pcrm{2,1} = num2str(yrm1);
Xtl =
con{N}.agg{i}.cenx/scale+(con{N}.agg{i}.r/scale+t)*cos(con{N}.agg{i}.rot);
ytl =
con{N}.agg{i}.ceny/scale+(con{N}.agg{i}.r/scale+t)*sin(con{N}.agg{i}.rot);
Pct{1,1} = num2str(xtl);
Pct{2,1} = num2str(ytl);
Xrmtl =
con{N}.agg{i}.cenx/scale+(con{N}.agg{i}.r*rm/scale+t)*cos(con{N}.agg{i}.rot);
yrmtl =
con{N}.agg{i}.ceny/scale+(con{N}.agg{i}.r*rm/scale+t)*sin(con{N}.agg{i}.rot);
Pcrmt{1,1} = num2str(xrmtl);
Pcrmt{2,1} = num2str(yrmtl);
for j = 1:con{N}.agg{i}.n
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x1=
con{N}.agg{i}.cenx/scale+con{N}.agg{i}.r/scale*cos(con{N}.agg{i}.rot+2*pi()*j/con
{N}.agg{i}.n);

yl =
con{N}.agg{i}.ceny/scale+con{N}.agg{i}.r/scale*sin(con{N}.agg{i}.rot+2*pi()*j/con{
N}.agg{i}.n);

Pc{1,j+1} = num2str(x1);

Pc{2,j+1} = num2str(y1);

Xrml =
con{N}.agg{i}.cenx/scale+con{N}.agg{i}.r*rm/scale*cos(con{N}.agg{i}.rot+2*pi()*j/
con{N}.agg{i}.n);

yrml =
con{N}.agg{i}.ceny/scale+con{N}.agg{i}.r*rm/scale*sin(con{N}.agg{i}.rot+2*pi()*j/
con{N}.agg{i}.n);

Pcrm{1,j+1} = num2str(xrm1);

Pcrm{2,j+1} = num2str(yrm1);

xXtl =
con{N}.agg{i}.cenx/scale+(con{N}.agg{i}.r/scale+t)*cos(con{N}.agg{i}.rot+2*pi()*j/
con{N}.agg{i}.n);

ytl =
con{N}.agg{i}.ceny/scale+(con{N}.agg{i}.r/scale+t)*sin(con{N}.agg{i}.rot+2*pi()*j/c
on{N}.agg{i}.n);

Pct{1,j+1} = num2str(xtl);

Pct{2,j+1} = num2str(ytl);

xrmtl =
con{N}.agg{i}.cenx/scale+(con{N}.agg{i}.r*rm/scale+t)*cos(con{N}.agg{i}.rot+2*pi(
)*jlcon{N}.agg{i}.n);

yrmtl =
con{N}.agg{i}.ceny/scale+(con{N}.agg{i}.r*rm/scale+t)*sin(con{N}.agg{i}.rot+2*pi(
)*jlcon{N}.agg{i}.n);

Pcrmt{1,j+1} = num2str(xrmtl);

Wc{2*j-1} ='1";

We{2*} =1
end
model.geom(‘geom1’).create(str, 'BezierPolygon’);
model.geom(‘geom1’).feature(str).set('p’, Pcrm);
model.geom(‘geoml’).feature(str).set('w', Wc);
model.geom(‘geoml’).feature(str).set('degree’, Degreec);
model.geom(‘geom1’).run(str);

model.geom(‘'geom1’).create(strl, '‘BezierPolygon’);

model.geom(‘geoml’).feature(strl).set('p’, Pc);
model.geom(‘geoml’).feature(strl).set('w', Wc);
model.geom(‘geom1’).feature(strl).set('degree’, Degreec);
model.geom(‘geom1’).run(strl);
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model.geom(‘geoml’).create(str2, '‘BezierPolygon’);
model.geom(‘'geoml’).feature(str2).set('p', Pcrmt);
model.geom(‘'geoml’).feature(str2).set('w', Wc);
model.geom(‘'geoml’).feature(str2).set('degree’, Degreec);
model.geom(‘'geoml’).run(str2);

model.geom(‘'geoml’).create(str3, '‘BezierPolygon’);
model.geom(‘'geoml’).feature(str3).set('p’, Pct);
model.geom(‘geoml’).feature(str3).set('w', Wc);
model.geom(‘'geoml’).feature(str3).set(‘degree’, Degreec);
model.geom(‘geoml").run(str3);

end

end

model.geom(‘'geoml’).create('sql’, 'Square’);
model.geom(‘'geoml’).feature('sql’).set('base’, ‘corner’);
model.geom(‘'geoml’).feature('sql’).set('pos’, {'0' '0'});
model.geom(‘'geoml’).feature('sql’).set(’l', '0.05");
model.geom(‘geom1’).run('sql’);
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APPENDIX B: MATLAB CODE FOR TWO-STEP ANALYTICAL
MODEL

This MATLAB code was developed to solve the two-step analytical model proposed in
Section 3.2.2. By initializing the basic parameters of aggregates as given in Table 3.3, the

effective chloride diffusion coefficient of concrete can be easily obtained.

function Variation of effective chloride diffusivity for RCA with quality of old mortar
Dnm=2.03e-12; Doitz=3.0*Dnm;
Dnitz1=2*Dnm; Dnitz2=2*Dnm;
Vnitz1=0.05; Vnitz2=0.05;
Vm=0.5;rRA=0.5;

for m=1: 3
if m==1, Dom=0.2*Dnm; end,
if m==2, Dom=1.5*Dnm; end;
if m==3, Dom=3.0*Dnm; end;
for k = 1: length(x)
Vom=x(k); Voitz=0.03;

Voa=1-Voitz-x(k);

Doaplus=2*Voitz*Doitz/(Voitz+Vo0a)/3;

DRCA=((3-2*Vom)*Doaplus+2*Vom*Dom)/(Vom*Doaplus+Dom*(3-
Vom))*Dom;

DRCAp=(3*DRCA+2*V/nitz2*Dnitz2)/(Vnitz2*DRCA+3*Dnitz2)*Dnitz2;

DNAp=2/3*Vnitz1*Dnitz1,

Deff0=0;
10=1;
while(10 >=0.000001)
Inew=(Dnm-Deff0)/(Dnm+2*Deff0)*Vm+(DNAp-Deff0)/(DNAp+2*Deff0)*(1-
Vm)*(1-rRA)+(DRCAp-Deff0)/(DRCAp+2*Deff0)*(1-Vm)*(rRA);
10=Inew;
Deff0=Deff0+0.0001*6.0e-12;
end
Deff=Deff0;
y(m,k)=Deff/Dnm;
end;
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function Variation of effective chloride diffusivity for RCA with total volume fraction
of aggregate
Vom=0.25; Voitz=0.05; Voa=1-Vom-Voitz;
Dom=1.5*6.0e-12; Doitz=2.0*6.0e-12;
Doaplus=2*Voitz*Doitz/(Voitz+V0a)/3;
DRCA=((3-2*Vom)*Doaplus+2*Vom*Dom)/(Vom*Doaplus+Dom*(3-
Vom))*Dom;
x=linspace(0.01, 0.99, 200);
Dnitz1=1.6*6.0e-12; Dnitz2=1.6*6.0e-12;
form=1: 3
if m==1, kf=0.25; end; if m==2, kf=0.5; end; if m==3, kf=0.75; end;
Vnitz1=0.05; Vnitz2=0.05; VRCA=1-Vnitz2; VNA=1-Vnitz1;
DRCAp=(3*DRCA+2*Vnitz2*Dnitz2)/(Vnitz2*DRCA+3*Dnitz2)*Dnitz2;
DNAp=2/3*Vnitz1*Dnitz1;
Dm=6.0e-12; Vm=0.5;
for k = 1: length(x)
Deff=x(k)*Dm;
g1=Deff/(Dm/3+2/3*Deff); g2=Deff/(DNAp/3+2/3*Deff);
g3=Deff/(DRCAp/3+2/3*Deff);
g4=g2*kf+g3*(1-kf); g5=(1-g4)/(91-94);
y(k)=1-g5;
end,;

function Variation of effective chloride diffusivity for RAC with replacement rate of
RCA
Vom=0.1; Voitz=Vom/5; Voa=1-Vom-Voitz;
Dom=6.0e-12; Doitz=1.5*6.0e-12;
Doaplus=2*Voitz*Doitz/(Voitz+Vo0a)/3;
DRCA=((3-2*Vom)*Doaplus+2*Vom*Dom)/(Vom*Doaplus+Dom*(3-
VVom))*Dom;
x=linspace(0.01, 0.99, 200);
for m=1: 2
if m==1, kf=1.2; end; if m==2, kf=2.4; end; %
Vnitz1=0.02*kf; Vnitz2=0.02*kf; VRCA=1-Vnitz2; VNA=1-Vnitz1,
Dm=kf*1.8e-12; Vm=0.6; Dnitz1=1.5*Dm; Dnitz2=1.5*Dm;
DRCAp=(3*DRCA+2*Vnitz2*Dnitz2)/(Vnitz2*DRCA+3*Dnitz2)*Dnitz2;
DNAp=2/3*Vnitz1*Dnitz1,;
for k = 1: length(x)
Deff=x(k)*Dm;
g1=1/Deff-Vm/(Dm/3+2/3*Deff); g2=1/(DNAp/3+2/3*Deff);
93=1/(DRCAp/3+2/3*Deff);
y(m,k)=(91-92*(1-Vm))/(g3-g2)/(1-Vm);
end,
end;
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