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LIST OF SYMBOLS AND ABBREVIATIONS

Abbreviation/Symbol Definition

CP Cathodic Protection

CPre Cathodic Prevention

SACP Sacrificial Anode Cathodic Protection
ICCP Impressed Current Cathodic Protection
RC Reinforced Concrete

CF Carbon Fibre

ER Electrochemical Realkalisation

ECR Electrochemical Chloride Removal
FEA Finite Element Analysis

FE Finite Element

DC Direct Current

FHWA Federal Highway Administration

CIA Central Intelligence Agency

ASCE American Society of Civil Engineers
BS EN British adoption of European Standard
ACI American Concrete Institute

GDP Gross Domestic Product

GNP Gross National Product

CsA Tricalcium Aluminate

C-S-H Calcium-Silicate-Hydrate

ASR Alkali-Silica Reaction

Ti/MMO Titanium Mixed Metal Oxide

SCE Saturated Calomel Electrode

wi/C Water/Cement ratio

RH Relative Humidity

PS Pore Saturation

NaCl Sodium Chloride

AgClI Silver Chloride
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Equilibrium potential, V
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Pitting potential, V
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Polarised anodic potential, V
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Corrosion rate, A/m?

Limiting current density, A/m?
Exchange current density, A/m?
Anodic current density, A/m?
Cathodic current density, A/m?

Net current density, A/m?
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Lion lons formed current density in concrete pore solution, A/m?

lapp Applied CP current density, A/m?

ipe Iron oxidation rate, A/m?

io, Oxygen reduction rate, A/m?

R, Steel polarisation resistance

b, Anode Tafel slope, V

b, Cathode Tafel slope, V

Pe Concrete electrical resistivity, 2-m

Pp Electrical resistivity of cement paste, Q-m

Pw Electrical resistivity of pore water solution, Q-m
R, Rock electrical resistivity, Q-m

Ry Brine electrical resistivity, Q-m

Sw Concrete pore water saturation, %
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) Concrete porosity
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€ Volume fraction of porosity

7 Volume fraction of cement paste
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D; lonic diffusion coefficient, m%/s

C; lonic concentration, mol/m?®

Cer Chloride ions concentration, mol/m?

Ceitn Chloride threshold concentration, mol/m®

Crez+ Ferrous ion concentration, mol/m?
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highlights the intrinsic linkage between concrete electrical resistivity and water
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ABSTRACT

Cathodic Protection (CP) as an effective electrochemical repair technique has been widely
employed in the rehabilitation of deteriorated Reinforced Concrete (RC) structures worldwide.
However, the quantitative specifications of CP technology for RC structures in national and
international standards mainly depend on empirical experience and qualitative assessment,

which lead to conservative results and poor economic benefits.

Numerical modelling and simulation have been proved as the effective tools to help
understand the CP fundamental electrochemical mechanisms. They are useful to investigate
the effects of environmental and operational factors on the performance of the CP system
providing the optimum operation. A large number of CP numerical studies for RC structures
have been carried out in the past couple of decades. However, most of the previous CP
numerical studies, in terms of the literature research in this study, have some deficiencies of
concern. For example, most CP numerical modelling cases neglected the variability of the
concrete electrical resistivity and the steel polarisation resistance. Meanwhile, many
modelling works did not consider the coupling effect of the transportation of different ionic
species in concrete and the applied CP electric field effect.

This research aims to improve the CP numerical modelling for the RC structures to
comprehensively take into account the major electrical and electrochemical mechanisms
involved in CP process. Three major contributions have been made in this study. 1) Based on
a previous experimental research, this study proposed and developed a concrete electrical
resistivity model taking account of the coupling influence of the varied water and chloride
contents; 2) presented a characterisation for the steel polarisation state under CP conditions; 3)
considered the coupling effect of the ionic behaviour and electric field action in the process of
CP numerical simulation. At last, combining these two developed models, put forward an

improved CP numerical modelling of RC structures.
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CHAPTER 1

INTRODUCTION

1.1 Background

Reinforced Concrete (RC) has been used as a structural material in civil engineering for
hundreds of years due to the cheap cost, convenient construction, and excellent durability
(Gao et al., 2011). It is well known that RC can present good performance over its service life
Is attributed to the steel bars in concrete are protected from corrosion attack by the high
alkalinity environment of concrete pore solution, and the concrete cover isolates the steel bars
with the external harmful species (Hansson et al., 2012). However, in recent decades the
premature deterioration of RC structures due to corrosion of reinforcement has become a
serious worldwide issue, which severely degrades the structural durability, poses a major

problem in the economy, and even causes the loss of people’s lives (Sun et al., 2010).

Reinforcement corrosion is the major cause induces the damage of RC structures, and directly
influences the sustainability of infrastructure. Concerning the causes of steel corrosion has
been the main research subject for many durability studies. For the concern, a large number of
previous research have identified at chloride attack plays a critical role in steel corrosion in
both newly-built and existing RC structures (Bertolini et al., 2004). Chloride induced steel
corrosion in concrete is a serious problem, which can be very dangerous, and the repair cost
can be extremely costly (Oleiwi, 2018). Trethewey and Chamberlain (1995) reported that the
annual cost of corrosion in the US was first estimated in 1949 to be $5 billion which is
equivalent to 2.1% of the Gross National Product (GNP). In North America the estimated cost
for structural restoration is about 10 billion dollars (Hansson and Hansson, 1993). A similar
situation was been seen in Europe, and the worse situation found in Middle East due to the
severe environment (Wang, 2001). The US Federal Highway Administration (FHWA) had
estimated the annual cost for maintain of highway bridges in 2002 to be $8.3 billion (Koch et

al., 2002), and the necessary annual maintenance investment used for improving bridge
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conditions reached US $17 billion (ASCE, 2009). It has been reported that the worldwide
annual corrosion cost approximately occupied 3-4% of the Gross Domestic Product (GDP) of
industrialised countries (Schmitt, 2009; CIA, 2009).

In recent decades, many different corrosion prevention technologies have been developed,
including structural quality control (high-performance concrete), barrier separation (coating,
anti-corrosion painting), chemical additives (corrosion inhibitor), and electrochemical
prevention. The electrochemical prevention methods include Cathodic Protection (CP),
Electrochemical Realkalisation (ER), and Electrochemical Chloride Removal (ECR)
(Berkeley and Pathmanaban, 1990; Qiao et al.,, 2016). However, most of the non-
electrochemical repair techniques have been found that which are not very effective in
mitigating the steel corrosion rate with little or no success in practice (Hong et al., 1993),
meanwhile, lots of long-term experimental studies have demonstrated that the electrochemical
prevention methods are the most effective and reliable ones in arresting the corrosion
condition (Hong et al., 1993), among them, the CP technique is the most popular one, which
has been increasingly applied in the practice of repairing and maintaining RC structures
worldwide (Wilson et al., 2013). The USA Federal Highway Administration had stated that
the CP is the only rehabilitation technique, which has been proven to stop corrosion in salt
contaminated bridge decks regardless of chloride content (FHWA, 1982).

Although the CP effectiveness has been verified by a large number of scientific experimental
research and successful project cases, not all the knowledge obtained from these studies has
been expanded into practical engineering applications (Helm and Raupach, 2016); moreover,
the understanding of the fundamental electrochemical mechanism of CP process in RC
structures is still insufficient. So far, the design and maintenance of CP system primarily
depends on empirical experiences (Polder et al., 2008) with a great number of assumptions.
The situation presents a big challenge to the CP designer to obtain an optimum and reliable

CP installation and operation for effectiveness and cost saving.

1.2 Problem Statement

Nowadays, numerical technology has been used to help understand the fundamental

electrochemical mechanisms of the CP process in order to investigate the effects of
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environmental and operational factors on the performance of CP systems. The advantage of
computer-aided simulation was proven feasible to replace complex experiments (Qiao et al.,
2015). However, in terms of the literature research in this study, the existing numerical
models for the CP process still present some deficiencies, which distance them from the

practical problem at a concerned level.

1. Most of the studies on the CP numerical modelling for the RC structures had taken the
concrete electrical resistivity by default as constant; in other words, the variation of
concrete conductivity had been neglected in most of the previous works. Such
hypothesis leads to the fact that the Laplace Equation has been widely used as the
governing equation in the CP numerical simulation to evaluate the current and
potential distribution in the concrete domain. In reality, the concrete electrical
resistivity is directly influenced by concrete state and the exposure environment,
which can vary dramatically by changing from tens to thousands (Q-m) under
aggressive environments (Hornbostel et al., 2013).

2. Few researchers considered the long-term effects of protection current of CP, such as
the steel polarisation resistance changes caused by chloride ion removal and hydroxyl
ion production at the steel-concrete interface. In reality, the steel polarisation
resistance will increase if the steel state transfers from the corrosion into the passive
state. In many previous works the steel polarisation resistance was defined in terms of
the Butler-Volmer Equation or the measured polarisation curve, which have been
adopted to describe the boundary conditions for the electrochemical reactions
occurring at the steel-concrete interface. However, most of the work did not consider
the variations of the polarisation curve itself which was influenced by the state or
condition change at the steel-concrete interface. As a result, its application in CP
simulation could not reflect the long-term effect.

3. The majority of the CP numerical modelling of RC structures did not consider the
coupling effect of the transportation of different ionic species in concrete, and the
applied CP electric field effect; therefore, the CP effectiveness could not be evaluated

by the actual steel corrosion rate but the steel potential.
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1.3 Aim and Objectives

This research aims to make a contribution to address the three issues seen above. To achieve

that, there are four objectives planned for this study.

1. Mathematically characterise a concrete electrical resistivity model considering the

coupling influence of the varied water and chloride contents.

2. Propose a steel polarisation model taking account of the coupling influence of the

varied chloride contents and applied CP current densities.

3. Consider the coupling effect of the ionic behaviour in concrete and the applied electric
field action in the process of CP numerical simulation.

4. Implement these two developed models into a Finite Element Analysis (FEA) CP

numerical model, and validate the CP numerical model on an experimental work.

1.4 Thesis Layout

This thesis is divided into seven chapters as below:

Chapter 1 — Introduction covers the background of this study, the existing problems, and the
research aims and objectives are briefly described.

Chapter 2 — Literature review goes over the fundamental electrochemical theory of steel
corrosion in concrete, the thermodynamics and Kkinetics of steel corrosion, the fundamental
principle of CP for RC structures, and the application and development of numerical
modelling of CP RC structures.

Chapter 3 — Research methodology introduces the mathematical model adopted for the
numerical modelling of CP process, presents a preliminary CP numerical case study to verify
the effect of concrete electrical resistivity, and puts forward the research idea on the steel

polarisation characterisation.
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Chapter 4 — Concrete electrical resistivity characterisation introduces a mathematical
characterisation model for the electrical resistivity of concrete for varied water and chloride

contents.

Chapter 5 — Boundary condition characterisation describes a new steel polarisation model,
which considers the varied chloride contents and applied CP current densities.

Chapter 6 — CP numerical modelling of chloride contaminated RC structures, in which the
two models in Chapters 4 and 5 are implemented into the CP modelling, which considers the
coupling effect of ionic transportation and applied electric field. The numerical model has

been validated with an experimental work, and a parameter study has been conducted.

Chapter 7 — Conclusions and recommendations for future research work.
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CHAPTER 2

LITERATURE REVIEW

2.1 Steel Corrosion in Concrete

Steel corrosion in concrete has been recognised as the predominant factor to bring about
structural premature failures and consequent costly repairs for many decades, especially for
coastal and offshore structures where the Reinforced Concretes (RC) structures, subjected to
chloride contaminated seawater, are the most susceptible to corrosion due to aggressive

environments, as shown in Figure 2.1.

Figure 2.1 Schematic illustration of steel corrosion in offshore RC structures.

In general, the concrete acts as both physical and chemical barrier to provide the embedded
steel bar a high degree of protection (Gjerv et al., 1977; Broomfield, 1997). The chemically
passive film is formed on the steel surface under the high alkaline environment due to the pH
value of concrete pore solution in the range of 12.5 to 13.2. However, on condition that the
passive film has been destroyed, steel corrosion subsequently takes place. The following
phenomena can be expected. The steel corrosion results in not only the loss of rebar section
which reduces the structural carrying capacity but, more importantly, the corrosion products
expand several times bigger than the original steel size and the deposit in a restricted space
between the rebar and concrete, which creates tensile stresses in concrete, and leads to the loss
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of bond between the rebar and concrete as well as cracking and spalling of concrete cover. In
addition, these phenomena accelerate the ingress of harmful ions into concrete by aggravating
the further corrosion and ultimately threatening the durability and security of engineering
structures (Al-Sulaimani et al., 1990; Andrade et al., 2001).

2.2 Electrochemical Mechanism of Steel Corrosion

2.2.1 Principle of Steel Corrosion in Concrete

Steel corrosion in concrete is an essential electrochemical process, which contains the
chemical and electrical species. It can be seen from Figure 2.2 that the process of steel
corrosion at least contains a coupled anodic (at anode) and cathodic (at cathode) reactions on

the steel surface exposed to the concrete environment.

Corrosion
Product

Reinforcing
steel

Figure 2.2 Schematic illustration of the steel corrosion in concrete (Hansson, 1984).

Anodic reaction is the actual iron oxidation (dissolution) and the cathodic reaction is
commonly the oxygen reduction. The cathode has a more positive electrochemical potential in
comparison with the anode resulting in the driving force for the steel corrosion (Warkus and
Raupach, 2008). In detail, the steel corrosion in concrete includes the following four partial

processes (Bertolini et al., 2014):

e Anodic Reaction

It is the iron oxidation reaction (Equation 2.1), in which the iron atoms pass into the concrete

pore solution in the form of ferrous ion and the electrons are liberated in the steel phase
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(Ahmad, 2003; Chess and Broomfield, 2014), subsequently, the ferrous ions react with the
hydroxyl ions from the concrete pore solution to produce the ferrous hydroxide (Equation 2.2).
When the quantity of ferrous ions exceed its solubility in pore solution, the ferrous hydroxide
will be further oxidised to ferric hydroxide (Equation 2.3) and finally converted to hydrated

ferric oxide (Equation 2.4), which is also commonly known as rust.

Fe — Fe*t + 2e~ (2.1)
Fe?* + 20H~ - Fe(OH), (2.2)
4Fe(OH), + 0, + 2H,0 — 4Fe(OH); (2.3)
2Fe(OH)5 - Fe,05 - 2H,0 + H,0 (2.4)

PH value of anode will drop due to the acidity formed by hydrolysis of iron ions (Equation
2.5) (Polder et al., 2011; Bertolini et al., 2014), and the inflow of chloride ions to anode due to
its flow in the opposite direction of the corrosion current will both bring a further attack.

Fe’* + H,0 - FeOH* + H* (2.5)

e Cathodic Reaction

It is the oxygen reduction reaction (Equation 2.6), in which the dissolved oxygen in concrete
pore solution reacts with the water molecules and the liberated electrons from the steel phase
to generate hydroxyl ion and then produce alkalinity (Ahmad, 2003; Cicek, 2013; Chess and
Broomfield, 2014). However, there is a series of cathodic reactions, which can couple with
the steel corrosion in neutral aerated environment, such as the water reduction reaction
(Equation 2.7) accompanied by the formation of hydrogen. But in reality, oxygen is the most
universal cathodic reactant which exists in the natural environment, and hence, the oxygen
reduction is much more thermodynamically preferred and kinetically easier than water
reduction. Even if the oxygen is absent, the water reduction reaction rate is so slow that the
corresponding steel corrosion rate is very marginal, for example, the steel corrosion of
underwater concrete structures is negligible. Therefore, the oxygen reduction is dominantly

represented as the reduction reaction for the steel corrosion in concrete (Ashworth, 2010).

0, + 2H,0 + 4e~ — 40H~ (2.6)
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2H,0 + 2e~ > H,(1) + 20H"~ 2.7)

e Electron Transfer in Steel Bar

The steel itself (metallic path) is the location which contacts both the anode and cathode, and
permits the electrons to flow. The released electrons from the anode, where the oxidation
reaction occurs (production of electrons), transfer to the cathode, where the reduction reaction
occurs (consumption of electrons), through the metallic path, leading to an electric current

flow from the cathode to the anode inside the steel bar.

e Current Flow in Concrete

The concrete (electrolyte) is the location which contacts both the anode and cathode, and
permits the charged ions to migrate. For the sake of completing the corrosion electric circuit,
the electric current will flow from the anode to the cathode through the concrete and this is

achieved by the movement of charged carrier ions in concrete pore solution.

2.2.2 Controlling Factors of Steel Corrosion Process

Steel corrosion is a cyclic process, the above four partial processes must all be present and
function in order for the electrochemical reactions to occur. In case of any of the four partial
processes is prevented the whole corrosion process will be stopped. Meanwhile, the four
partial processes occur simultaneously and complementarily, in other words, the formed
corrosion current between the anode and cathode through concrete and steel itself is equal in

value and the relation is shown in Figure 2.3.

Anodic reaction I, |&

V
Current transport Current transport
in concrete I, in steel bar I,

N

>| Cathodic reaction I.

Figure 2.3 Electrochemical mechanism of steel corrosion in concrete
(Pedeferri and Bertolini, 2000).
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Customarily, the corrosion current is decided by the size of iron oxidation, so the equivalence

relation of current among the four partial processes can be expressed by Equation (2.8):

steel (2-8)

Icorrosion = lanode = Iconcrete cathode

In reality, the reaction rate of each partial process can be controlled by many factors, due to
the collateral effect between each partial process, these controlling factors will further affect
the corrosion rate. The steel corrosion rate is dependent on the slowest rate of the four partial
processes (Bertolini et al., 2014). Steel has very good electrical conductivity, apart from the
current flow in steel itself, the corrosion rate will be negligible if any of the following
phenomena occurs. The embedded rebar is in a passive state and the anodic reaction rate is
very slow; this is called passive control. The oxygen content at the steel-concrete interface is
insufficient and the cathodic reaction rate becomes very slow; this is called oxygen diffusion
control. For the high concrete electrical resistivity the corrosion current flow in concrete is

very slow; this is called ohmic control.

2.2.3 Steel Depassivation Phenomenon

Concrete carbonation and chloride attack are the main causes of steel corrosion in concrete,
which are widely prevailing in civil infrastructure around the world (Zhou et al., 2014).
Chloride ions can directly destroy rebar passive film, Acidic gases can carbonate the concrete
nearby the rebar and indirectly destroy rebar passive film (Hornbostel et al., 2013).

e Concrete Carbonation

The concrete carbonation process starts as the acidic gas of carbon dioxide dissolved in pore
solution (Equation 2.9), which reacts with the alkaline hydroxides presented in the concrete
matrix to produce the calcium carbonate (Equation 2.10), this reaction is also called

neutralisation reaction (Broomfield, 1997; Chess and Broomfield, 2014):

€O, + H,0 - H,CO;4 (2.9)

H,CO; + Ca(OH), —» CaCO5 + 2H,0 (2.10)
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Concrete carbonation can induce the pH value of concrete pore solution to drop from about 13
to less than 9, which may cause the loss of steel passivity and then give rise to severe steel
corrosion. Table 2.1 shows the effects of pH values on steel corrosion.

Table 2.1 Steel corrosion state at various pH levels (Berkeley and Pathmanaban, 1990).

pH value of concrete State of steel corrosion

Below 9.5 Corrosion initiation (depassiviation)

At 8.0 Passive film on the steel surface disappears
Below 7 Catastrophic steel corrosion occurs

Concrete carbonation induced steel corrosion generally occurs over a large area of steel
surface, this is called uniform corrosion (generalised corrosion). The uniform corrosion
belongs to the microcell corrosion in which pairs of anodic and cathodic reactions occur at the
adjacent position. The anodic current is thus supported by the local cathodic current
(Montemor et al., 2003; Cheung and Cao, 2013), as shown in Figure 2.4.
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Figure 2.4 Schematic illustration of microcell corrosion (Cheung and Cao, 2013).

The probability of concrete carbonation induced steel corrosion is related to the carbon
dioxide content in the atmosphere and the diffusion rate of carbon dioxide from the external
environment to the internal concrete. At first, it usually occurs in urban and industrial areas
where a large amount of carbon dioxide exists in the atmosphere and is discharged by the
public transport systems or industries. Secondly, it is closely linked with the environmental
relative humidity (RH), and the diffusion rate of carbon dioxide that is extremely slow in wet
concrete (RH>90%) due to the gas transport in liquid. On the contrary, the carbonation
reaction will not occur in very dry concrete (RH<<40%) owing to the water content being a
necessity for the carbonation reaction (Schutter, 2012). Tuutti (1980) stated that the highest

carbonation rate can be expected at the RH of about 50%, and the alternative cycle of drying

and wetting climates will provide the most aggressive environment for carbonation induced
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steel corrosion in concrete. However, concrete carbonation is a very slow process and does

not exceed several millimetres in concrete if the concrete quality is good (Sims, 1994).

e Chloride Attack

Chloride attack plays the most significant role in steel corrosion in concrete and chloride
induced steel corrosion is the main concern for the deterioration of RC structures. The
chloride ions can get into the RC structure from different sources, either from concrete raw
materials (contaminated aggregates, mixing water), concrete admixtures (used for accelerating
or impeding the cement hardening), or penetrate into concrete from the artificially applied de-

icing salts or aggressive environments (seawater).

Chloride ions have little influence on the pH value of the concrete pore solution, but they can
destroy the steel passive film even in highly alkaline environments (Bertolini et al., 2013).
The penetration rate of chloride ions in concrete varies due to the heterogeneity of concrete, if
the quantity of chloride ions at the steel-concrete interface exceeds the threshold
concentration value, the directly contacting region will act as the anode, which will start to
corrode and the remaining region will act as the cathode, resulting in localised corrosion
(pitting corrosion). Pitting corrosion belongs to the macrocell corrosion in which the anodic
and cathodic reactions are isolated spatially. The anodic current in the active zone is
supported by the cathodic current in the passive zone (Lambert, 1995; Cheung and Cao, 2013),
as shown in Figure 2.5. Pitting corrosion is the most common corrosion form, which is more
dangerous than the uniform corrosion due to the high cathode to anode ratio, and can cause
the high corrosion rate to reduce the rebar section, and then the rebar cannot sustain the
external loading and this will lead to a catastrophic structural failure (Ahmad, 2003; Helm and
Raupach, 2016).

Figure 2.5 Schematic illustration of macrocell corrosion (Cheung and Cao, 2013).
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Chloride ions in concrete may bind with the hydration products of cement, such as Tricalcium
Aluminate (C3A) and Calcium-Silicate-Hydrate (C-S-H) gel, by the physical and chemical
forces, therefore, the chloride ions exist in concrete either in free form, dissolved in concrete
pore solution or bound form, adsorbed or bound to the constituents of cement paste (Alonso
and Sanchez, 2009). Nevertheless, only the free ions can destroy the rebar passive film and

then promote the steel corrosion (Berkeley and Pathmanaban, 1990).

Moreover, the quantity of free ions in concrete is alterable, and a dynamic equilibrium that
exists between the free and bound chloride ions in concrete pore solution depends on the
cement type (binding capacity), and the varying concrete internal environment (Bertolini et al.,
2014). For instance, there are amounts of bound chloride ions will be released back to the free
form only if the pH value of concrete internal environment falls (Glass and Buenfeld, 1997;
Montemor et al., 2003); therefore, if the RC structure is contaminated by both chlorides and
carbonation, the steel corrosion effect will be superimposed. Blended cement (fly ash, slag or
silica fume blended cement) has higher binding capacity than ordinary Portland cement in
hydrated products and the free chloride concentration observed in the former cement is lower
than the latter even with lower pH values (Page et al., 1986); so, blended cement is a better
choice for the concrete material than ordinary Portland cement in terms of corrosion

protection.

The chloride content in RC structures is an very important parameter indicator that refers to
the structural quality control. There are several national standards that have different
quantitative specifications for the limit value of chloride content in RC structures as shown in
Table 2.2.

Table 2.2 Allowable values of chloride content in RC concrete (Kerkhoff, 2007).

BS EN 206 ACI 318 ACI 222R
Structural Type - - - -
total chloride water soluble chloride acid-soluble chloride
RC structure 0.2-0.4% 0.15% 0.2%
Prestressed structure 0.1-0.2% 0.06% 0.08%
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2.3 Thermodynamics of Steel Corrosion

If presuming that there is no reaction between the steel and the contacted water, the steel
redox system (Equation 2.11) is in the equilibrium condition that the quantity of steel oxidised
into the ionic form equals to the quantity of steel formed in its reduction reaction. At this
moment, the steel presents the equilibrium potential (E,g stce;) and there is no steel corrosion.
The steel corrosion only occurs if the steel redox system is in contact with a different redox
system and the equilibrium potential of that redox system is higher than the equilibrium
potential of steel redox system, then the steel will be oxidised and that redox system will be
reduced (Jan, 2003).

Fe 2 Fe?t + 2e~ (2.12)

For the corroding steel in concrete, steel corrosion (anodic reaction) and oxygen reduction
(cathodic reaction) randomly take place on the steel-concrete interface due to the complex
natures of the rebar and concrete. The steel presents a corrosion potential (E.,,-), which is a
mixed potential between the equilibrium potential of steel redox system (E.; s¢eer), and the
equilibrium potential of oxygen redox system (E,,,,), as shown in Figure 2.6. Under this
circumstance, the steel corrosion potential is higher than the equilibrium potential of the steel
redox system, the steel has the tendency to be oxidised to the iron ions. The corrosion
potential is lower than the equilibrium potential of the oxygen system, which has a tendency
to be reduced to the hydroxyl ions (Pedeferri, 1996).

ECOFF

T Eeq!steel )

Figure 2.6 Schematic illustrate of steel corrosion potential (Jan, 2003).
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The tendency of steel corrosion under the given various conditions has been studied by
Pourbaix, who defined both the pitting potential (E,;.), it refers to the least potential at which
the corrosion pit initiates on the steel surface, and the protection potential or repassivation
potential (E,,,), below it the steel corrosion stops, shown by a graphical representation of the

steel stability as a function of the potential and chloride content (Figure 2.7).
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Figure 2.7 Schematic illustration of steel state in concrete as a function of potential and
chloride content (Bertolini et al., 1998).

The steel potential can be determined by the Nernst Equation (2.12), which relates the

electrochemical reaction potential to the concentrations of participating ions (Pedeferri, 1996;
Bertolini et al., 1998).

RT
E =Ey+—In[M™* 2.12
o + —=In[M™"] (212)
where E is the electrochemical potential (V), E, is the standard potential (V), R is the gas
constant (J-mol™-k™), T is the absolute temperature (K), F is the Faraday’s constant (C/mol),
n is the involved electrons number, and [M™*] is the ionic molar concentration (mol/m?). The

thermodynamics for the steel corrosion was discussed by Pourbaix who showed four zones
related to the possible steel states (Pedeferri, 1996), as depicted in Figure 2.7:

1. Corrosion zone A: in which the steel corrosion can initiate and propagate.
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2. Imperfect passivity zone B: in which the steel corrosion cannot initiate but can

propagate, if move the potential from pitting potential (E,;) to protection potential

(Epro) the steel corrosion rate decreases.
3. Perfect passivity zone C: in which the steel corrosion cannot initiate and propagate.
4. Immunity zone D: in which the hydrogen embrittlement of prestressed steel can occur.

Figure 2.7 shows that the steel corrosion can be decreased by moving the steel potential from
corrosion zone to imperfect passivity zone, arrested by lowering the steel potential to the
perfect passivity zone, where the passive film will be formed on the steel surface (Schweitzer,
2009). The mechanism of Cathodic Protection (CP) to control the steel corrosion in concrete
is directly associated with that negatively shifting the steel potential to the perfect passivity
zone while, combining the beneficial effect of the pH production to promote the steel
repassivation. However, the Pourbaix diagram can only be used to predict the tendency of

steel corrosion (thermodynamics nature) but not the steel corrosion rate (kinetics nature).

2.4 Kinetics of Steel Corrosion

Steel corrosion rate is determined by the steel polarisation curve, which describes the
coupling effect between the steel exchange current density and the corresponding steel
polarisation. The steel polarisation curve represents the characteristic curve of iron oxidation
reaction, which is obtained experimentally, based on the steel equilibrium potential. Steel
polarisation is the deviation of potential induced by the flow of electric current on the steel
surface, which is equal to the potential shift and it is quantified in terms of overpotential. The
exchange current density is the current in the absence of net electrolysis and at zero
overpotential, where the cathodic current is balanced by the anodic current, and the ongoing
current in both directions is called the exchange current density. In general, the steel corrosion
rate is determined by the Butler-Volmer Equation (2.13):

. ) anF
Lleorr = Lo ” {exp [ﬁ (E - Eeq,steel)]} (2-13)
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where i, is the steel corrosion rate (A/m?), i, is the steel exchange current density (A/m?),
a is the anodic charge transfer coefficient, E,g ee; IS the steel equilibrium potential. When
the steel is embedded in concrete the anodic reaction will present the active-passive behaviour

shown in Figure 2.8, which can be classified into three phases (Pedeferri, 1996):

1. Activity phase: when the steel potential is above its equilibrium potential (Eq steer).

the steel starts to corrode and the corrosion rate increases with the growing potential.

2. Passivity phase: the corrosion rate decreases to a negligible value with the increasing

potential owing to the passive film formed on the steel surface.

3. Transpassivity phase: the corrosion rate increases again at a higher critical potential —

the pitting potential (Ep;.).
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Figure 2.8 Schematic illustration of active-passive anodic polarisation of steel in concrete
(Pedeferri, 1996).

However, the chloride contents have a significant effect on the steel active-passive anodic
behaviour. As shown in Figure 2.9, with the increasing chloride ions (Cl™) the passivity
region will be reduced and the corresponding pitting potential decreases and vice versa
(Pedeferri, 1996; Bertolini et al., 1998). As seen in Figure 2.10, with the increasing chloride

ions the corresponding pitting potential (E;,“l-t) drops to (Egl-t), the steel corrosion potential

(E4,..) drops to (EZ),,), and the steel corrosion rate (i4,,.,.) increases to (iZ),,).
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Figure 2.9 Schematic illustration of anodic behaviour of steel in concrete under different

chloride contents (Bertolini et al., 1998).
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Figure 2.10 Schematic illustrate of anodic polarisation curve of steel in concrete under
different chloride contents (Angst et al., 2009).

2.5 Cathodic Protection for Reinforced Concrete Structure

CP is an anti-corrosion electrochemical technology that has been widely used in many fields,
including buried elements in soil, submerged ones in seawater, but to a lesser degree, in RC
structures. The CP technique for RC structures has been developed in the last few decades in

three stages (Pedeferri, 1996).
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e The first stage started with the first successful attempt of CP on chloride contaminated
bridge decks that was conducted by Stratfull in North America in 1973 (Stratfull,
1974). Since the 1970s, various investigations have been dedicated to the application
of CP on RC structures, which were mainly focused on the protection of bridge decks

contaminated by chloride with simple anode materials.

¢ In the second stage, CP techniques began to be introduced outside North America and
the application was extended to protect the bridge piles and slabs, parking lots, and
industrial buildings affected by chloride induced corrosion. In the meantime, the more
reliable anodes composed of mixed metal oxide activated titanium and carbon

containing paints were developed.

e In the last stage, CP was applied to RC structures was not only limited to effectively
reduce or stop the ongoing corrosion rate for existing structures but also used to
improve the steel corrosion resistance for newly-built structures. This type of CP is
called cathodic prevention (CPre), it is a particular case of CP, which is applied before
the corrosion initiation and mainly during the construction period. CPre is capable of
keeping the rebar in the passivation state for new RC structures (Pedeferri, 1996;
Byrne et al., 2016; Carmona et al., 2017).

Conventional repair techniques used for RC structures, which is a laborious and time-
consuming process by necessarily removing the affected concrete and reconstructing the
structure, is accompanied by huge expense. A European inventory has shown that
approximately half of the conventional repairs fail in about 10 years (Tilly and Jacobs, 2007),
but the CP technique normally presents a shorter execution time, a longer service life but a
significant advantage on the capital cost saving and lower maintenance costs than
conventional repair (Polder et al., 2011). At present, the CP technology has been broadly
applied to RC structures worldwide and in the United State and Canada more than 275
bridges introduced CP untill 1989 (Barthalomew et al., 1993). In the early 1990s in Italy
about 150,000m? of newly-built and prestressed RC structures employed CP. In North
America more than 600,000m? of RC structures used CP and in Australia, Asia (Japan,
Middle East and Korea) and Europe (UK, Italy and Norway) more than 500 bridges had
installed CP until 1998 (Bertolini et al., 1998). There are two different way to supply the
protection current, these are Sacrificial Anode Cathodic Protection (SACP) and Impressed

Current Cathodic Protection (ICCP).
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2.5.1 Sacrificial Anode Cathodic Protection

The basic setup of SACP system of RC structure is shown in Figure 2.11. The sacrificial
anode is directly connected (by wiring) to the protected reinforcement (cathode), the closed

electric circuit is formed through the electric and electrolytic contacts.
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Figure 2.11 Schematic diagram of SACP system of RC structure (Byrne et al., 2016).

In the SACP system, a more active metal than rebar (based on galvanic series) is used as the
sacrificial anode by corroding itself to protect the rebar, the protection current is supplied by
the corrosion behaviour of the sacrificial anode. The driving force of SACP is the difference
of corrosion potentials of the sacrificial anode and rebar under the same environment.
Therefore, the protection level and provided current are not controllable, its self-regulation
depends on the exposure environment and the rebar corrosion condition in concrete. The
sacrificial anode needs to be inspected periodically and replaced if consumed in the SACP
application. Moreover, the driving force is usually small, which means SACP can only be
effectively applied in the environment with low electrical resistivity, which has a limitation in
protection life and range of application (Torres-Acosta et al., 2004; Paul Guyer et al., 2014).
However, SACP is also a safer selection for prestressed RC structures because of a reduced
risk of hydrogen embrittlement due to the small current output. Furthermore, it is less liable to

induce interaction (stray current corrosion) on nearby structures (Kean and Davies, 1981).

The durability of SACP depends on the protection current output and the finite sacrificial
anode (Kepler et al., 2000). So far, zinc, magnesium, aluminium and their alloys are used as
anode materials; compared with pure metals, alloys have better dissolution characteristics and

long-term performance (Byrne et al., 2016). The most common sacrificial anodes are metallic
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coating ones, adhesive zinc sheet anodes and discrete anodes (BSI, 2012). Figure 2.12 shows
the practical application of zinc foil anode in SACP system. Figure 2.13 shows the application
of SACP (aluminium alloy anode) at Campbeltown old quay wall (left) and Westway Dock in
Glasgow (right).

Figure 2.12 Application of zinc sheet anode in SACP for RC structure
(Chess and Broomfield, 2014).

2.5.2 Impressed Current Cathodic Protection

The basic setup of ICCP system of RC structure is shown in Figure 2.14. The predetermined
anode connected to the positive terminal of the power supply and the protected reinforcement
(cathode) connected to the negative terminal, a positive current will flow from the anode
toward the rebar through concrete.
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Figure 2.14 Schematic diagram of ICCP system of RC structure (Byrne et al., 2016).

In the ICCP system, the driving force between the anode and cathode is urged by the energy
of rectifier, or Direct Current (DC) power supply which forces the electrons flow. The anode
plays the role of electrons source, the anodic electrochemical reaction and the desired current
can be adjusted by the rectifier (Paul Guyer et al., 2014). In consequence, the ICCP system
can be used for the RC structure regardless of structural size and chloride contamination level,
but according to the available high current supply the consideration also should be taken into
account is the likelihood of hydrogen embrittlement and the interaction on adjacent structure
(stray current corrosion). In practice, the ICCP has been applied widely on RC structure due
to the high resistance of concrete environment requires the sufficient, enduring and
controllable protection current, meanwhile, it is more appropriate for the large - scale
structures with more serious corrosion condition and longer service life expectancy than
SACP system (Wilson et al., 2013; Byrne et al., 2016).

The anode system provides protection current, occupies the crucial position that the corroding
part of system and primarily determines the durability of ICCP system (Pedeferri, 1996). To
date, the new anode types are focus on the characteristics of easy installation, bonding
efficiency and lower cost (Zhu et al., 2014). Plenty of research had conducted on ICCP anode,
such as the most regularly used activated titanium mesh cobated with inert metal oxides
(Ti/MMO), organic coating anode and conductive cementitious anode (BSI, 2012). Figure
2.15 shows the application of Ti/MMO anode (left) and the mortar cover application (right)
for ICCP. Figure 2.16 shows the practical application of ICCP (Ti/MMO anodes) at the new
Kirkwall Harbour Development in 2012 (left) and Liverpool in 2016 (right).

42



J
R
Figure 2.16 Application of ICCP to protect the steel tubular piles.

2.6 Electrochemical Mechanism of Cathodic Protection

2.6.1 Principle of Cathodic Protection of Reinforced Concrete Structures

The corroding rebar in concrete remains at a corrosion potential, the anodic oxidation (iron
dissolution) and cathodic reduction (oxygen reduction) simultaneously occur on the steel
surface at equal rates. Once the corrosion potential is polarised to its positive direction, iron
dissolution is accelerated and oxygen reduction is decelerated, polarised to its negative
direction the increasing oxygen reduction and decreasing iron corrosion can be observed
(Srinivasan et al., 1996). The electrochemical mechanism of CP for RC concrete is based on
applying the protection current by the external anode to pass through the concrete onto the
protected rebar and forcing the steel potential shift to the negative direction, where the steel
corrosion is thermodynamically impossible to take place (Christodoulou et al., 2010). The
CPre for RC concrete is based on supplying a small current onto the passive rebar, this small
current normally can provide at least 100-200mV steel potential drop to increase the chloride

threshold concentration of rebar (which can induce the initiation of steel corrosion) by at least
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one order of magnitude to further prevent or postpone the initiation of pitting corrosion
(Pedeferri, 1996; Bertolini et al., 1998).

Figure 2.17 shows the rebar state under different CP conditions related to the potential and
chloride content. (1 -4 = 6) and (1 —» 4 — 5) represent the typical CP evolution paths
where the steel corrosion decreases and stops (rebar repassivaton occurs), respectively.

(1 -2 - 3) shows the typical CPre evolution paths where the chloride threshold
concentration of rebar increases.
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Figure 2.17 Schematic illustration of steel state in concrete as a function of potential and

chloride content under CP condition (Bertolini et al., 1998).

The CP process of RC structures is also an electrochemical process which contains the
chemical and electrical species. It can be seen from Figure 2.18, when the protection current
density (ipp) is applied to rebar, the steel corrosion potential (E,,) drops to more negative
potential (E.,) which is in the passivity region, resulting in the steel corrosion rate (icoy)

decreasing to (i;) and the corresponding oxygen reduction rate increasing from (i.,,,) to (iz),

the different value between the steel corrosion rate and oxygen reduction rate is balanced by
the protection current density (ip).
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Figure 2.18 Schematic illustration of CP application for RC concrete.

When the CP is applied on RC structures, on condition that the oxygen and moisture are
available around rebar in concrete, the following electrochemical reactions will occur at the

steel/anode-concrete interface (Chess and Broomfield, 2014):

e Cathodic and Anodic Reactions of Rebar (Cathode)

There are two electrochemical reactions that take place at rebar, the steel corrosion (Equation
2.14) and reduction reaction of dissolved oxygen in concrete pore solution (Equation 2.15). If
the rebar received inadequate protection current from the external anode, the steel corrosion
decreased but still proceed and the oxygen reduction increased; if rebar received excess
protection current, the steel corrosion stopped and the oxygen reduction increased greatly.
The produced hydroxide ions by oxygen reduction can increase the alkalinity of concrete
around rebar and enhance the rebar passive film, meanwhile, the chloride ions will be repelled

due to the negatively shifted steel potential.

Fe — Fe?t + 2e~ (2.14)
0, + 2H,0 + 4e~ — 40H"™ (2.15)

As mentioned before, in the cathodic reactions of steel corrosion, the hydrogen evolution
(Equation 2.16) barely participates in steel corrosion in neutral aerated environment. However,
the hydrogen evolution occupied a very important position in CP for RC structure. Under CP
application, if the steel potential becomes increasingly negative and the oxygen has been
completely consumed, hydrogen evolution could occur, which can lead to severe hydrogen
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embrittlement, especially for prestressed RC structures. This should be taken into

consideration when design CP for applications on RC structure.

2H,0 + 2e~ - H,(1) + 20H" (2.16)

e Anodic Reaction of External Anode

Nowadays there are three generic types of anode in service they are consumable, semi-
consumable and non-consumable (Ashworth, 2010). If the anode is consumable, the
protection current will be produced by anode oxidation (Equation 2.17). If non-consumable
anode, anodic reaction (Equation 2.18) by decomposing the aqueous environment will replace
the anode oxidation, this is the predominant oxidation reaction expected in CP application,
which together with the oxygen formation and accumulation of hydrogen ions at the anode-
concrete surface and then increases the acidity, the acidic condition may lead to concrete
degradation (Berkeley and Pathmanaban, 1990). If semi-consumable anode, anodic reaction

comprise the anode oxidation and environment oxidation.

Moreover, if the RC concrete is chloride contaminated, the applied electric field will also
drive the chloride ions in concrete to move from the rebar (cathode) toward the external anode,
where chloride evolution may take place (Equation 2.19). Furthermore, if there are plenty of
hydroxide ions generated from the cathodic reaction which migrate to the anode, the

hydroxide ions may be oxidised (Equation 2.20).

Therefore, for continued anodic operation, the selected anode should chemically resist its own
products, especially the gaseous product should be discharged instantly to avoid interfering

with anode operation (Ashworth, 2010).

M - M™ 4+ ne” (2.17)
2H,0 > 0,(1) + 4H* + de~ (2.18)
2C1~ = Cly(1) + 2e- (2.19)
40H™ = 0,(1) + 2H,0 + 4e~ (2.20)
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2.6.2 Beneficial and Negative Influences Induced by Cathodic Protection

Under the CP application for RC structures, there is a current circulation built between the
external anode and the protected steel bar through the concrete, which can principally induce
the steel cathodic polarisation, electrochemical reactions at the steel/anode-concrete interface,
and the ions transportation in concrete, respectively, these resultant phenomena will further
cause both beneficial and negative influences .

e Primary Beneficial Influences

The impressed protection current will give rise to the steel cathodic polarisation and this
polarisation phenomenon can induce the beneficial influences in respective thermodynamic

and Kkinetics aspects:

1. Decrease the driving force (potential difference between steel corrosion potential and

steel equilibrium potential) for anodic reaction.

2. Increase the resistance of anodic reaction.

As shown in Figure 2.19, when the steel corrodes, the steel corrosion potential (E.y--) IS
higher than its equilibrium potential (E.q steei). the difference between these two potentials
forms the driving force which impels steel corrosion to occur. Under the CP action, cathodic
polarisation will shift the steel corrosion potential to a more negative value (E,), which
reduces the driving force from (Eopr — Eeqsteer) 10 (Ecp — Ecqsteer) , and then the steel

corrosion rate decreases.
The anodic resistance (steel resistance to oxidation) will become extremely high if the steel

potential drops into the passivity region and the passive film formed on steel surface
(repassivation), and then the corrosion rate becomes negligible.
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Figure 2.19 Schematic illustration of steel behaviour in concrete under CP.

e Secondary Beneficial Influences

Under CP the induced electrochemical reaction at the steel-concrete interface is mainly the
oxygen reduction reaction which is accompanied by alkalinity production and oxygen
consumption, the generated hydroxyl ions can neutralise the acidity of the corrosion site and
further increase the pH value of the immediate environment of steel surface. It can be seen
from Figure 2.20 that these two effects can stop and prevent steel corrosion by widening the

passivity region of steel in concrete and depolarising the cathodic reaction (Pedeferri, 1996).
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Figure 2.20 Schematic illustration of the variation of anodic (left) and cathodic behaviour
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(right) of steel bar affected by pH increase, chloride removal and oxygen consumption
(Pedeferri, 1996).

Under the applied CP electric field, the current flowing between the anode and the steel bars

in concrete is carried directly by the ions in the pore solution related to the ionic mobility and
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concentration, the negatively charged ions will migrate in the opposite direction of protection
current. Thus for chloride contaminated concrete, the chloride ions will be repelled from the
rebar to the anode, namely, the benefits in decreasing the chloride content near the steel
surface and building a barrier to slow down the ingress of chloride ions from the external
environment (Pedeferri, 1996; Liu and Shi, 2012).

Polder et al. (2011) had studied the early stage benefits of CP for RC structure, their work
suggested that under CP application the pH value of a corrosion site will increase up to the
level where the corrosion rate will be significantly reduced or steel passivity restoration on the
time scale of hours to days. As shown in Figure 2.21, at high and low current densities, a
corrosion model reached pH of 7 after about 2.8 hours and 28 hours, respectively; and a
reached pH of 12 after about 6.4 days and 81 days, respectively.
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Figure 2.21 Development of pH value of corrosion model with time under different

impressed current densities (Polder et al., 2011).

e Negative Influences

The impressed protection current can also cause negative influences in the following three
aspects (Pedeferri, 1996):

1. Steel hydrogen embrittlement, which is the most critical negative influence caused by
the generated atomic hydrogen from cathodic reaction, enters the steel structure
bringing about steel embrittlement. Due to the susceptibility of prestressing steel to
steel embrittlement, only the prestressed structure should be considered to be
subjected to this phenomenon if the steel potential drops to the level where hydrogen

evolution can occur.
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2. Concrete degradation, the concrete swelling reaction induced by alkali-silica reaction
(ASR) can be expected once a large amount of alkali is produced in concrete which
contains alkali-reactive aggregates.

3. Adhesion loss between rebar and concrete, may occur if the rebar is overprotected or
the oxygen content is not available around the steel surface, the resultant very negative
potential can cause adhesion loss between rebar and concrete, especially for plain

round bars.

2.7 Numerical Modelling of Cathodic Protection for Reinforced Concrete

Structure

In the past, the development of CP technology for RC structure was mainly promoted by
indoor and site experiments, and the engineering experiences. However, the acquisition of
experimental data and experiences both are time-consuming processes and the results apply to
unique conditions, leading to the lack of understanding in the fundamental mechanism of CP
process in RC structures and then bring in a slow CP development. Nowadays, the demand
for CP applied on RC structure is increasingly high and it is urgent to accelerate its
development.

The numerical technology based on sound principles is used to predict the feasibility of CP
applied on RC structures, it is an important and valid tool to provide an insight into the
fundamental processes of CP systems. One of the most significant advantages is the
possibility that it can substitute complicated experiments by numerical simulation and then
investigate the effects of environmental conditions, the protection levels and better
operational conditions for CP application, further provide guidance for the future optimal
design and operation of CP systems for RC structure (Koretsky et al., 1999; Muehlenkamp et
al., 2005).

The application of CP numerical technology for RC structure should address the following
issues (Muehlenkamp et al., 2005): solve the differential equations of ionic species
transportation in concrete pore solution with spatially varying properties; incorporate the

nonlinear boundary conditions which describe the electrochemical reaction kinetics at the
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steel-concrete interface; provide adequate resolution at steel-concrete interface to assess the
steel corrosion uniformity. The Finite Element Method (FEM), Finite Difference Method
(FDM) and Boundary Element Method (BEM) have been used for the CP numerical
simulation. However, the FDM (Koretsky et al., 1999), with uniform grids, is difficult to
achieve adequate resolution around the steel bar; the BEM (Fonna et al., 2018), with various
complex boundary conditions, is failing to describe the spatially varying properties of
concrete domain; only the FEM can address all the issues.

2.7.1 Boundary Condition of Numerical Modelling of CathodicProtection

In most cases of current CP numerical modelling studies for RC structures (Koretsky et al.,
1999; Liu and Shi, 2012; Cheung and Cao, 2013), the Butler-Volmer Equation based
polarisation curve is used as the boundary condition to describe the electrochemical reaction
at the steel-concrete interface. In a few cases, the measured real-time polarisation curve is
adopted (Warkus and Raupach, 2008; Bruns and Raupach, 2010; Qiao et al., 2016). The
Butler-Volmer Equation is one of the most fundamental relationships in electrochemical
kinetics, which considers both the anodic and the cathodic reaction simultaneously occurring
on the same electrode and defines that the current density on the electrode depends upon the

level of the electrode polarisation (potential shift, quantified in terms of overpotential).

In corrosion electrochemistry the electrode polarisation can be classified into two categories:

activation and concentration polarisations (Roberge, 2008):

1. If the concentration of the reactants at the electrode surface is sufficient, a situation
when the rate of reactant transport (mass transport) to the electrode surface is faster
than the electrode reaction rate (charge transfer rate) at the electrode surface, the
potential difference between the electrode corrosion potential and the corresponding

equilibrium potential is called activation polarisation (Frankel, 2016).

2. If the concentration of the reactants at the electrode surface is insufficient, a situation
when the rate of reactant transport to the electrode surface is slower than the electrode
reaction rate, the difference between the corrosion potential and the corresponding
equilibrium potential is called concentration polarisation (Frankel, 2016).
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e Butler-Volmer Equation under Activation Controlled Kinetics

In the situation of activation polarisation, due to the sufficient reactant content, the electrode
reaction rate primarily depends on the charge transfer rate. For example, for an electrode
reaction M 2 M™* + ne~, under the equilibrium potential (E,,), the anodic reaction rate (i,)
and the cathodic reaction rate (i,) are the same, equals to the exchange current density (i,),
therefore, the net current density (i,,) on the electrode surface will be zero, where i, = i, — i,

as shown in Figure 2.22.
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Figure 2.22 Polarisation curve of electrode reaction at equilibrium potential. (a) Linear scale

for current density (Jan, 2003), (b) Logarithmic scale for current density.

When the electrode potential deviates from the equilibrium potential to the anodic (oxidation)
or cathodic (reduction) reaction dominated direction, the net current density of the anodic or
cathodic reaction can be described by the following Butler-Volmer Equation (Gulikers, 2005):

in =l - {exp :a;?,F (E, - Eeq)] —exp [% (E, - Eeq)]} (2.21)
i = i - {exp % (E. - Eeq)] — exp [% (E. - Eeq)]} (2.22)

Where i, is the net current density (A/m?) of electrode reaction, E,q is the equilibrium
potential (V) of the electrode reaction, E, and E, are the polarised anodic and cathodic

potential (V), E, — E.q and E; — E,, are the anodic and cathodic polarisation (V), a, and a,

52



are the anodic and cathodic charge transfer coefficient, usually close to 0.5, but must be
between 0 and 1(Frankel, 2016).

If the electrode potential significantly deviates from the equilibrium potential, the Butler-

Volmer Equation can be simplified to the following Tafel Equation forms (Gulikers, 2005):

The net anodic current density:

] ] ra,nkF T
ina = lo"exp | ZT (E, — Eeq)_ (2.23)
or
12.303 T
Ing =1, exp 5 (Ea — Eeq) (2.24)
L a .

The net cathodic current density:

[—(1 — a.)nF
inc=—io"exp —(d-agnf RTC) (E. — Eeq)] (2.25)
or
] ) —2.303
lnc = —lp - €xp b (E; - Eeq)] (2.26)
c
where
_ 2.303 - RT (2.27)
¢ aunF '
_ 2.303 - RT 298
C_(l—ac)nF ( )

where i, , and i,, . are the net anodic and cathodic current density (A/m?), b, and b, are the

Tafel slopes (V) for the anodic and cathodic reaction.
e Butler-Volmer Equation under Concentration Controlled Kinetics

In the situation of concentration polarisation, due to inadequate reactant content, the reaction
rate depends upon the rate of reactant mass transport. For instance, the cathodic reaction of
steel corrosion in water saturated concrete involves oxygen reduction. Owing to the fact that
the oxygen molecules are present in a small amount in the concrete pore solution and are
consumed quickly in the cathodic reaction at the steel surface, the oxygen transfers more

easily in gas phase than liquid phase that Co, .. /Co, a0, = 33 (Koretsky et al., 1999),
resulting in the oxygen diffuses through the bulk water saturated concrete to the steel surface
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is slower than the reaction rate, and there is an oxygen concentration gradient formed in the
bulk concrete. Therefore, the cathodic reaction is affected by concentration polarisation, for
which the Equation (2.26) is revised to the Equation (2.29), the net current density of cathodic
reaction at the electrode-electrolyte interface depends not only on the polarised potential but

also on the reactant concentration prevailing at the electrode surface (Frankel, 2016).

—2.303
be

G (Fe = Eeo)| 229)
where C, and C, are the reactant concentrations (mol/m®) at the electrode surface and in the
bulk electrolyte, respectively. Assuming that there is a Nernst diffusion layer (§) at the
electrode-electrolyte interface, within the layer the diffusion mechanism contributes to the
reactant flux, as a result, the reactant transport from the bulk electrolyte to the electrode
surface through the Nernst diffusion layer can be described by the Fick’s first law below
(Frankel, 2016):

_ —nFD,(C, — C;)

inc = ; (2.30)

Where i,, . is the net cathodic current density (A/m?) which is associated with the reduction of
reactant, D, is the reactant diffusion coefficient (m?/s). An increasing cathodic reaction rate
will decrease reactant concentration at the electrode surface, until the reactant concentration is
completely consumed by introducing a limiting current density (i);,) denotes the maximum
possible cathodic reaction rate associated with this condition. Finally the Equation (2.30) can

be rearranged as:

—nFD,C,

Dividing the Equation (2.30) by Equation (2.31) to yield the following one:

c .

Es_q_ l.n_c (2.32)
Ce Liim

Then substituting the Equation (2.32) into the Equation (2.29) to yield a new Equation (2.33)

which has described the relation of current density and electrode polarisation for a cathodic
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reaction under the combined action of activated and concentration controlled kinetics, as
shown in Figure 2.23.

: —2.303
oo i, - exp( D, E.— Eeq) (2.33)
n_.c 7
- o —2.303 .
1+ . exp( Db, E. Eeq)
| ==

Concentration

T g e —————

/
/

Combined Curve [, .

/
¢

Activation

log i
Figure 2.23 Combination of activation and concentration controlled kinetics (Frankel, 2016).

e Butler-Volmer Equation based Steel Polarisation Curve

For the corroding rebar in concrete, there are at least two coupled different half reactions
simultaneously take place on the steel surface, they are the anodic reaction or the iron
oxidation (Fe — Fe?* + 2e™) and the cathodic reaction or the oxygen reduction (0, +
2H,0 + 4e~ — 40H™). The formed steel corrosion potential (or mixed potential) follows the
theory of mixed potential and which is in between the equilibrium potentials (E¢,, E¢,) of
above two half reactions (Jan, 2003). At the corrosion potential (E.,,), the net current
density (i,,) on the steel surface will be zero and the corresponding iron oxidation rate is

defined as the corrosion rate (i.,,). Figure 2.24 illustrates the mechanism.
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40H™ > 0, + 2H,0 + 4e~

Ecq(oz) -4
ECOT?’
/ 0, + 2H,0 + 4~ — 40H~
Fe = Fe?" + 2e~ ™~
______ qu EL’(](FE)
Fe?" +2e” > Fe
™~
: ! .
t i(Fe) i(02) lcorr  logi
(a) (b)

Figure 2.24 Polarisation curve of electrode corrosion in acidic electrolyte. (a) Linear scale for
current density (Jan, 2003), (b) Logarithmic scale for current density (Frankel, 2016).

We can use the simplified Butler-Volmer Equations of Equation (2.24) and (2.26) to describe
the kinetics of the oxidation and reduction reaction occur on the steel surface (or
electrochemical kinetics at the rebar-concrete interface). In the Butler-Volmer Equation the
potential shift takes the equilibrium potentials of the two different half reactions and the
corresponding respective exchange current densities as the reference points. The Equations
(2.34) and (2.35) represent the activation and the combined activation and concentration

controlled kinetics respectively.

. .a E_qu _ic _ E_qu
in =13 -exp| 2.303 i -exp|—2.303 (2.34)
bq b,

— E¢
E_ E@ i§ - exp (—2.303 “’)
. . eq bc
in =1 - exp (2.303 > - —
1

b E—ES
a + 72 exp (—2.303 “’)

lim bc

(2.35)

where i,, is the net current density (A/m?) on the steel surface, i and iS are the exchange
current density (A/m?) of anodic and cathodic reaction, E is the polarised potential (V) under
CP, E¢; and E¢, are the equilibrium potential (V) of anodic and cathodic reaction, iy, is the

limiting current density (A/m?).
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Moreover, Butler-Volmer Equation can also take the other form as the Equations (2.36) and
(2.37), which are equivalent to the aforementioned Equations (2.34) and (2.35), where the
potential shift takes the corrosion potentials and the corresponding corrosion rate as the

reference point.

E-E E-E
in = icorr {exp (2.303 %) — exp (—2.303 %)} (2.36)
a c

E—E
i . —2.3(03 ——corr
Leorr exp( b, )

i E—E

1+ €9 . oxp (—2.303 Z— o1t

2w exp )

[o
Liim c

(2.37)

E-E
in = icorr - €XD (2.303 C"”) -
by

where i, is the corrosion current density (A/m?) at the steel surface, E,,,, is the free

corrosion potential (V).

2.7.2 Development State of Numerical Modelling of Cathodic Protection

At the present stage, the numerical studies of CP for RC structures are mainly focus on two
aspects: protection current and potential distribution as well as numerical optimisation. Many
CP numerical studies of RC structures are based on investigating the effects of various
influencing factors (structural, environmental, and operational factors) on the protection
current and potential distribution on steel surface, and finally provide relevant suggestions. A
small number of studies are related to numerical optimisation, in order to present not only

effective but also economical CP model.

e Research on Protection Current and Potential Distribution

Koretsky et al. (1999) studied the effect of concrete pore water saturation on the behaviour of
CP systems for corroding RC structures. The research shows concrete pore saturation presents
a significant influence on the performance of CP system, which is mainly reflected in the
effects of concrete electrical resistivity and oxygen transport on the protection current and
potential distribution of rebar. Hassanein et al. (2002) studied the influences of steel
conditions (corrosion rate, oxygen limiting rate, anodic and cathodic Tafel slopes), applied
protection current, and concrete resistance on the current and potential distribution in RC

concrete under CP. The study indicates increasing corrosion rate, concrete resistance, and
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applied current have marked adverse effects; greatly polarised cathode (greater cathodic Tafel
slope) has a beneficial effect; and anodic Tafel slope and limiting current density have little
influence on the current and potential distribution respectively. When the RC structure has
two or more rows of steel bars, most of the protection current (about 70%) will be received by
the first row which is closest to the anode. Muehlenkamp et al. (2005) studied the influence of
moisture content on the spatial uniformity of a CP system for RC structures. Polder et al.
(2008) investigated the current and potential distribution of different states (active, passive) of
steel bars in concrete under CP process. The research shows the active rebar can only be
protected directly under the anode coverage area, and if outside it by even only a few
centimetres will obtain less current and be less polarised. The polarisation of passive rebar is
much higher than the corroding rebar even those which are far away from the anode. Bruns
and Raupach (2010) studied the effects of different concrete electrical resistivities (dry, wet)
on the CP effect for distant rebar in concrete. The research indicates the fraction of total
protection current of the rear rebar is significantly depending on the concrete electrical
resistivity and applied current density. Liu and Shi (2012) researched the effects of applied
potential, surface chloride concentration and concrete mix design on CPre system for
unconventional concrete under salting environment. The findings confirmed the benefits of
CPre which can extend the service life of new concrete structures. Cheung and Cao (2013)
studied the effect of macrocell corrosion on the CP effectiveness for RC structures. The study
results show the uniformity of protection current around rebar is significantly dependent on
not only the geometry, and concrete electrical resistivity but also the different corrosion
model, the macrocell corrosion may exacerbate the CP non-uniformity, a much more uniform
potential distribution can be observed around the passive bars. Lozinguez (2018) investigated
the useful contribution of sacrificial anode in improving CP for RC patch repair. The research
results propose the installation position of sacrificial anode that which should be set in
concrete substrate rather than patch concrete, and also evaluate the effect of electrical
resistivity of the repairing concrete. Fonna et al. (2018) studied the influence of anode type
and anode-cathodic displacement on potential distribution of RC structures under CP process.
The findings show that the anode type affects the steel potential value and the anode-cathode

displacement influences the potential distribution on steel surface.

e Research on Numerical Optimisation

Qiao et al. (2016) presented a numerical optimisation method of CP system for RC structure

by considering the structural life expectancy and protection potential as the constraint
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conditions and optimising the location and area of anode and the output voltage amplitude to
minimise the total cost of CP system. This research provided an idea to optimise the anode
setting and output power by reducing the total cost and meeting the protection requirement
simultaneously. Qiao et al. (2017) proposed a CP optimisation design scheme for RC
structure by illustrating a 3D-FEM model with the complexity of structural geometry, and
multiple corrosion boundaries. The research results reveal the optimised CP system can
control the steel corrosion very well; the geometrical arrangement of anodes greatly
influences the CP corrosion-controlling effect regardless of the adjustment of the impressed
voltage or current; besides, the junction regions among different rebars and stirrups are the

most difficult location to protect.

Overall, at first, in all the CP numerical studies of RC structures, the Laplace Equation is
adopted as the governing equation to characterise the potential and current distribution in
concrete, in other words, the concrete electrical resistivity is considered as constant in the
numerical model; secondly, the model boundary conditions (electrochemical reactions at the
steel-concrete interface), in most cases, using the Butler-Volmer Equation based polarisation
curve, in a few cases, adopting the measured real-time polarisation curve; thirdly, the
assessment of simulated results for the steel corrosion protection under CP condition is based
on the CP standard (BS EN 1SO, 2016). The CP standard states that the steel protection is
achieved when any representative steel in concrete meets any one of the following criterion

(Laurens and Francois, 2017):

1. An instant-off potential more negative than -720mV (with respect to Ag/AgCIl/0.5 M
KCI reference electrode); which corresponds to -680mV/SCE (Saturated Calomel
Electrode); no instant-off potential more negative than -1100mmV for plain
reinforcing bar or -900 mV for prestressed bar (with respect to Ag/AgCI/0.5 M KCI
reference electrode).

2. A potential decay over 24 hours of at least 100mV from instant-off potential;
3. A potential decay over an extended period (typically 24 hours or longer) of at least

150mV from instant-off potential subject to a continuing decay and the use of

reference electrodes for the measurement extended beyond 24 hours.
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This is an empirical based CP standard, the criteria do not provide any specific
recommendation on the applicable environment (variability of concrete state) and rebar
condition (active or passive). In general, the CP application for RC structures adopts the first

and the second criterion.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Introduction

There are two fundamental inadequacies in the existing numerical modelling of Cathodic
Protection (CP) for Reinforced Concrete (RC) structures, one is that, in general, almost all
numerical modelling works regards the concrete electrical resistivity as a constant by default,
neglecting its variation under different states of concrete; the other one is the boundary
condition at the steel-concrete interfaces, for which the knowledge of the effects of CP current
on steel corrosion state is still limited, resulting in neglecting the change of steel polarisation
state in the CP numerical modelling. This research will focus on the two issues and the

corresponding characterisation model development.

This chapter introduces the mathematical model adopted for the numerical modelling of the
CP process, which describes the ionic transport behaviour in the concrete pore solution under
the applied CP current. Thereafter, a preliminary CP numerical study based on the
mathematical model has been conducted, it aims to investigate the effect of concrete electrical
resistivity on the chloride ions distribution, potential value, as well as profile in concrete
under CP process. A subsequent detailed study on the characterisation of concrete electrical

resistivity that links to the concrete state is discussed in Chapter 4.

This chapter introduces the electrochemical mechanism of steel-concrete interface under CP
process. In view of the Butler-Volmer Equation based polarisation curve which is broadly
used as the boundary condition in the CP numerical modelling, but most of the existing
models could not reflect the dynamic change of steel state in CP processes. This research is to
suggest a new characterisation model for the Butler-Volmer Equation, based on the measured
corrosion parameters and polarisation values of steel bar embedded in chloride contaminated

concrete specimens. A subsequent detailed study on this topic is discussed in Chapter 5.
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3.2 Numerical Model for Cathodic Protection Process

3.2.1 Mathematical Modelling of lonic Transport in Concrete

For RC structures under implemented CP, the impressed protection current flows from the
external anode to the protected steel bars within the concrete, in which the flow of electric
current is formed by the migration of charged ions in the concrete pore solution under the

action of the externally applied electric field.

Supposing there is an ionic species passes through the concrete, taking a small control volume
in concrete for analysis as illustrated in Figure 3.1, in terms of the law of mass conservation,
the incremental mass of the ionic species in the control volume should be equal to the
difference value of the ions mass flowed in and flowed out the volume. The ionic mass

balance can be expressed using the Equation (3.1) or (3.2):

!
I
]in A : A ]out
— Y —

|

S _

//
Ax
p——

Figure 3.1 Schematic diagram of control volume concrete.

AC;+A-Ax = Ji A+ At — Joue * A~ At (3.1)
ﬁ =]in _]out (32)
At Ax

where C; is the ionic concentration (mol/m®) in the control volume concrete and the subscript
i represents different ionic species, AC; is the ionic concentration variation (mol/m®) in time
At (s), J is the ionic flux (mol/m?-s) through a cross section, and A4 is the cross section area
(m?). When the size of the control volume is extremely small, the Equation (3.2) can be

rewritten into a differential form as follow:
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aC;

= =~V (3.3)

where V is the gradient operator. Assuming that the concrete pore solution is an ideal
electrolyte, the governing equation for ionic mass transfer of individual ionic species in the
pore solution is known as the Nernst-Planck Equation, shown as the following expression
(Cussler, 2009; Newman, 1973), which takes account of the internal ionic diffusion (ionic
concentration gradient effect), ionic migration (electric field effect), and the ionic convection

(flow effect of bulk solution):

F
ZiDiCiV(l’ + Civ (34)

Ji=—DiVC — 2

where D; is the ionic diffusion coefficient (m%s), z; is the charge number, ¢ is the static
electric potential (V), and v is the velocity (m/s) of bulk solution. Without the flow effect of
bulk solution in the concrete pore structures, the Governing equation (3.4) can be simplified
as below (Masuda et al., 2004):

F
Ji = =DV C = 2z DGV (3.5)

The first term on the right side of Equation (3.5) represents the ionic diffusion due to its own
concentration gradient; the second term represents the ionic migration driven by the internal
electric potential gradient. The Equation (3.5) is applicable for all the different ionic species
dissolved in the concrete pore solution, which all together will meet the condition of the

electric neutrality at any local points. Substituting the Equation (3.5) into (3.3) yields the

following one:
aC: F

Moreover, the total fluxes of charged ions at any point in concrete pore solution will form a

current density which is defined as follow (Faraday’s Law):
N

iion = F ) 21 (3.7)
i=1
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where i;,,, is the current density (A/m?) at any point in concrete pore solution, and N is the
total number of the ionic species in pore solution. Substituting the Equation (3.5) into (3.7)

and rearranging yield:

N

N

F i;

2V = —<%+ZziDiVCi>/zzi2DiCi (3.8)
1=

i=1

Equations (3.6) and (3.8) together describe the mutual ionic transport behaviour in the ideal
concrete pore solution under a static electric potential gradient and an ionic concentration

gradient, and these two are influenced by the applied current density in the case of CP.

3.2.2 Numerical Modelling of Cathodic Protection

According to the Ohm’s law and the local electric neutrality, the current density in concrete

should satisfy the following Equations respectively:

1

lion = —— Vi (39)
Pc

Vin =0 (3.10)

where 1 is the potential (V) of the externally applied electric field on concrete, p. is the
concrete electrical resistivity (Q-m). By substituting the Equation (3.9) into (3.10), the
potential distribution inside concrete complies with the following ohm-charge conservation

Equation:

v pl(VII)) =0 (3.12)

So far, most of the existing CP numerical studies have presented a deficiency, which simply
takes the concrete electrical resistivity as a constant and simplifies the Equation (3.11) into the
Laplace Equation:

V2 =0 (3.12)

On account of the fact that concrete electrical resistivity varies under real environmental

conditions, this study will take the original form of the Equation (3.11), in which the
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variation of concrete electrical resistivity is considered to be linked to the chloride and water

content in concrete.

To justify the necessity of this work, a preliminary comparison using two hypothetical cases
studies, which use Equations (3.11) and (3.12) respectively, is to be presented in the next
section to demonstrate the concrete electric resistivity effect on the chloride ions distribution,
electric potential value, and profile in concrete during the CP operation process. All these
numerical calculations were conducted using software, COMSOL Multiphysics, a FEM

numerical simulation package.

3.3 Case Study of Preliminary Simulation of Cathodic Protection

3.3.1 Model Description
e Model Geometry and Material Properties

A simplified two-dimensional Finite Element (FE) model describes a concrete specimen with
an anode and three embedded steel bars (cathode) has been investigated, as shown in Figure
3.2. The specimen height and width were 150mm and 90mm, respectively, the steel bars

diameter was 10mm, corresponding to the concrete cover of 20mm.

—i—

> ® |
B "

Anode e | y2

°®
\ .
L-X :fl,_iq Steel bar
Figure 3.2 Model geometry

(X1=20mm, x2=45mm, y;=50mm, y,=150mm, diameter of steel bar is 10mm).

In the study, the major ionic chemical species observed in the pore solution of chloride

contaminated conventional Portland cement concrete will be taken into account, they are
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hydroxyl (OH™), sodium (Na*), potassium (K*) and chloride (Cl™) ions. The initial
conditions and diffusion coefficients of the four ionic species considered in concrete pore
solution are given in Table 3.1, and the initial concentrations of ionic species are assumed to
be evenly distributed in concrete solution. In the numerical simulation, the chloride, sodium,
and potassium ions concentration are calculated by solving the Equations (3.6) and (3.8),
while the hydroxyl ion concentration is determined in terms of the electric neutrality,
Yiz;C; = 0. The preliminary numerical simulation of the CP operation process will be

conducted for 60 days.

Table 3.1 Initial ionic concentrations (C;) and diffusion coefficients (D;)
(Wang and Li, 2000).

Species Chloride (ClI”) Hydroxyl (OH™) Sodium (Na*) Potassium (K*)
C; ini (Mol/m3) 380 620 900 100
D; (m?/s) 0.406e-9 1.056e-9 0.266€-9 0.392e-9

3.3.2 Electric Field Distribution in Concrete

As regards the governing equation for concrete domain, the mathematical models of ionic
transportation are given by Equations (3.6) and (3.8). To describe the concrete condition
under CP application, if the concrete electrical resistivity is considered as constant, Equation

(3.12) is adopted; if the concrete electrical resistivity is treated as variable, Equation (3.11) is

utilised.

3.3.3 Boundary Condition
e Anode-Concrete Interface
The anode-concrete interface in this study was assumed to be non-polarisable, any aging

effects and building up of electrical resistance at the anode-concrete interface had been

neglected. Thus, the anode was fixed at a zero as the reference potential:

banode =0 (313)
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e Steel-Concrete Interface

The electrochemical reactions at the steel-concrete interface under the CP process are directly
related to the applied current density, therefore, there are two sets of constant current densities
represent the applied CP current density are approximately applied on all the steel bars,

respectively.

e RC Specimen Boundary

All the other boundaries were characterised as insulating conditions, both the fluxes of all the
ionic species and the electric current were assumed to be zero on all these boundaries of RC

specimen.

3.3.4 Case | (Constant Electrical Resistivity)

Two sets of concrete electrical resistivity values of 1Q-m and 10Q-m, as well as two sets of
current densities of 2.5A/m? and 5A/m? were assumed in the CP case study respectively.
Figures 3.3 and 3.4 show the chloride ion concentration profile in concrete with different

concrete electrical resistivity values under the different applied current densities.

It can be seen that the chloride ions have been redistributed under the applied electric field,
and those ions are driven to the region near the anode, whereas the ionic concentration around

the steel bar decreases (compared to the initial concentration).

Comparing Figures 3.3 with 3.4, we can see that there are more chloride ions migrated to the
anode due to the increased current density. However, under the same CP current density, the
chloride redistribution profiles in concrete can be observed to be the same for the two

different concrete electrical resistivity values.
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Figure 3.3 Profile of chloride concentration in concrete under 2.5A/m".
@) pc = 102-m, (b) p. = 1002-m.
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Figure 3.4 Profile of chloride concentration in concrete under 5A/m?.
@) p. = 102-m, (b) p. = 102-m.

Figures 3.5 and 3.6 show the electric potential profile in concrete with different concrete
electrical resistivity values under the different applied current densities.

It can be seen that the electric potential in concrete under the applied electric field, which
displays a progressively increasing trend, and is in line with the distance that comes closer to
the anode, resulting in the electric potential around the surface of the steel bar shows the
lowest value.
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Comparing Figures 3.5 with 3.6, we can see that the electric potential value around the
surface of the steel bar decreases with the applied current density and the concrete electrical
resistivity. For the condition of applied current density of 2.5A/m? when the concrete
electrical resistivity is 1Q-m the electric potential around the rebar is -0.086V, whilst when
the concrete electrical resistivity is at 10Q-m its electric potential around the rebar is -0.856V,
which is about ten times smaller. For the condition of applied current density of 5A/m? when
the concrete electrical resistivity is at 1Q-m the electric potential around the rebar is -0.171V,
whilst when the concrete electrical resistivity is 10Q-m its electric potential around the rebar

is -1.711V, which is still about ten times smaller.

However, the electric potential profiles in concrete are very similar for the two different
concrete electrical resistivity values under the same CP current densities, but slightly different
under the different current densities.
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Figure 3.5 Profile of electric potential in concrete under 2.5A/m?.
@) p. = 102-m, (b) p, = 102-m.
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Figure 3.6 Profile of electric potential in concrete under 5A/m?.
@) p: = 102-m, (b) p. = 102-m.

Figures 3.7 and 3.8 show the electric potential distribution along the circumference of the
cross section of the middle steel bar at different time under the applied current density of
2.5A/m? and 5A/m?, respectively.

The horizontal axis shows the positions on the circumference of the steel cross section,
starting anticlockwise from the point near to the anode (x = 0). The curve displays the
electric potential distribution along the cross section circumference of the rebar, which
presents a similar sine function shape, showing the electric potential along the rebar
circumference that is not uniform. The closest point to anode has the largest electric potential

value, whilst the furthest point to the anode has the smallest value.

Comparing Figures 3.7 with 3.8, it can be seen that the electric potential value along the cross
section circumference of the steel bar decreases with the increase of the applied electric field.
However, the electric potential profiles along with the cross section circumference of steel bar
are closely similar under the different concrete electrical resistivity values and the same
current density, but slightly different under the same concrete electrical resistivity and
different applied current densities. Moreover, the legends in the figures demonstrate that there

are no developmental stages of the numerical model with time.

70



Line graph: electric potential

~ —o0 }
-0.07 240
\ —480
-0.072 720
\ — 960
S 0074 \ / o
=, -0 — 1440
=
£ -0.076
s
o
2 .0.078
.8
= \ /
8 -0.08
& \ /
-0.082 \ /
-0.084 \_//
-0.086
0 0.005 001 0015 002 0025  0.03

Distance around steel circumference (m)
(a)
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Figure 3.8 Profile of electric potential along the circumference of steel bar cross section

under SA/m?. (a) p. = 102-m, (b) p, = 1002-m.

3.3.5 Case Il (Variable Electrical Resistivity)

In this case study two variable concrete electrical resistivity values were compared under a

current density of 5A/m% Two hypothetical concrete electrical resistivity models were

adopted as below:
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A

= 14
c
Pc =77 (3.15)
Cei + Con

where C,; is the chloride ion concentration (mol/m®) in concrete pore solution, C,y is the
hydroxyl ion concentration (mol/m®) in concrete pore solution, 4, B and C are three constants
(nonzero and nonnegative number). These assumptions are based upon the fact that there
exists an inverse relationship between concrete electrical resistivity and ionic concentration in
concrete pore solution, whilst the chloride and hydroxyl ions are both highly variable in
concrete under the CP process; these constants make these two equations have generality.
Figures 3.9 to 3.11 show the results using different variable concrete electrical resistivity
values under the same applied current density.

Figure 3.9 shows the chloride ion concentration profile in concrete under the applied current
density of 5A/m®. Similar phenomenon as that can be noticed in Case | before. The chloride
ions in concrete have been redistributed under the applied electric field by the migration of
chloride ions from the steel bars to the anode. Figures 3.4 and 3.9 show the same chloride
profile under the same applied current density. This result can be concluded that the ionic
redistribution depends on the applied current density only, but is less affected by the concrete
electrical resistivity.

Figure 3.10 shows the electric potential profile in concrete under the applied current density

of 5A/m% It can be seen that both the electric potential value and profile display a big
difference under the two variable concrete electrical resistivity values.
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Figure 3.11 shows the electric potential distribution along the cross section circumference of
the steel bar under the applied current density of 5A/m?. A similar phenomenon can also be
seen in Case I, the electric potential distribution along the cross section circumference of the
rebar is not uniform, but present different shapes of sine functions and different electric
potential values. Moreover, the legends in the figures demonstrate the developmental stages

of the numerical model with time presented by multiple curve variation.
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3.3.6 Discussion and Summary

A
CCZ+B’

(b) pc

_ Cc
Cci+Con’

Based on the above two preliminary hypothetical case studies, the following information can
be obtained regarding the effect of concrete electrical resistivity:

1. Chloride ion concentration distribution

e The chloride ion concentration in concrete has been redistributed under the applied

current density by the migration of chloride ions from the steel bar towards the anode.

e The chloride ion concentration redistribution profile in concrete is only depended on

the implemented current density not the concrete electrical resistivity.

2. Electric potential value and profile (Case I)

e The electric potential values in concrete and along the cross section circumference of

steel bar are both dependent on the concrete electrical resistivity and the applied

current density.

74




e The electric potential profiles in concrete and along the cross section circumference of

steel bar are slightly affected by the impressed current density only.

3. Electric potential value and profile (Case 1)

e The electric potential value and profiles are both related to the concrete electrical

resistivity variable and the applied current density.

For Case I, it can be seen that, by neglecting the influences of concrete pore structures, water
content and ionic concentration on the concrete electrical resistivity, the electric potential
profiles in concrete and along the cross section circumference of steel bar all depend on the
implemented current density only. However, for Case Il that considers the variable concrete
electrical resistivity, the results are determined by the concrete electrical resistivity and the
applied current density, which is the phenomenon that in line with the actual situation.

In conclusion, owing to the fact that concrete electrical resistivity depends on the concrete
conditions, and by taking the concrete electrical resistivity as constant by default in the CP
modelling could not reflect the actual state of the real structure. Hence, these results could not
provide the correct information and effective guidelines for the future development of CP
technology. The preliminary studies confirmed that in order to obtain accurate CP modelling,
the electrical resistivity must be correctly characterised with concrete conditions, which is one
of the critical points that needs to be addressed.

3.4 Electrochemical Mechanism of Steel-Concrete Interface in Cathodic

Protection Process

3.4.1 Interfacial Electrochemical Mechanism

As shown in Figure 3.12, when CP is applied on a chloride contaminated RC structure, there
is a voltage (AE,,) is imposed between the anode and steel bar (cathode), which makes the
anode, steel bar and the concrete domain (between the anode and steel bar) present different

potential values.
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Assuming a point A in concrete, which approaches the anode infinitely, there is a potential
difference (AEgnode concrete) at the anode-concrete interface exists between the anode surface
and the contacting concrete surface point A, it is defined by the Equation (3.16). Similarly,
assuming a point B in concrete, which approaches the steel bar infinitely, there is a potential
difference (AE,qr concrete) at Steel-concrete interface exists between the steel surface and the
contacting concrete surface point B, it is defined by the Equation (3.17). The imposed voltage
(AE,,,) reflects the potential difference between the anode and the steel bar (Equation 3.18).
The potential difference of @gnode concrete ANA Ppar concrete 1S the imposed voltage on the
concrete domain between the anode and the steel bar. The interfacial potential difference of
AE n0de concrete CONtrols the electrochemical reactions occurring at the anode-concrete
interface; while the interfacial potential difference of AEp,, concrete cONtrols the

electrochemical reactions occurring at the steel-concrete interface.

> anode concrete o bar concrete

<
i

¢ anode —» — CD bar

Anode > . — Steel bar

_.F_

_____.______
g
=]

L S E—

AE anode concrete AE bar concrete

Concrete with chloride

AE app

Figure 3.12 Profile of interfacial electric potential of chloride contaminated RC structure

under CP application.

AEanode_concrete = ¢anode - ¢anode_concrete (316)
AEbar_concrete = ¢bar_concrete - ¢bar (3-17)
AEapp = Panode = Povar (3.18)

where AE 04e concrete 1S the interfacial potential difference (V) at anode-concrete interface,
®Panoae 1S the anode potential (V), danode concrete 1S the electric potential (V) of point A
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which approaches the anode infinitely in concrete, AEp,;, concrete 1S the interfacial potential
difference (V) at steel-concrete interface, ¢pqr concrete 1S the electric potential (V) of point B
which approaches the rebar infinitely in concrete, ¢, is the rebar potential (V), AE,,,, is the

applied voltage under CP.

In this study, the CP numerical modelling takes no account of the electrochemical reaction at
the anode-concrete interface because it is set to as a reference point. At the steel-concrete
interface, two reactions are considered: the anodic reaction (Fe —» Fe?* + 2e™) and the
cathodic reaction (0, + 2H,0 + 4e~ = 40H").

For a chloride contaminated RC structure without implemented CP, as reviewed in Chapter 2,
the anodic reaction (iron oxidation) and the cathodic reaction (oxygen reduction) take place
simultaneously on the steel surface where the rebar presents an electric potential value, a

corresponding iron oxidation rate (ir, ) and an oxygen reduction rate (i,,), we have the

following relation:

i02 - iFe = 0 (319)

At this moment, we indicate the ip, as i.,.., the corrosion rate if there is no CP current
density (iypp, = 0), the corresponding rebar potential as corrosion potential (E¢,,-). If there is

a CP current density (i,,,) applied on the chloride contaminated RC structure, we have:

iapp = iOZ — lpe (3.20)

For a chloride contaminated RC structure with implemented CP, the protection current will

push the rebar potential (E,,,) to a more negative potential value (E.,), so the steel
polarisation (potential shift) n under the externally applied voltage (AE,y,) corresponding to

a CP current density (ig,,) can be expressed as below:

N==Eyp— Ecorr (3.21)

Here the polarised steel potential (E,,) is the steel interfacial potential (AEyqr concrete) IN
Figure 3.12 under the externally applied voltage (AEg,,) or the applied CP current density

(iapp); the corrosion potential (E.,,) is the steel interfacial potential (AEpar concrete) i
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Figure 3.12 without implemented CP; the steel polarisation () controls the electrochemical

reactions occurring at the steel-concrete interface under CP.

As discussed in Chapter 2, for the corroding rebar in concrete under CP application, the
respective anodic and cathodic reaction rate (i, io,) can be described using simplified Butler-
Volmer Equations (3.22) and (3.23), which involve the relevant anodic and cathodic Tafel
slopes (b,, b.) and steel polarisation (n). Combine Equations (3.20), (3.22) and (3.23) to yield
Equation (3.24), a derived Butler-Volmer Equation representing the steel polarisation curve
under CP. Equation (3.24) describes the kinetics of the anodic and cathodic reaction occurring
on the steel surface, here the net current density on the steel surface is balanced by the applied
protection current density (i,,,) under CP application, and the increasing protection current
density will result in the increasing oxygen reduction rate and the decreasing iron oxidation.
Equation (3.24) is widely adopted as the boundary condition in the CP numerical modelling

for RC structures.

ir, = lcorr = €XP (2.303 l) (3.22)
ba
. . n
lo, = lcorr * €XD (—2.303 b_) (3.23)
c
. . . . n . n
lapp = lo, — I, = lcorr * €XD (—2.303 b_) — lcorr * €XP (2.303 b_> (3.24)
c a

3.4.2 Research Idea on A New Butler-Volmer Equation Based Steel Polarisation

Characterisation

In terms of the literature review in this study, most of the previous works on CP modelling for
RC structures had no consideration of the coupling effect of the ionic transport in concrete
and the applied electric field effect. Therefore, when implementing the boundary condition by
taking the Equation (3.24), most of these works can only describe the potential state of steel-

concrete interface and the simulated result could not provide the actual steel corrosion rate.

In consequence, the information and knowledge of the effects of CP current on steel corrosion
state, drawn from the CP numerical simulation are still limited, resulting in the lack of

understanding of the electrochemical mechanism of the CP process in RC structures, there is
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limited applicable quantitative specification in a few CP standards, such as BS EN 1SO (2016).
At the present stage, the evaluation of the CP efficiency so far is based on the steel instant-off
potential, or the potential decay value over a certain period, in which the potential value as a
criterion, is an indirect approach based on the thermodynamics of steel corrosion. Moreover,
to define the boundary condition by the Equation (3.24) in CP numerical modelling, the
anodic and cathodic Tafel slopes (b, b.), which reflect the steel polarisation states under CP
process, are generally considered as constants. With the constant Tafel slopes the Butler-
Volmer Equation is unable to represent the different steel polarisation curves to reflect the

dynamic change of steel corrosion state in the CP process.

This study aims to characterise the variation of anodic and cathodic Tafel slopes under CP
application for the concrete of different chloride contents. It is to propose a new
characterisation model for the Butler-Volmer Equation, which can not only consider the
dynamic Tafel slopes, but also can directly describe the variation of steel corrosion rate

referring to the applied different CP current density.

3.5 Conclusions

This research need to focus on two contributions for the numerical modelling of CP process
on RC structure. It is going to investigate the characterisation for the concrete electrical
resistivity and the rebar polarisation state under CP. The two characterisation models are to be
developed and validated using the experimental data available. At the end, the two developed
models are to be implemented to optimise CP numerical simulation for RC structures. The

simulation results will be compared with an experimental study completed early.
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CHAPTER 4

CONCRETE ELECTRICAL RESISTIVITY
CHARACTERISATION

4.1 Introduction

The electrical resistivity is a fundamental property of concrete, which describes the ability of
concrete to oppose the flow of electric current. It is an important indicator in the assessment
of reinforcement corrosion in concrete, which controls the steel corrosion current flow in
concrete. Moreover, it is an essential parameter in the design and operation of Cathodic
Protection (CP) for Reinforced Concrete (RC) structures, which governs the applied current
and potential distribution in concrete, and influences the potential distribution at the steel-

concrete interface under the CP process.

The electric current flow in concrete is achieved by the motion of dissolved charged ions in
the concrete pore solution, thus, the concrete electrical resistivity fundamentally depends upon
the formation of concrete pore structure (the pore connectivity, tortuosity and the pore size
distribution), pore water content (transport medium), as well as the chemical composition (the
actual carriers of electric current) of the pore water solution (Layssi et al., 2015; Banea, 2015;
Azarsa and Gupta, 2017).

These factors are consequently determined by the nature of the component materials (cement
type, aggregates and mixing water), mixture proportion, water/cement (w/c) ratio, curing
methods, and the exposed environment (Elkey and Sellevold, 1995; Whiting and Nagi, 2003).
Table 4.1 shows the significant variation of concrete electrical resistivity under the different

chemical compositions and exposed situations.
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Table 4.1 Electrical resistivity of concrete (2-m) made by different cement type

under different exposure condition (Polder, 1996).

Different type of cement Atmospheric area Immersed and splash area
Portland cement 300-700 135
5% silica fume 300-2000 250
70% blast furnace slag 2200 800

CP so far has been proven to be the most effective and reliable anti-corrosion technique for
RC structures and has been increasingly used in civil engineering for structural repair and
maintenance (Wilson et al., 2013). Nowadays, numerical modelling and simulation has been
popularly employed for the CP design and operation analysis of RC structure (Liu and Shi,
2012; Qiao et al., 2015; Qiao et al., 2016).

In theory, the mathematical model adopted for the numerical modelling, which describing CP
process running in RC structures are generally based on the Nernst-Planck Equation (3.4)
describing the principles of ionic transportation in concrete pore solution and Ohm’s law
(Equation 3.9) describing the implemented DC current flow in concrete (Wang, 2001). To
solve the two equation models, the concrete electrical resistivity as a material property is
required at the first hand. For the reason, the accurate estimation of concrete electrical
resistivity at varied conditions is important to help assess the steel state under the CP

operation or for CP design.

In spite of the important role of concrete electrical resistivity, in terms of the literature
research in this study, most of the previous works on numerical modelling and simulation of
the CP process on the RC structures neglected the variation of concrete electrical resistivity
with changing water content and ionic concentration in concrete under varying environmental
situations, those works assume the concrete electrical resistivity as a constant by default, so
that the electric current and potential distribution in concrete was simply described using the

Laplace Equation.

However, in order to accurately evaluate the potential distribution of steel-concrete interface
under CP conditions, and to help understand and optimise CP numerical modelling for RC
structures, the variation of concrete electrical resistivity needs to be considered by developing
an appropriate concrete electrical resistivity model to evaluate its relationship with concrete

conditions. Water and chloride contents in concrete are highly variable for RC structures in
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real world hostile environments, which leads to interest in the characterisation of their
coupling effects on the concrete electrical resistivity. So far, a few researchers have reported
the combined influence of water and chloride contents on concrete electrical resistivity, but
the characterisation and modelling of the concrete electrical resistivity under the coupling
influence of the two important factors are still open for discussion for accuracy, reliability,

and fundamental underlying mechanisms.

To provide an efficient parameter for numerical modelling of CP process in RC structure, this
chapter will focus on the mathematical characterisation of the coupling effects of water and
chloride contents on concrete electrical resistivity based on the previous experimental
research (Oleiwi, 2018), a new semi-empirical model based on the understanding that the
relationship between concrete electrical resistivity and water content has an intrinsic linkage
to the pore size distribution of concrete pore structures, and the chloride content will be put

forward.

4.2 Influence of Water Content

Numerous studies have been completed on the effect of water content on concrete electrical

resistivity by different representations: water saturation, water content, and water loss.

4.2.1 Characterisation in Terms of Water Saturation

The concrete electrical resistivity varies widely in the natural environment, for mature
concrete, the degree of pore water saturation has been identified as the most important

influencing factor for the concrete electrical resistivity.

It has been found that the degree of pore water saturation varying from 20% to 100% causes
the concrete electrical resistivity to decrease in three orders from 6x10° to 7x10°Q-cm (Gjarv
et al.,, 1977). A study about the effect of water saturation on concrete electrical resistivity
made by different wic ratios is illustrated in Figure 4.1, and the results show that the concrete
electrical resistivity decreases with increasing degree of water saturation and wi/c ratio.

However, Lopez and Gonzalez (1993) proposed two critical limits, 70% and 35%, when the
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degree of pore water saturation is over 70% or below 35%, concrete electrical resistivity value

is either too small or too large to be detected.
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Figure 4.1 Effect of water saturation on concrete electrical resistivity (Gjerv et al., 1977).

It should be noted that the degree of pore water saturation is a relative value, which is the ratio
of water volume to concrete pore volume, to characterise the concrete electrical resistivity in
terms of the degree of pore water saturation only is not efficient. Also, its coupled effect
needs to be considered with the concrete porosity to reflect the total water content (Villagran
and Di Maio, 2014). For instant, in the case of fully saturated concrete (underwater structure)
with the constant saturation degree of pore water, due to the total water content is directly
proportional to the concrete porosity, so the concrete electrical resistivity decreases with an

increase in porosity.

4.2.2 Characterisation in Terms of Water Content

The electric current transport in concrete is essentially carried by the mobile charged ions in
pore water so that the water content, as the transport medium in the pore network, plays a

significant role in influencing the concrete electrical resistivity.

Concrete contains interlinked pore structures with different sizes, which are formed in the

cement hydration process. In general, the pores are categorised into three types (Brandt, 2014;
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Roy et al., 1993; Bertolini et al., 2014): air voids, the air entrapped in the cement paste that
cannot be removed by concrete vibration; capillary pores, the voids not filled with solid
hydration products in the hardened cement paste; gel pores, the interlayer spacing within C-S-

H gel layer, which is hydrates of cement composition silicates.

When the concrete is exposed to the atmospheric environment, the actual water content in the
pore network is related to the concrete hygroscopic equilibrium and the relative humidity (RH)
of the surrounding environment (Villagran and Di Maio, 2014). The water content in capillary
pores occupies the largest proportion of water content in concrete and in bigger pores only as

a layer of water film adsorbed on the pore wall (Bertolini et al., 2014), as shown in Figure 4.2.

Adsorbed water

Adsorbed water Pore filled by water

Figure 4.2 Water exits in capillary pores under equilibrium condition (Bertolini et al., 2014).

Concrete can absorb water from the air with high RH. The equilibrium relation of the water
content in air and the water content in concrete pore structure can be depicted by an
adsorption isotherm shown in Figure 4.3. It can be seen from the graph that when the RH
below 40%, the water content is adsorbed on the wall of capillary pores or filled in the gel
pores. Also, Chen et al. (2014) confirmed that when concrete is exposed to RH below 40%,
the concrete electrical resistivity was too large to be stable. The large electrical resistivity at
low RH may be explained by the fact that the water in the gel pores is much less electrically
conductive due to the strong chemical bond with the inner surfaces of gel pores and the

disconnected distribution of gel pores (Zaccardi and Maio, 2014; Hunkeler, 1996).

84



10 Capillary pore radius with condensation (nm)

=
=
£ 02 05 1 2 5 10 100
s 8
=
E 6 . Capillary pore condensatio
2 Adsorption and Adsorption
S 4 - ‘ -
E_.) -
£ 2
g
20 40 60 80 100

Relative humidity/%

Figure 4.3 Water adsorption isotherm of concrete refers to capillary pore radius
(Hunkeler, 1996).

As depicted by Figure 4.3, when RH exceeds 40%, condensation (the gaseous phase changes
into the aqueous phase) in capillary pores takes place and the relevant concrete electrical
resistivity will exponentially decrease with the increase of water content (Villagran et al.,
2009; Hunkeler, 1996; Saleem et al., 1996; Zaccardi and Maio, 2014). Also Saleem, et al.
(1996) found that the decreasing tendency of concrete electrical resistivity will become
negligible after a certain amount of water content, which is similar to the description of Lopez
and Gonzalez (1993) in Section 4.2.1.

4.2.3 Characterisation in Terms of Water Loss

When the RC structure is located in the environment with either the high temperature or the
low RH, the water evaporation in concrete pore network (the aqueous phase changes into the

gaseous phase) takes place.

Su et al. (2002) pointed out that concrete electrical resistivity increases with the increase of
water loss ratio. In general, water evaporation is closely related to the pore size distribution of
concrete. During the process of pore water evaporation, due to the “ink-bottle” effect, the
water exists in the larger pores and if connected with the smaller pores cannot evaporate until
the water exists in the smaller pores has dried out. For instant, as shown in Figure 4.4, the
water desorption curve shows higher water content than the water adsorption curve under the

same RH and presents a hysteresis phenomenon.
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Figure 4.4 Hysteresis in water isotherm curve (Andrade et al., 2011).

In summary, the water loss is an influencing factor for concrete electrical resistivity, however,
the characterisation of the concrete electrical resistivity in terms of water loss may not reflect
the real concrete electrical resistivity value due to the hysteresis phenomenon of the “ink-
bottle” effect during the evaporation process and then leads to a deviation. Andrade et al.
(2011) studied the effect of water content and water loss on concrete electrical resistivity
under different RHs. They have demonstrated that the electrical resistivity of concrete is

better related to water content than water loss.

4.3 Influence of Chloride Content

The chloride ions in concrete have been identified as another important factor, influencing the
concrete electrical resistivity due to its wide presence in the exposed environments, and high
mobility in concrete. The influence of chloride content on concrete electrical resistivity has
been investigated qualitatively by Henry (1964) reporting an inverse proportional correlation
between chloride content and concrete electrical resistivity. Some other similar research

results have been summarised in Figure 4.5.

In terms of the steel corrosion mechanism, chloride ions play an important role in breaking
the passive film formed on the steel surface, so corrosion researchers had paid intense
attention to the chloride threshold concentration, which can induce the initiation of steel
corrosion. The concrete electrical resistivity considerably affects the steel corrosion condition,
thus Morris et al. (2004) suggested a relationship between the chloride threshold

concentration (C¢; ) and concrete electrical resistivity (Equation 4.1):

86



15

? Browne et al.
% 1.0 \‘L
8 _——_—-—-—‘—-_
E : —*
'g 05 I Polder @—
ﬁ P
2 Elsener et al.
0.0
0 1 2 3 4

Chloride content, (%/cement)

Figure 4.5 Relative change of concrete electrical resistivity with chloride state
(Hunkeler, 1996).

Ceren(%) = 0.019p, + 0.401 (4.1)

In addition to the chloride threshold concentration, the general relationship between the
concrete electrical resistivity and the chloride content also has a significant interest. Although
extensive experimental studies have been conducted on the topic, the mathematical
characterisation is still open to questions. So far, there has not been a widely recognised

guantitative model to characterise their relationship.

4.4 Characterisation on Concrete Electrical Resistivity

4.4.1 Two Empirical Models

Jiang and Yuan (2012) have suggested a concrete electrical resistivity model as expressed in
Equation (4.2), which considers the effects of w/c ratio, pore water saturation, chloride

content, and temperature.

p. = [750,605(w/c) — 106,228] X

(4.2)

1 1
exp |—0.4417C; — 7.7212S,, + 2889(? - ﬁ)
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where C; is the total chloride ions content (%, the mass percentage of cement), S,, is the
degree of pore water saturation of concrete near the surface of the steel bar. For a specific
concrete under a certain temperature condition, the Equation (4.2) may be rewritten into a

general form as:

p. = Aexp(aCe + bS,, + ) (4.3)

where A, a, b and c are constants depending on the formation and temperature of concrete.

Another attempt was to use the purely empirical Archie’s law (Zaccardi et al., 2009; Atkins
and Smith, 1961; Whittington et al., 1981). The formula, shown by Equation (4.4), was firstly
proposed to describe the electrical resistivity of rocks for the effects of the rock porosity and

the saturation degree of brine (Archie, 1942).

Rr = ae“me_an (44)

where R, is the electrical resistivity (Q-m) of rock saturated with brine, R, is the brine
electrical resistivity (Q-m), S, is the degree of brine saturation (%) in rocks, a is a factor for
tortuosity, € is the rock porosity, m and n are two constants. Considering that the concrete
electrical resistivity is primarily decided by the cement paste, Atkins and Smith (1961)
revised Archie’s law into the form Equation (4.5) and applied it to concrete:

pc=A9 " py (4.5)

where p, is the electrical resistivity (€2-m) of the cement paste in concrete, ¢ is the volume
fraction of cement paste, A and m are two constants. Later, having recognised that the
electrical conductivity of the pore solution is several orders higher than that of all the other
phases (air, aggregates and cement paste) in concrete, Archie’s law was further revised into
the form of the Equation (4.6) to explicitly consider the effect of water content variation in
concrete (Zaccardi et al., 2009; Whittington et al., 1981).

pc = A" py, (4.6)

where p,, is the electrical resistivity (©2-m) of pore water solution, which depends upon the
composition of the pore water solution, 8 is the pore water volume fraction of concrete, A
and m are two redefined constants.
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For a chloride contaminated concrete, the electrical resistivity of pore water solution will be
influenced by the chloride ion concentration dissolved in the pore water. Therefore, to
explicitly describe the effect of the variation of the chloride content in concrete pore water

solution, Equation (4.6) was rewritten into the following form:

Pc = ASw_npw(CCl) (4-7)

where p,, (C¢;) is the electrical resistivity (Q2-m) of pore water solution, which is simply
assumed to depend on the chloride content , A and n are two constants related to the pore
structure, such as porosity and tortuosity. To find out the explicit expression of p,,(C¢;), a
study by Shaikhon (2015) investigated the influence of chloride concentration on concrete

electrical resistivity was employed. The experimental data is presented in Figure 4.6.
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Figure 4.6 Experimental data of the study by Shaikhon (2015).

By fitting the above experimental data, a non-linear relationship was observed, for which an
exponential function is suggested to express the electrical resistivity of pore water solution in

terms of chloride concentration:

pw(Cc)) = aebCc + ¢ (4.8)

where a, b and c are three constants depending on the other condition of the concrete pore
solution such as temperature, pH etc. Substituting Equation (4.8) into Equation (4.7) yields a

new revision of Archie’s law:
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pe =S, "(aePCct + ¢) (4.9)

where a and c are two redefined constants merged with A in Equation (4.7).

4.4.2 A New Semi-Empirical Model

Although two empirical models (Equation 4.3 and 4.9) provide the expected explicit form to
describe the coupling influence of the water and chloride content variation on concrete
electrical resistivity, they have little fundamental explanation for the underlying mechanism.
Fundamentally, the pore water solution in concrete acts solely as the medium for the electrical
conductivity, and the greater the water content the higher the concrete conductivity, or the
lower the concrete electrical resistivity. In addition to the absolute pore water quantity, the
water distribution in the concrete pore structure also plays an important role in deciding the
concrete electrical conductivity.

When the concrete is in the unsaturated state, the bulk water phase presents two
configurations in pores. The major part of water predominantly occupies the pore space of
small sizes, while a water film covers all the empty pore surfaces (shown in Figure 4.2). Such
water occupying configuration state is due to the physicochemical adsorption of pore surfaces
and capillary condensation (Wang et al., 2008; Wang and Wu, 2008). Consequently, the water
distribution or configuration at varied pore water saturation degrees depends upon the pore
size distribution. As a result, the influence of water content on concrete electrical conductivity
or resistivity is intrinsically related to concrete pore size distribution. Such an intrinsic
relationship is similar to that between the thermal conductivity of unsaturated soils and soil
water saturation (Jin et al., 2017). To reflect the underlying mechanism, the work by Jin et al.
(2017) was revised to characterise and model concrete electrical resistivity at varied water
content. Based on the physical chemistry theory of interfacial phenomena, for unsaturated
porous media in general, the total pore volume average pressure of the bulk water phase in
filled pores, and the total pore volume average pressure of the bulk vapour phase in empty
pores can be expressed respectively using two functions of water saturation (Wang and Li,
2000; Wang et al., 2012; Jin et al., 2017), i.e.:

P, = %[exp(aSW) —1] (4.10a)
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P = {explf1 =501~ 1) (4.10b)
where B, and P, are the total pore volume average pressures of the water phase and the
vapour phase in porous media, Py, a, [ are three constants related to the nature of the
interfacial phenomenon at pore surfaces. Under thermodynamic equilibrium, the pressure
difference of the two phases will be balanced by the interfacial meniscuses between the bulk
water phase and the bulk vapour phase, and is related to the pore size distribution (Wang and
Li, 2000; Wang et al., 2012).

Water pressure and water electrical conductivity has an intrinsic thermodynamic relationship.
Both of them relate to the water molecular and ionic dynamics. The same form of the
Equation (4.10) is adopted to describe the electrical conductivity or resistivity of the bulk
water in filled pores, and the water film on the empty pore surfaces (the water film thickness
relates to the vapour pressure in the empty pores) respectively. Consequently, the concrete

electrical resistivity at varied water saturation degree may be expressed as:

P P
pe = P+ puy = lexp(aSy) = 11 + 2 {exp[B(L = 5] — 1) (411)
where p,, and p,, ¢ indicate the electrical resistivity (Q-m) of the bulk water phase and the
water film phase in concrete respectively, p,, a and B are constants. By explicitly
distinguishing the two water configuration phases, Equation (4.11) has naturally taken

account of the effect of pore size distribution. Rearranging Equation (4.11) generates:

1 1
pe = pol=5 =5+ ep(as,)/a+explp(1 - S,)1/6) (412
A similar form as the Equation (4.12) has been successfully used to model the water vapour
adsorption isotherm of concrete materials for pore size distribution analysis (Wang et al.,
2012). Based on the Equation (4.12), for easy implementation and memorisation, a simplified

form was suggested as:

pc = fo + polexp(asy) + exp[B(1 = S,)]} (4.13)

where f,,, po, @ and g are four redefined constants. The form of Equation (4.13) has proved to

generate a close result on water vapour adsorption isotherm compared with that of the similar
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form of Equation (4.12) (Wang et al., 2012). For this reason, the simplified form of Equation

(4.13) was used, to describe the effect of water saturation on concrete electrical resistivity.

To characterise the coupling effect of water and chloride contents on concrete electrical
resistivity, an exponential form function was used to account for the chloride effect as shown
in Equation (4.14):

pe = exp(aCe”){fy + polexp(asS,) + exp(B(1 - S.))]} (4.14)

where a and b are two constants.

4.4.3 Model Test

To validate the new developed semi-empirical model of concrete electrical resistivity,
Equations (4.3), (4.9) and (4.14) are used to model two sets (cases) of experimental data
respectively, which have been selected to compare their performance. One case is from a
published reference (Saleem et al., 1996), and another case is based on an experimental study
made by (Oleiwi, 2018).

The MATLAB curve fitting tool was employed for the modelling study. The model
performance (goodness-of-fit) was evaluated in terms of two statistical measures, they are the
Root Mean Square Error (RMSE) and the R-squared (coefficient of determination), which are

defined as below:

n

RMSEZ\/ £V=1(J’i_fi)2 (4.15)

N . — )2

R — squared = |1 — TL]E)Z (4.16)
2im1 (Vi =)

where y, is the average of all the experimental data y;, N is the total number of the

experimental data, f; is the modelling value from data fitting.

RMSE is the standard deviation of the residuals. Residuals are a measure of how far from the

regression line data points are. RMSE is a measure of how spread out these residuals are,
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which describe how concentrated the data is around the line of best fit. The lower the RMSE
value the better the modelling. R-squared statistical measure describes how close the
experimental data are to the fitting regression line, its value always lies between 0 and 1, a
value of R-squared closer to 1 indicates that almost all the observed variation can be

explained by the inputs of model.

e Casel

Saleem et al. (1996) conducted a series of studies on the effects of both chloride and water
contents on the electrical resistivity of concrete. All the parameter values related to the
concrete specimens are provided in Table 4.2. The water content was accounted in terms of
the mass percentage to the oven dry specimens, while the chloride content was accounted in
terms of the weight in 1 m® volume of the specimens. In the current study, with an estimation
that the dry concrete specimens have a density of 2000kg/m® and a porosity of 0.13, the data
were converted to pore water saturation (S,,) and chloride to water mass ratio (CI/W).

Table 4.1 Concrete specimen composition in case I.

Parameter Value

Cement content 350 kg/m®

Water/cement ratio (w/c) 0.45

Chloride content (by concrete volume) 0,2.4,4.8,9.6 and 19. 2kg/m®
Dry specimen porosity 0.13

Dry specimen density 2000kg/m®

Figure 4.7 compares Equations (4.3), (4.9) and (4.14) to model the variation of concrete
electrical resistivity at different water contents under certain chloride contents. A good
agreement between these equations and experimental data can be observed clearly, especially
that Equations (4.14) and (4.9) outperformed Equation (4.3) and both of them have produced
good fitting results. It shows that the electrical resistivity of concrete decreases with

increasing saturation degree of pore water.
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Figure 4.7 Comparison of three models on data by Saleem et al. (1996) at certain chloride
contents. (a) Chloride content: 0 kg/m?, (b) Chloride content: 2.4 kg/m?®, (c) Chloride content:
4.8 kg/m?, (d) Chloride content: 9.6 kg/m?®, () Chloride content: 19.2 kg/m®.

Figure 4.8 compares the modelling results using Equations (4.3), (4.9) and (4.14) to fit all the
reported experimental data in the linear scale 3D space of electrical resistivity against the pore
water saturation, and the chloride to water mass ratio respectively. Although all three models
present a surface fitting to the measurement points, it can be seen that Equations (4.9) and
(4.14) have produced much better, stable, and reliable results than Equation (4.3), which fails

to represents all the experimental data involved.
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Figure 4.8 Modelling the coupling effect of water and chloride contents on concrete electrical
resistivity for the data by Saleem et al. (1996). (a) Modelling result of Equation (4.3), (b)
Modelling result of Equation (4.9), (c) Modelling result of Equation (4.14).

Figure 4.9 compares the modelling statistics of the three models. It shows that the RMSEs of
the Equations (4.9) and (4.14) are about half of that of Equation (4.3). The R-squared values

of Equations (4.9) and (4.14) are very close to 1, which indicate that deviation around the

mean value is small as well. Overall, the model Equation (4.14) presents the best performance.
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Figure 4.9 Modelling statistics for the data by Saleem et al. (1996). (a) RMSE, (b) R-squared.

e Casell

Oleiwi (2018) investigated the concrete electrical resistivity under different chloride contents
and RHs. Concrete specimen configuration is presented in Figure 4.10 and all the parameter
values related to the concrete specimen and exposure conditions are provided in Table 4.3.
The actual total chloride contents in the cured concrete samples for each mixture were

measured specifically.

55mm

—
CF sheet—;

Concrete 100mm

(a) (b)
Figure 4.10 Configuration of concrete specimen for concrete electrical resistivity
measurements (Oleiwi, 2018). (a) Dimension, (b) Concrete specimen.
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Table 4.3 Concrete specimen composition and exposure conditions in case Il.

Parameter Value

Cement content 390 kg/m®

Water/cement ratio (w/c) 0.4,0.5and 0.6

Added NaCl content 0, 1.5, 3, and 4.5% (by cement mass)
Relative humidity 35, 60, 80, and 100%

Figures (4.11), (4.12) and (4.13) compares the Equations (4.3), (4.9) and (4.14) to model the
variation of the concrete electrical resistivity at different water contents under certain chloride
contents (total chloride content by concrete weight), where the electrical resistivity presented
in log scale to show difference more clearly. Figure 4.14 shows the residuals of the modelling,
and the differences between the fitting results to the experimental data (i.e. fi-y;). It can be
seen that apart from an extremely low water saturation (<<0.1) Equation (4.14) produced the
best fitting (close to the neutral line, 0) compared to all other data. The underperformance at
very low water saturation may be due to the unstable measurement of concrete electrical

resistivity under the situation.
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Figure 4.11 Comparison of the three models on data by Oleiwi (2018) (w/c = 0.4) at certain
total chloride contents. (a) NaCl: 0%, (b) NaCl: 0.197%, (c) NaCl: 0.358%, (d) NaCl: 0.502%.

97



Electrical resistivity 10¥, Q.m

Electrical resistivity 10, Q.m

0 0.2 0.4 0.6 0.8 1
Water saturation degree

(©)

O  Experimental data

-5
Eq. (4.3)
== =Eq. (49)
Eq. (4.14)
-10 : :

0 0.2 0.4 0.6 0.8 1

(b)

-10 .
0 0.2 0.4 0.6 0.8 1

Water saturation degree

(d)

Figure 4.12 Comparison of the three models on data by Oleiwi (2018) (w/c = 0.5) at certain
total chloride contents. (a) NaCl: 0%, (b) NaCl: 0.217%, (c) NaCl: 0.389%, (d) NaCl: 0.517%.
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Figure 4.13 Comparison of the three models on data by Oleiwi (2018) (w/c = 0.6) at certain
total chloride contents. (a) NaCl: 0%, (b) NaCl: 0.223%, (c) NaCl: 0.402%, (d) NaCl: 0.53%.
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Figure 4.14 Residuals of the three models from cases in Figures 4.11, 4.12 and 4.13.
(@) w/c=0.4, (b) w/c=0.5, (c) w/c=0.6.

Figure 4.15 shows the exponential weighting term as used in Equation (4.14) to model the
chloride effect on concrete electrical resistivity of fully saturated samples, which proves a
good performance.
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Figure 4.15 Modelling chloride effect on concrete electrical resistivity using the exponential

weighting term in Equation (4.14).

Figure 4.16 shows the results using the Equation (4.3) to fit all the experimental data in the
linear scale 3D space of concrete electrical resistivity against the pore water saturation and
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total chloride content in terms of pore water content. Visually, the fitting surfaces for the

concrete with different wi/c ratios have shown a good agreement with the experimental data.
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Figure 4.16 Modelling the coupling effect of water and chloride contents on concrete

resistivity using Equation (4.3) for the data by Oleiwi (2018).
(@) w/c=0.4, (b) w/c=0.5, (c) w/c=0.6.
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Figure 4.17 shows the results using Equation (4.9) to fit these experimental data in the same

way. A visual inspection shows that the fitting surfaces for the three concretes of different w/c

ratios are close to that presented by Equation (4.3) in Figure 4.15.
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Figure 4.17 Modelling the coupling effect of water and chloride contents on concrete

resistivity using Equation (4.9) for the data by Oleiwi (2018).

(@) w/c=0.4, (b) w/c=0.5, (c) w/c=0.6.
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Figure 4.18 shows the results using Equation (4.14) to fit all the experimental data again in
same way. A visual inspection shows that Equation (4.14) has produced a better performance
than Equations (4.3) and (4.9) in representing the experimental measurements over all.
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Figure 4.18 Modelling the coupling effect of water and chloride contents on concrete
resistivity using Equation (4.14) for the data by Oleiwi (2018).
(@) w/c=0.4, (b) w/c=0.5, (c) w/c=0.6.
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Figure 4.19 compares the modelling statistics of the three models for this set of data. It shows
that in all cases the R-squared values of the three models are very close to 1. However, the
model Equation (4.14) presents the best performance with a quite small RMSE. In fact, it

produces the smallest RMSE and the highest R-squared value in all the cases.
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Figure 4.19 Modelling statistics for the data by Oleiwi (2018).
(@) w/c=0.4, (b) w/c=0.5, (c) w/c=0.6.

4.5 Conclusions

This chapter investigated the characterisation models for the coupled effect of water and
chloride contents on the electrical resistivity of concrete of different pore structures (related to
different wi/c ratios). It proposed a semi-empirical model based on the understanding that
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concrete electrical resistivity at varied water content is related to the pore size distribution of

the pore structure as below:

pe = exp(—2.211C¢,>*%?) x

{168.1 + 1.649¢ — 5[exp(—71.335,,) + exp(21.9(1 — 5,))]} (4.17)

Comparison of the three different models has been conducted on two sets of experimental
data. From the investigation, we can draw the following conclusions:

1. Archie’s law demonstrates a good representation for the effect of degree of pore water
saturation on the concrete electrical resistivity, while an exponential function well

represents the effect of chloride content.

2. The proposed semi-empirical model established on the water phase configurations in pore
network highlights the important role of the pore size distribution of pore structures in the

electrical resistivity of unsaturated concrete.

3. The semi-empirical model has demonstrated a more accurate and reliable performance
compared to the other two empirical models to characterise the coupling effect of the
variation of water and chloride contents on concrete electrical resistivity.

4. The proposed semi-empirical model provides a useful parameter for the numerical

modelling of the CP process in concrete to describe the coupling effect of the water and

chloride variation when RC structures are exposed to varying severe environments.
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CHAPTER 5

BOUNDARY CONDITION CHARACTERISATION

5.1 Introduction

The efficiency of Cathodic Protection (CP) systems for Reinforced Concrete (RC) structures
depends on the protection current transport in concrete and the steel polarisation phenomenon.
To implement the numerical simulation technology of CP for RC structures with satisfactory
accuracy, there are two issues which need to be addressed, they are the redistribution of the
different kinds of ions in concrete, and the details of electrochemical reactions at the steel-
concrete interface. The first issue has been discussed in Chapters 3 and 4 regarding the
Nernst-Planck Equation, which describes the motion of the charged chemical species in the
concrete pore solution and the variation of concrete electrical resistivity. For the second issue,
it is necessary to choose the appropriate mathematical models to reflect the electrochemical
reaction kinetics at the steel-concrete interface.

According to the specific steel state (active or passive state) in concrete, in CP numerical
modelling of RC structures, the electrochemical reaction kinetics at the steel-concrete
interface is represented by the different polarisation curve, which describes the coupled effect
between the current density on the steel surface and the steel polarisation. In general, the
polarisation curve based on the Butler-Volmer Equation has been widely adopted as the
boundary condition in CP numerical model of RC structures to describe the electrochemical
reaction at steel-concrete interface under the CP process (Koretsky et al., 1999; Hassanein at
al., 2002; Muehlenkamp et al., 2005; Polder et al., 2008; Cheung and Cao, 2013), also the
measured real-time polarisation curve has been used in several research investigations
(Warkus and Raupach, 2008; Bruns and Raupach, 2010; Qiao et al., 2016).
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5.2 Reinforcement Polarisation — Butler-Volmer Equation

As reviewed in Chapter 2, the simplified Butler-Volmer Equations can be used to describe the
Kinetics of the oxidation and reduction reaction simultaneously occurring on the steel surface
(Equation 5.1), in which the potential shift takes the equilibrium potentials (E¢,, E¢,) of the
two different half reactions and the corresponding respective exchange current densities

(i%,i5) as the reference points.

. E—-E¢\ . E - Eg,
in =13 exp <2.303 b ) —i5-exp (—2.303 b, > (5.1)
The Butler-Volmer Equation represents the steel polarisation curve, which has been widely
adopted in the numerical simulation to study the process of CP implemented on RC structures.
For instant, Koretsky et al. (1999) studied the influence of degree of concrete pore saturation
on CP behaviour for a corroding RC bridge. Liu and Shi (2012) modelled the effects of design
parameters of cathodic prevention for unconventional concrete under aggressive environments.
Cheung and Cao (2013) simulated the effect of macrocell corrosion on CP protection current

distribution in RC structures.

Butler-Volmer Equation can also take the form shown in Equation (5.2), in which the
potential shift takes the corrosion potential (E,,,,) and the corresponding corrosion rate

(izorr) as the reference point.

in = icorr {exp <2.303 E_b—ic‘”r) —exp (—2.303 ﬂ)} (5.2)
This form of the Butler-Volmer Equation has also been broadly applied in the numerical
research of CP for RC structures to characterise the steel polarisation curve. For example,
Hassanein et al. (2002) studied the effects of the structural, environmental, and operational
factors on the performance of CP/RC systems. Polder et al. (2008) used the advanced
numerical design to study the current and potential distribution of rebar in concrete under CP

application.
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5.3 Reinforcement Polarisation — Real-Time Polarisation Curve

In terms of the literature research in this study, most of the numerical simulations of CP for
RC structures treated the boundary conditions at steel-concrete interface using a unitary
polarisation curve, which is based on the Butler-Volmer Equation and accompanied by a
variety of experimentally measured parameters, such as Tafel slope, corrosion potential, etc.
On the other hand, in order to describe a more direct steel-concrete interfacial electrochemical
behaviour, a real-time polarisation curve, which is measured from the potentiodynamic test

had also been adopted.

The real-time polarisation curve is obtained by forcing the electrode polarisation under a
certain scanning potential rate, and then the resultant current density and the real-time
potential are recorded simultaneously. Due to the size limitation of RC structures, and the
intricate arrangement of embedded rebar, it is not applicable to directly conduct
measurements on the prototype structures. For convenient measurements and accurate results,
the test specimens with simple geometry which are consistent with the prototype structures
(identical composition, curing condition and post-treatment conditions) are used. Up to now, a
few researchers adopted this method, such as Masuda et al. (2004) who measured the
polarisation curves of titanium anode plate and steel rod immersed in saturated calcium
hydroxide solution. Bruns and Raupach (2010) tested polarisation curves on prepared RC test
specimens Qiao et al. (2016) and Qiao et al. (2017) both characterised the polarisation curves
of the anode specimens immersed in simulated concrete pore solution and prepared RC test

specimens respectively.

5.4 Analysis on Existing Polarisation Model

5.4.1 Butler-Volmer Polarisation Model

The application of Butler-Volmer Equation based polarisation curves has a relatively good

record in CP numerical studies but which still present deficiencies.

In CP numerical modelling, the use of the Butler-Volmer Equation based polarisation curve

needs to be defined by various constant corrosion parameters beforehand, and then the
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solution by the simulation is based on the set of input constant parameters. However, in the
actual condition of CP process in RC structures, the steel negative polarisation effect and the
long-term effects of CP applications will significantly change these parameters. For example,
the Tafel slope of active bar is differ from that of the passive bar. So far, the conventional
application of Butler-Volmer Equation based polarisation curves in CP numerical modelling
does not take into account the time-dependent effects. Consequently, the associated
simulation is unable to precisely describe the actual electrochemical behaviour at the steel-
concrete interface. Therefore, to select the proper Butler-Volmer polarisation model, which
can truly reflect the time-dependent steel state under CP application is directly connected to
the accuracy of the CP numerical study results, which is also a challenging task for
researchers (Ge and Isgor, 2007).

5.4.2 Real-Time Polarisation Model

The real-time polarisation curve acts as an alternative and has been used recently for the
boundary condition in CP numerical modelling of RC structures (Qiao et al., 2016; Qiao et al.,
2017). The real-time polarisation curve can truly reflect the actual dynamic variation of the
electrochemical behaviour of steel-concrete interface under the action of CP; nevertheless, it
is demonstrated that the measured real-time polarisation curve still presents insufficient

accuracy.

Warkus and Raupach (2008) had numerically studied the steel macrocell corrosion in concrete
with real-time polarisation curves as the boundary condition. The measured polarisation
curves of active bars were highly scattered, and this was attributed to the amount of macrocell
corrosion area, which is unknown as well as it is different for different steel bars, so their
numerical modelling replaced the polarisation curves of active rebars by a simplified linear
equation. Bruns and Raupach (2010) modelled CP applied to RC structures with real-time
polarisation curves as the boundary condition. Their results showed that there exists a wide
variation of real-time polarisation curves on identical specimens which were subjected to
uniform corrosion. The variation may be ascribed to the heterogeneity of concrete and the
micro difference of the steel surface states, so their numerical modelling used the polarisation
curves obtained by fitting the measured data with the Butler-Volmer Equation. Qiao et al.
(2016) and Qiao et al. (2017) measured real-time polarisation curves of rebars which were
subjected to uniform corrosion, and then they used them to represent the rebar state in their

numerical modelling, in which the rebars were subjected to macrocell corrosion.
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In conclusion, the measurement results of real-time polarisation curves of steel bars in
concrete, for the rebar either undergoing macrocell or microcell corrosion, both present a
great scattering. As a result, the application of real-time polarisation curves in CP numerical
modelling will superimpose the deviation and bring in significant error in the numerical

research results.

5.5 Selection of the Polarisation Model

In order to optimise the CP numerical modelling for RC structures, in regard to the selection
of the appropriate boundary conditions to describe the electrochemical reactions occurring at
steel-concrete interface under CP process, real-time polarisation curve is ruled out, due to its
measuring results that are divergent so that it is very difficult to determine the accurate

expression.

In this study, the steel dynamic polarisation state will be described by fitting the Butler-
Volmer Equation based polarisation curve with CP experimental data (Oleiwi, 2018), to
investigate the variation of Tafel slopes for RC of different chloride contents and then
characterise their change trend under the CP process. A new Butler-Volmer Equation based
characterisation model, which considers the dynamic Tafel slopes is to be proposed, this
improved polarisation model can be used to describe the variation of rebar corrosion state

under different chloride contents and applied CP current densities.

5.6 A New Butler-Volmer Equation based Polarisation Characterisation on

Experiments

5.6.1 Background of the Experimental Data Used

An experimental study for RC rebar polarisation under applied CP currents has been carried
out at the University of Salford (Oleiwi, 2018). The study investigated the effect of CP on the
RC specimens subjected to different chloride conditions under an atmospheric environment.

The specimen configuration is presented in Figure 5.1. The experimental study measured the
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actual total and free chloride contents in the concrete at different added chloride contents after
wet curing, and all the parameter values related to the CP experimental specimens are listed in
Table 5.1. The relation between the total and free chloride concentration has been plotted in

Figure 5.2.

Figure 5.1 Configuration of CP experimental specimen (Oleiwi, 2018).

Table 5.1 Specimen composition for rebar polarisation test.

Parameter Value

Cement content 390 kg/m?

Water/cement ratio (w/c) 0.4

Added NaCl content (by cement mass) 0,1, 2,3.5and 5%

Free chloride content (by cement mass) 0, 0.666, 1.056, 1.872 and 2.747%
Steel bar diameter (P) 10mm

Carbon fibre sheet (specific area weight) 375g/m?

Figure 5.2 shows a linear relationship between the actual total and free chloride contents with
increasing added NaCl contents. Since only free chloride ions can induce the steel corrosion,
the numerical model in this study is to use the free chloride concentration (mol/m®) in the
concrete pore solution, in relation to the electrochemical properties of RC structure such as

the rebar polarisation.
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Figure 5.2 Relation of total and free chloride concentration under different NaCl contents.

5.6.2 Steel Polarisation under Cathodic Protection

e Mechanism of Steel Polarisation

When a CP is applied to RC structures, the impressed protection current flows into the
reinforcing steel, the steel potential will be shifted artificially to a more negative value and the
steel anodic polarisation and corrosion rate will be reduced. In addition, CP current has the
long-term effects on the removal of chloride content and the increase of alkalinity (increase of
pH value) in the region around the rebar, which can further decrease the corrosion rate and
helps steel repassivation.

Both the steel potential shift (polarisation) and the long-term effects of CP protection current
play the critical roles in CP efficiency. The polarisation degree of steel potential is closely
related to the steel polarisation resistance (R,), the transition resistance at the steel-concrete
interface, which can be defined as the steel resistance to oxidation under the application of an
external potential, it is quantified using the Equation (5.3):

AE

R, =———
P Aigagpoo

(5.3)

where AE is the variation of impressed potential (V) around the steel corrosion potential, Ai is
the resulting current density (A/m?). The higher the steel polarisation resistance the larger the

steel corrosion resistance and vice versa. Therefore, the relationship between the steel
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polarisation resistance and the corresponding corrosion current density can be expressed by
the Stern-Geary Equation (Pradhan, 2014):

Ry =——=°3" () (5.4)

where B is the Stern-Geary constant in connection with the Tafel slopes. As shown in
Equation (5.4) the steel polarisation resistance is inversely proportional to the steel corrosion
rate, thus it can be concluded that the polarisation resistance of passive steel bar is greater
than the corroded steel bar due to the corrosion rate of the passive steel bar being smaller, as a
result, the polarisation degree of passive steel bar will be larger than the corroded steel bar

under the same applied CP current.
e Steel Polarisation Behaviour

Figure 5.3 shows that when the protection current is impressed on the steel bar embedded in
concrete, an immediate polarisation (potential shift) from the initial steel corrosion potential
(E.orr) to a more negative value can be observed, and then the steel polarisation will increase
continually at a slowed speed with the time until the steel potential finally reaches a stable

potential, which is also called on potential.
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Figure 5.3 Variation trend of steel potential under CP application (Oleiwi, 2018).

Under the CP process, the actual steel polarisation is the potential difference between the
initial corrosion potential and the instant-off potential. The instant-off potential is the actual
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steel polarised potential which has eliminated the effect of IR drop. For example, the voltage
drop inside the bulk concrete, induced by the applied current and the concrete resistance.
Therefore, only the actual steel polarisation is directly related to the rebar corrosion state and
the efficiency of CP applied on RC structures.

5.6.3 Characterisation of Steel Polarisation under Cathodic Protection

This study used the CP experimental data by Oleiwi (2018) to characterise the dynamic
polarisation state at the steel-concrete interface for the concretes of different chloride contents
under CP process, which has been given five sets of applied protection current densities, they
are 5, 10, 15, 20 and 25 mA/m?, respectively, in terms of the total surface area of reinforcing

steel bars.

e Plotting of Steel Polarisation State

Figure 5.4 shows the actual rebar polarisation under the five different applied CP current
densities for concrete of different chloride contents (free chloride content by cement mass).
For experimental data, we use the Butler-Volmer Equation based polarisation curve (Equation
5.2) to fit them in each case, where Tafel slopes (b,, b.) were taken as two fitting parameters,
corrosion rate (i.,r) and corrosion potential (E.,,-) were the measured data by Oleiwi
(2018). The curves are the fitting results using the MATLAB curve fitting tool.

It can be seen that the Butler-Volmer Equation based fitting curves have shown a good

agreement with each set of experimental data, and the actual rebar polarisation increases with
increasing CP current density.
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Figure 5.4 Rebar polarisation versus applied CP current density at different chloride contents.
(a) Free chloride: 0%, (b) Free chloride: 0.666%, (c) Free chloride: 1.056%, (d) Free chloride:
1.872%, (e) Free chloride: 2.747%.

Firstly, Figure 5.4 shows that the rebar polarisation decreases with increasing chloride
contents. For instance, when there is no chloride added to concrete and the rebar is supposed
to be in passive state (which has been confirmed by the measured corrosion rate of 1.59
mA/m? is lower than 2 mA/m?), the rebar polarisation attains 262.4 mV under the CP current
density of 15 mA/m?; in contrast, when the free chloride content increases to 1.872% by
cement mass, the rebar polarisation of only 33.2 mV can be observed under the same CP

current density.
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Secondly, in terms of the CP design and operation standards for RC structure (BS EN ISO,
2016), the depolarisation of 100 mV or more under a certain amount of time is taken as the
protection criterion. Figure 5.4 shows that for rebar under passive condition (0% free
chloride), only the CP current density of 2.5 mA/m? can provide the required 100 mV
polarisation, whilst for the concrete of free chloride content of 0.666%, 1.056% by cement
mass, the minimum required CP current density is 18 mA/m?, 25 mA/m?, respectively. When
the free chloride content increases to 2.747% by cement mass, the minimum required CP

current density is even larger than 30 mA/m>.

In conclusion, under a certain amount of chloride content, the polarisation degree of rebar
increases with the applied CP current density. Under a particular CP current density the
polarisation degree of rebar reduces with the increasing chloride contents, and the polarisation
degree of passive rebar is much higher than that of corroded rebar. Therefore, for the practical
application of CP to RC structures, the higher the rebar corrosion rate the higher the CP
current density required to achieve the protection purpose.

e Variation of Tafel Slopes under Different Chloride Contents

According to the electrochemical mechanism of steel corrosion in concrete, steel corrosion
rate increases with chloride content at the steel-concrete interface, combined with the inverse
relation between steel polarisation resistance and corrosion rate shown in Equation (5.4), it
can be concluded that polarisation resistance of passive steel bar is greater than that of the
corroded bar. When apply CP to a corroding RC structure, steel bar will experience the
active/passive transition process, which will transform from corroding state to passive state.
In other words, steel polarisation resistance will gradually change from small to large under

CP process.

For Tafel Equations of Equations (2.24) and (2.26), in which Tafel slope represents the slope
of the polarisation curve of anodic or cathodic reaction (polarisation versus the logarithm of
current density). Based on Equation (5.3) it can be seen that steel polarisation is directly
affected by steel polarisation resistance, as a result, change in steel polarisation resistance
under CP will indirectly influence Tafel slope. That is to say, the values of Tafel slope can
indirectly reflect the steel polarisation state, and there is a relation between Tafel slopes and

chloride content can be expected. By analysing two fitting parameters, anodic and cathodic
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Tafel slopes (b,, b.) of the Butler-Volmer Equation (Equation 5.2) seen in the Figure 5.5, are

observed to be related to electrolyte conditions, which mainly depend on chloride contents.

Figure 5.5 shows the obtained Tafel slopes (b, b.) for the fitting curves in Figure 5.4 at
different chloride contents, for which the exponential function has presented a good
characterisation. It can be seen that two exponential functions have shown a good agreement
with the two parameters, b, and b, respectively. Looking at the variation of the anodic Tafel
slope (b,), when there is no chloride content in concrete, it is very large, a situation meaning
that the steel corrosion rate is very small, this fact matches the polarisation curve of the
passive steel bar observed in experimentation as shown in Figure (5.6). When the free
chloride concentration increases the anodic Tafel slope sharply plunges to about 60 mV and
remains constant thereafter regardless of further increases in chloride content. These values of

anodic Tafel slope are consistent with the research from Ge and Isgor (2007).

Figure 5.5(b) shows that the cathodic Tafel slope (b,) increases with increasing free chloride
concentration in an exponential form, in which it varies in a range of 250mV when the
chloride concentration is small. The values of cathodic Tafel slope are slightly higher than the
previously proposed range of 120-230mV (Hassanein et al., 2002; Ge and Isgor, 2007). The
difference can be explained by the fact that the added excess chloride content in this study
results in a higher steel corrosion rate, which then further accelerated the oxygen consumption
at the steel surface, and eventually led to the oxygen reduction reaction under the combined
effect of the activation and concentration controlled kinetics, this resulted in a high cathodic

Tafel slope, this is in accordance with the phenomenon shown in Figure (2.23).

In summary, the exponential form function can well reflect the variation of anodic and

cathodic Tafel slopes (b,, b.) under different chloride contents.
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Figure 5.5 Variation of anodic and cathodic Tafel slopes at different chloride contents (in
term of molar concentration converted by free chloride content by cement mass).
(a) Anode Tafel slope (b,), (b) Cathodic Tafel slope (b,).
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Figure 5.6 Polarisation curves of active and passive steel bars (Redaelli et al., 2006)

e Steel Corrosion State versus CP Current Density

Based on the Butler-VVolmer Equation (5.2), the coupling effect of anodic reaction rate (rebar
corrosion rate) and cathodic reaction rate is balanced by the applied CP current density. Under
a fixed applied electric potential, in terms of the obtained variable Tafel slope data under
different chloride contents, the corresponding relation between the applied CP current density
(expressed by Equation 5.2) and rebar corrosion state (expressed by the first term in Equation

5.2) can be plotted out, as shown in Figure 5.7.
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Figure 5.7 Relation between rebar corrosion state and applied CP current densities under

different chloride contents (by cement mass).

From Figure 5.7, it can be seen that the higher the free chloride contents the higher the rebar
corrosion rate. Meanwhile, all the rebar corrosion rate decreases gradually with the increasing
applied CP current density. When there is no chloride contamination (0% chloride), no matter
the different values of the applied CP current density, the rebar corrosion rate stays around a
low value about 1.5mA/m? due to the rebar being in a passive state. For this reason, the
corrosion rate of the passive rebar can be regarded as a baseline, and when the rebar corrosion
rates are below this specific value (into the region below the dash line), for all the other
curves, the corroded rebar can be considered as being protected (repassivation), and the
corresponding CP current density is the minimum requirement for steel protection. It also can

be seen form the Figure 5.7 that the higher the steel corrosion rate the higher the protection
current density is required.

e A Corrosion Model of Rebar in Chloride Contaminated Concrete under CP
To characterise the relationship between the steel corrosion rate and the impressed CP current

density for the chloride contaminated concrete, a simple linear function (y = ax + b) was

adopted to represent the curve shown in Figure 5.7.
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Figure 5.8 shows the fitting results, where a and b are fitting parameters when used the linear
function to fit each curve.

====:Free Cl: 0%
[ Free Cl: 0.666%
Free Cl: 1.056%
A Free CI: 1.872%
% Free Cl: 2.747%
y=ax+b

Rebar corrosion rate 107, A/m?
¥

0 0.01 0.02 0.03 0.04
CP current density, A/m?

Figure 5.8 Relation between rebar corrosion state and its fitting curve under different CP

current densities and chloride contents (by cement mass).

Figure 5.9 shows the variation of the slope (a) and intercept (b) of the linear equation for
these curves of different chloride contents. It can be seen that Equations (5.5) and (5.6) have

shown a good agreement with the variation of a and b at different chloride contents.
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Figure 5.9 Variation of slope and intercept value under different chloride contents.
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a = —88.15exp(—0.0007041C,;) (5.5)
b = 0.0004469C,; — 2.282 (5.6)

where a and b are the slope and intercept of the linear Equation.

At last, substituting the characterised a and b into the linear formula, a model for the
relationship between the steel corrosion rate and the concrete chloride contents and the

implemented CP current density is obtained:

10g10 icorr = [—88.15 exp(—0.0007041C¢;)]igyp + 0.0004469C,, — 2.282 (5.7)

5.7 Conclusions

As it can be seen from Figure 5.8, the proposed linear polarisation model (Equation 5.7) has
shown a good agreement with the rebar corrosion state especially for the cases when chloride
contents are small. However, the goodness deteriorates when concrete chloride content

increases, these curves shift to the upper right corner.

The deterioration can be explained by the following reasons. Due to the concrete with the
nature of the spatially non-homogeneous property and the internal varying microenvironment,
under the high chloride content environment, the rebar corrosion state is very complex and
may be subjected to serious uniform corrosion, in addition, a greater possibility is that the
rebar is subjected to severe macrocell corrosion, all the unknown macrocell corrosion area
and corrosion current size lead to an unpredictable rebar corrosion state. Besides, the higher
chloride contents are impossible to reach in real chloride contaminated RC structures exposed
to atmospheric environment. Also, for the possible range of chloride content, the proposed
linear polarisation model has showed a good degree of matching with the rebar corrosion state.

Furthermore, as it can be seen from Figure 5.8, under the same chloride content, the proposed
linear polarisation model requires more CP current density to achieve the protection (rebar
corrosion rate drops to the predefined baseline) than the curve of actual rebar corrosion state,

which means that this proposed model is more conservative and reliable.
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In conclusion, the Butler-VVolmer Equation based linear polarisation model can well reflect the
steel polarisation state under different chloride contents and applied current densities. The
proposed polarisation model will be applied to CP numerical modelling research for RC

structures in the following chapter.

121



CHAPTER 6

MODELLING OF CATHODIC PROTECTION FOR
CHLORIDE CONTAMINATED REINFORCED CONCRETE
STRUCTURSES

6.1 Introduction

In the past decade, numerical simulation based on the FEM as a convenient and economical
tool to help understand the underlying electrochemical mechanisms of CP applied to RC
structures, has been extensively used to investigate the effects of various influencing factors
on CP performance and evaluating the efficiency of CP application (Hassanein et al., 2002;
Polder et al. , 2008; Bruns and Raupach, 2010; Helm and Raupach, 2016). In order to promote
the development of CP techniques for RC structures, it is desirable to develop and improve
CP numerical modelling and simulation from a theoretical basis of the electrochemical

mechanism.

As reviewed in Chapter 3, most of the current research on CP numerical modelling for RC
structures, had considered the concrete electrical resistivity as a constant in the model, leading
to the use of Laplace Equation and associated inaccurate numerical results. Most of these
works also had not taken into account the long-term beneficial effects of CP current and
ignored the variability of steel polarisation state under the CP process, resulting in the
conservative simulated results and poor economic benefits. Some numerical studies did not
combine the ionic behaviour in concrete pore solution and the applied electric field effect in
the simulation, so the results could not show the specific steel corrosion state, instead, in
general, they used the resulting potential of the steel-concrete interface to indirectly reflect the

CP efficiency.

This chapter presents the CP numerical modelling of chloride contaminated RC structures
using the proposed mathematical models described in the Chapters 4 and 5, and considers the
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coupling effect between the ionic behaviour and the electric field effect. Thereafter, the
simulated results were compared with the corresponding CP experimental data and then a
parameter study was carried out. All these numerical calculations were conducted using

software, COMSOL Multiphysics, a FEM numerical simulation package.

6.2 Numerical Modelling Setup

6.2.1 Model Description

e Background of Experiment

An experimental study was conducted to investigate the CP effect on chloride contaminated
RC specimens under atmospheric environment at the University of Salford (Oleiwi, 2018).
The CP experimental specimen consists of three rebars and an embedded carbon fibre (CF)
sheet shown in Figure 6.1. Different chloride contents were added into the concrete by
dissolving (NaCl) salt in the mix water at casting time to create different corrosion
environments for the rebars. Experimental specimens were placed in the water containing the

same chloride concentration with the mixing water for curing.

Figure 6.1 Configuration of CP experimental specimen (Oleiwi, 2018).

In the CP experiment, ten different current densities were applied to the rebars of each
specimen, they are 5, 10, 15, 20, 25, 35, 45, 55, 65, and 75mA/m?, in terms of the total surface
area of rebars; each test applied a certain CP current density for 24 hours. All the parameter

values related to the CP specimen are listed in Table 6.1.
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Table 6.1 Specimen composition for CP test (Oleiwi, 2018).

Parameter Value

Cement content 390 kg/m®
Water/cement ratio (w/c) 0.4

Added NaCl (by cement mass) 0,1, 2, 35and 5%
Steel bar diameter (P) 10mm

CF sheet (specific area weight) 375g/m?

e Model Geometry and Material Properties

A two-dimensional FE model was set up, which describes a rectangular concrete specimen
with three embedded steel bars (cathode) and a CF sheet (anode), as illustrated in Figure 6.2.
The specimen height and width were 150mm and 90mm, respectively, the steel bars diameter
was 10mm, corresponding to the concrete cover of 20mm. The numerical model represented a
chloride contaminated RC specimen, there were five different initial chloride ion
concentrations (in terms of free chloride ion concentration, converted by chloride content by
cement mass) considered in the CP simulation, they are 0, 439, 696, 1233, and 1809mol/m?,
respectively, and the initial concentrations of chloride ions were assumed to be uniform in the

model.
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Figure 6.2 Model geometry (dimensions in mm).

In the study, the proposed new Butler-Volmer Equation based steel polarisation model, which
is related to the steel corrosion rate was adopted as the boundary condition in the model,

based on the new boundary condition the production history of ferrous ions through the
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simulated results can be directly track. Therefore, in the modelling, in addition to the major
ionic chemical species observed in the pore solution of chloride contaminated concrete, which
are hydroxyl (OH™), sodium (Na'), potassium (K*) and chloride (CI™) ions, ferrous (Fe?*)
ions will also be considered. Due to the fact that the ferrous ions in the chloride contaminated
RC structure are only accumulated at the corroding steel-concrete interface not inside
concrete before the CP energisation, hence, there are no initial ferrous ions in the bulk
concrete, but an initial value of ferrous ions is set at the steel-concrete interface region. In the
process of numerical simulation, the hydroxyl ion concentration is determined in terms of the

electric neutrality.

For the electrochemical mechanism of steel corrosion in concrete, the increasing chloride ion
concentration will accelerate the steel corrosion rate, the correspondingly ferrous ion
concentration in concrete pore solution will also increase. However, the ferrous ion solubility
in the concrete pore solution is fixed, as reviewed in Chapter 2, when the ferrous ion
concentration exceeds its solubility, the extra ferrous ions will be oxidised to the ferric ions

(in the form of ions or/and rust) in pore solution.

Equation (6.1) for the oxidation from ferrous ions to ferric ions (Stumm and Morgan, 1996)
under alkaline conditions was adopted in the numerical model together with the Butler-
Volmer Equation based steel corrosion characterisation to define the boundary condition of

the ferrous ions at the steel-concrete interface.

_dCF€2+

dt =k - po, - (Cpez+) - (Con-)? (6.1)

where Cp,2+ and Coy- are the ferrous and hydroxyl ion concentration (mol/m®) in concrete
pore solution respectively, k is the rate constant of ferrous ion oxidation in concrete pore
solution and can be obtained from Figure 6.3, py, is the partial pressure of oxygen (bar).
Tables 6.2 gives the initial data of all ionic species and their diffusion coefficients used in the

simulation. Table 6.3 lists the other parameters adopted.
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Figure 6.3 Rate constants for oxidation of ferrous ions in different aqueous solutions as a
function of pH (Morgan and Lahav, 2007).

Table 6.2 Initial ionic concentrations and diffusion coefficients
(Buffle et al., 2007; Chang et al., 2018).

Parameters cl- Na* OH™ Kt Fe?*t
Ci ini (Molim®)  *CI~ *Cl~+160 550 390 50
D; (m?s) 2.03e-9 1.334e-9 5.27e-9 1.957e-9 7.19-10

*Note: CI™ is set to different values in the simulation study, Na™ initial concentration varies
with Cl~ (according to the NaCl adding method)

Table 6.3 Model input parameters
(Morgan and Lahav, 2007;Wang and Li, 2000; Oleiwi, 2018; Jiang and Yuan, 2013).

Parameter Value
Pore saturation degree (S,,) 0.6
Tortuosity coefficient (t) 10
Chloride bound coefficient 0.222
Concrete porosity (9) 0.167
Rate constant of ferrous ions oxidation (k) 1.995
Partial pressure of oxygen (po,) 0.2 (bar)
Model run time (t) 24 (hours)
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6.2.2 Electric Field Distribution in Concrete

The concrete is a heterogeneous electrolyte with porous property, to model the transportation
behaviour of different species of ions in chloride contaminated concrete pore solution,
Equations (3.6) and (3.8) were modified by taking into account the influence of porosity and
tortuosity of the pore network and the binding effect (chemically and physically) between the
chloride ions and pore wall in the cement matrix (Wang and Li, 2000) as the following forms:

a(C; +S) F
729S,, la—tl =V [ziDi (ﬁ qu) Ci] + V(D,VC)) (6.2)
F . N N
_ Tlion 2
— V= - (Fez/s + Zl ziDl-Vcl-) /Z1 22DiC, (6.3)
1= 1=

where S; is the concentration (mol/m®) of bound ions, 7 is the tortuosity of pore structure, € is

the volume fraction of porosity.

Assuming the concrete electrolyte domain is adequately dilute so that the activity of every
ionic species is equivalent to its concentration (Liu and Shi, 2012). Under the action of an
externally applied electric field, the ionic motion in the electrolyte domain should obey the
charge conservation law and Ohm’s law, the potential distribution inside concrete can be

described by (details shown in Chapter 3):

v- pi(Vl/)) =0 (6.4)

In this study the concrete electrical resistivity (p.) is treated as a variable, its variation is
considered to be linked to the chloride and water content in concrete and expressed as (details

shown in Chapter 4):

pe = exp(aCa™){fo + polexp(as,,) + exp(B(1 = S,))]} (6.5)

where the constants of f;, po, @, B, a and b which have been determined in Chapter 4 are
listed in Table 6.4.
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Table 6.4 Constants of concrete electrical resistivity characterisation model

Constant fo Po a p a b

Value 168.1 1.649e-5 -71.33 21.9 -2.211 3.322

6.2.3 Boundary Condition

e CF Sheet-Concrete Interface

The CF sheet-concrete interface in this study was assumed to be non-polarisable, and any
aging effects induced by, for example, the generated chloride gas (2C1™ — CL,(T) + 2e7),
oxygen gas and hydrogen ions (2H,0 — 0,(1) + 4H* + 4e~ ), or the building up of
electrical resistance at the CF sheet-concrete interface had been neglected (Muehlenkamp et
al., 2005).

To solve the electric field governing equation (6.4), the CP current density (i,y,) Will be

applied on the CF sheet anode.

e Steel-Concrete Interface

At the steel-concrete interface, before the CP energisation, the steel corrosion rate (Fe —
Fe?* 4+ 2e7~) is commonly balanced by the oxygen reduction rate (0, + 2H,0 + 4e™ -
40H™); after the CP energisation, the decreasing steel corrosion rate is coupled with the
increasing oxygen reduction rate and the net current density (the current density difference
between steel corrosion rate and oxygen reduction rate) on the steel surface is balanced by the

applied CP current density.

In this study we used the proposed new Butler-Volmer Equation based steel polarisation
model (Equation 6.6) as the boundary condition at the steel-concrete interface to solve the
ionic governing equations (6.2) and (6.3), which is considered to be linked to the chloride
content in concrete and the applied current density (details shown in Chapter 5). To solve the
electric field governing equation (6.4), the electric potential of steel bar (¢,4,) IS fixed at a

constant and acted as the reference potential (Equation 6.7):

logi0(icorr) = [aexp(bCCl)]iapp +cCq—d (6.6)
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bvar =0 (6.7)

where the constants of a, b, c and d which have been determined in Chapter 5 are listed in
Table 6.5.

Table 6.5 Constants of steel polarisation characterisation model

Constant a b c d

Value -88.15 -7.041e-4 4.469e-4 2.282

e RC Specimen Boundary

All the other boundaries were characterised as insulating conditions, both the fluxes of all the
ionic species and the electric current were assumed to be zero on all these boundaries of RC

specimen.

6.3 Results and Analysis

6.3.1 lonic Distribution under Cathodic Protection

When CP is applied to chloride contaminated RC structures, all the ionic species dissolved in
the concrete pore solution will be redistributed under the externally applied electric field. The
ionic distribution of chloride and hydroxyl ions at the steel-concrete interface are the major
concern, the chloride content is directly related to the steel corrosion state and the hydroxyl

content is closely connected to the steel corrosion protection.

e Chloride lon Redistribution in Concrete

Figures 6.4 and 6.5 show the chloride ion concentration redistribution in concrete with
different CP operation times under current densities of 10mA/m? and 20mA/m? for the RC
specimen with 1% NacCl, respectively. Chloride ion concentration redistribution in concrete
obtained for the RC specimen with different NaCl contents under different CP operation time

for the current densities of 10mA/m? and 20mA/m? are contained in Appendix A.
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It can be seen that the chloride ion concentration presents a significant change in concrete
under the different CP operation time, the chloride ions have migrated from the steel bars to
the anode under the applied electric field. Chloride ions in the region around rebars have been
reduced steadily with the CP operation time and the increase of CP current density. For
example, under the current density of 10mA/m?, the chloride ion concentrations at the steel-
concrete interface are about 436.2mol/m?® and 432.3mol/m? corresponding to the CP operation
time of 24 hours and 90 days, respectively. On the other hand, for the same CP operation time
of 30 days, the chloride ion concentrations at the steel-concrete interface are about 433mol/m?
and 427.2mol/m? corresponding to the applied current density of 10mA/m? and 20mA/m?,

respectively.
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Figure 6.4 Redistribution of chloride ion concentration in concrete under 10mA/m? (1%
NaCl). (a) t = 24 hours, (b) t = 10 days, (c) t = 30 days, (d) t = 90 days.
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The results have confirmed the beneficial effects of protection current. Under the CP
application, the electric current circulation in concrete can induce the removal of chloride ions
at the steel surface. Most importantly, the applied electric field can stop the diffusion of
chloride ions from the external environment toward the rebar in concrete, this is the effect
known as CP chloride barrier effect (Pedeferri, 1996). In summary, the results have
demonstrated that the chloride removal degree depends on the applied CP current density and

its operation time.
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Figure 6.5 Redistribution of chloride ion concentration in concrete under 20mA/m? (1%
NaCl). (@) t = 24 hours, (b) t = 10 days, (¢c) t = 30 days, (d) t = 90 days.
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e Chloride and Hydroxyl lons Distribution at Steel-Concrete Interface

Figures 6.6 and 6.7 show the concentration distribution of chloride and hydroxyl ions at steel-
concrete interface with the different CP operation time under the current densities of
25mA/m? and 45mA/m? for the RC specimen with 1% NaCl, respectively. The chloride and
hydroxyl ion concentration distribution at steel-concrete interface obtained for the RC
specimen with different NaCl contents under different CP operation time for the current

densities of 25mA/m? and 45mA/m?are contained in Appendix B.

At first, we can observe that the chloride ions at the steel-concrete interface have been
redistributed under the applied electric field. In general, the chloride ion concentration
decreases with the CP operation time and the increase of current density. However, it also can
be seen that the chloride ions along the steel surface is unevenly distributed under the CP
process, that directly facing the anode are more easy to be moved while that at the location
behind the rebar are reduced in a less degree. As a result, a chloride ion concentration gradient
is formed along the circumference of the rebar at the steel-concrete interface which increases
with the CP operation time and the increase of protection current density. For example, the
ion concentration gradient is 4.5mol/m* under the current density of 25mA/m? for 24 hours
(Figure 6.6a); as the CP operation time enlarged to 10 days under the same current density,
the ion concentration gradient increased to 6.2mol/m® (Figure 6.6b); as the current density
increased from 25mA/m? to 45mA/m? for 24 hours, the ion concentration gradient increased

from 4.5mol/m?® to 8.4mol/m?® (Figure 6.7a).

The results indicate non-uniformity of chloride ions removal at the steel-concrete interface
under the CP process. The migrating rates of chloride ions at the steel-concrete interface near
and remote from the anode are both increased with the CP operation time and current density
but at the different speeds. These phenomena can be ascribed to the following reasons: the
connectivity, tortuosity and saturation degree of concrete pore network; chloride ions
distribution in concrete; uneven distribution of the current intensity of applied electric field.
The uneven distribution of chloride ions under CP process should be taken into account in CP

design, particularly considering that the pitting corrosion character under chloride attack.
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Figure 6.6 Distribution of chloride and hydroxyl ion concentration at steel-concrete interface
under 25mA/m? (1% NaCl). (a) t = 24 hours (b) t = 10 days.

Secondly, it can be seen that the hydroxyl ion concentration around steel bar increases with
the CP operation time. For instance, under the current density of 25mA/m?, the hydroxyl ion
concentrations are about 565mol/m* and 580mol/m® corresponding to the CP running for 24
hours and 10 days, respectively. Comparing Figures 6.6 and 6.7, the growth degree of
hydroxyl ion concentration at the steel-concrete interface is enhanced under the higher current
density, such as, under the CP operation time of 10 days, the hydroxyl ion concentration
increased from 580mol/m® to 600mol/m*® when the applied current density increased from
25mA/m?to 45mA/m?.

The results represent that, the applied CP current density provides the electrons to accelerate
the electrochemical cathodic reaction (oxygen reduction) at the steel-concrete interface to help
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increase the alkaline environment around the steel bar, and then promotes the steel
repassiviation in concrete. In short, the results demonstrate that CP will be able to reinstate the

alkaline nature of concrete.
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Figure 6.7 Distribution of chloride and hydroxyl ion concentration at steel-concrete interface
under 45mA/m? (1% NaCl). (a) t = 24 hours (b) t = 10 days.

6.3.2 lonic Condition under Cathodic Protection

In view of the chloride ion distribution at the steel-concrete interface in section 6.3.1, it can
see that, although the total chloride removal degree depends on the applied CP current density
and its operation time, but the chloride ions at the steel-concrete interface remote from the
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anode are difficult to remove. Therefore, it is a big interest to quantitatively determine the
variation of ionic concentration at the location under different applied CP current densities

and operation time.

e Chloride lon Concentration at Steel-Concrete Interface under Different Current

Densities

Figure 6.8 shows the variation of chloride ion concentration at the position of the steel-
concrete interface remote from the anode at the CP operation time of 90 days, under different

CP current densities for the RC specimens with 1, 2, 3.5 and 5% NaCl, respectively.

It can be seen that the chloride ion concentrations of different cases present the different
values under each CP current density, which all reduce progressively with the increased
applied current density. For example, under the current densities of 5mA/m? and 75mA/m?,
for the case of 1% NaCl, chloride ion concentrations are 436mol/m® and 395.2mol/m?, the
reduction are 3mol/m* and 43.8mol/m* (compared with the initial chloride ion concentration
of 439mol/m®), respectively; for the case of 5% NaCl, chloride ion concentrations are
1804mol/m? and 1725mol/m?, the reduction are 5mol/m® and 83.8mol/m® (compared with the

initial chloride ion concentration of 1809mol/m?®), respectively.

The results have displayed that, for the air exposed chloride contaminated RC structure, the
chloride ions removal at the steel-concrete interface remote from the anode is a very slow
progress under the CP process, even it can be enhanced by increasing the applied current
density, however, the effect is not very effective. It can be explained by that the chloride ions
removal in concrete is not only related to the intensity of applied current density, but also
affected by the concrete pore size distribution, saturation degree of concrete pore water and

the external environment (or RH).
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Figure 6.8 Variation of chloride ion concentration at steel-concrete interface remote from the
anode under different current densities for CP operation time of 90 days
(1, 2, 3.5 and 5% NacCl).

e Chloride and Hydroxyl lon Concentration at Steel-Concrete Interface under

Different CP Operation Time

Figures 6.9 and 6.10 show the concentration variation of chloride and hydroxyl ions at the
steel-concrete interface with the different CP operation time under the applied current
densities of 15mA/m? and 75mA/m? for the RC specimen with 1% NaCl, respectively, in
which the chloride ion condition has been considered in two cases, one is at the steel-concrete

interface near the anode; the other is at the steel-concrete interface remote from the anode.
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Figure 6.9 Variation of chloride and hydroxyl ion concentrations at steel-concrete interface
under different CP operation time at current density of 15mA/m? (1% NaCl).
(a) steel-concrete interface near anode (b) steel-concrete interface remote from anode.
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Figure 6.10 Variation of chloride and hydroxyl ion concentrations at steel-concrete interface
under different CP operation time at current density of 75mA/m? (1% NaCl).

(a) steel-concrete interface near anode (b) steel-concrete interface remote from anode.

Figure 6.9 shows that, at a low CP current density of 15mA/m? the hydroxyl ion
concentration increases slowly with CP operation time. However, the concentration values of
chloride ions are very close in the two cases while in both which slightly decreases with the
CP operation time.

At the higher current density of 75mA/m? (Figure 6.10), the hydroxyl ion concentration
gradually increases with the CP operation time in the first 90 days and then remains constant
thereafter regardless of increasing time; the two cases of chloride ion concentrations are
tapering off with CP operation time in the first 90 days, during this period, those ions
concentration at the steel-concrete interface remote from the anode is slightly higher than the
ionic concentration at the steel-concrete interface near the anode and the difference decreases
with time, 90 days later two cases of chloride ion concentration values become very close and

nearly keep constant along with further increasing CP time.

The results demonstrate that both the increase of hydroxyl ion concentration and the decrease
of chloride ion concentration at the steel-concrete interface with the applied current density
and CP operation time are limited. When the applied current density is relatively high and
after a certain amount of CP operation time, the hydroxyl ion concentration will remain at a
fixed value, in the meantime, the chloride ion concentration stops reducing and also keeps at a
fixed value, forming a dynamic balance between the hydroxyl and chloride ion concentration
at the steel-concrete interface. Similar phenomenon also can be observed in Figures 6.11 and
6.12, which considered the RC specimen with 2% NaCl.
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Figure 6.11 Variation of chloride and hydroxyl ion concentrations at steel-concrete interface

under different CP operation time at current density of 15mA/m? (2% NaCl).

(a) steel-concrete interface near anode (b) steel-concrete interface remote from anode.
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Figure 6.12 Variation of chloride and hydroxyl ion concentrations at steel-concrete interface

under different CP operation time at current density of 75mA/m? (2% NaCl).

(a) steel-concrete interface near anode (b) steel-concrete interface remote from anode.

The results have clearly indicated the influence of the cathodic reaction under the coupling

effect of activation and concentration controlled kinetics. There are a large numbers of

electrons provided by the high current density, which will speed up the electrochemical

cathodic reaction (oxygen reduction) at the steel-concrete interface, and then consume all the

available oxygen content at the steel surface, since the oxygen diffusion through the bulk

concrete to the steel surface is slower than the charge transfer rate, the cathodic reaction rate

(the increase rate of hydroxyl ion concentration) will stop increasing and remain at the
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maximum rate (as mentioned in Chapter 2). The chloride ion concentration reaching a
constant rate is directly related to the hydroxyl ion concentration, which can be explained by
the local electric neutrality in bulk concrete. This phenomenon also revealed that the chloride
ions motion is not only decided by the applied CP current density and operation time, but also

affected by the local hydroxyl ion concentration.

6.3.3 Steel Corrosion Rate under Cathodic Protection

The main purpose of applying the CP to chloride contaminated RC structures is to mitigate or
stop the steel corrosion rate, that is to change the corroding steel from the corrosion to
passivation state. For this reason, the steel corrosion rate under CP application is the major

concern, which is directly related to CP effectiveness.

e Steel Corrosion Rate Distribution at the Steel-Concrete Interface

Figures 6.13 and 6.14 show the steel corrosion rate along the circumference of the rebar cross
section varies with CP operation time under the applied current densities of 35mA/m? and
75mA/m? for the RC specimen with 1% NaCl, respectively. The steel corrosion rate along the
circumference of the rebar cross section obtained for the RC specimen with varying NaCl
contents under different CP operation time for the current densities of 35mA/m?® and

75mA/m? are contained in Appendix C.

The horizontal axis shows the positions on the circumference of the steel cross section, which
starts anticlockwise from the point near to the anode (x = 0). It can be seen that the steel
corrosion rate along with the cross section circumference of rebar is not uniformly distributed
under the CP process, but presents a similar shape of the sine function. The closest point to
the anode has the smallest corrosion rate, whilst the furthest point to the anode has the largest

corrosion rate.

It also can be observed that the steel corrosion rate degrades with continuing CP operation
time. For instance, under the current density of 35mA/m?, the largest corrosion rate decreased
to 0.84mA/m? and 0.8mA/m? under CP operation time of 10 days and 90 days, respectively.
The legends in Figures 6.12 and 6.13 demonstrate the developmental stages of the model with

time presented by multiple curve variations. Comparing Figures 6.13 and 6.14 show that the

139



degradation of steel corrosion rate also increases with increasing current density, such as,
under the same CP operation time of 90 days, the largest corrosion rate decreased to
0.8mA/m? and 0.052mA/m® under the current densities of 35mA/m? and 75mA/m?
respectively.
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Figure 6.13 Distribution of steel corrosion rate along the circumference of steel bar cross
section under 35mA/m? (1% NaCl).
(@) t = 24 hours, (b) t = 10 days, (c) t = 30 days, (d) t = 90 days.

The results show that, under the CP process, the profile of corrosion rate along the cross
section circumference of rebar is similar to that of the profile of chloride ions. These results

have verified that the closer the corroding rebar is to the anode, the easier it is to protect. It
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proves that the structural geometry, anode position and configuration are important factors
that should be considered in the CP design.
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Figure 6.14 Distribution of steel corrosion rate along the circumference of steel bar cross
section under 75mA/m? (1% NaCl).
(@) t = 24 hours, (b) t = 10 days, (¢) t = 30 days, (d) t = 90 days.

e Steel Corrosion Rate under Different CP Current Densities
Figure 6.15(a) shows the variation of steel corrosion rate at steel-concrete interface under five
different CP current densities (5, 10, 15, 20, and 25mA/m?) at 24 hours of CP operation for

the RC specimen with 1 and 2% NaCl, respectively.
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It can be seen that the steel corrosion rates are 10.5mA/m? and 7.8mA/m? when there is no CP
installed for the two specimens. When CP is active, the steel corrosion rate decreases with
increase of the applied current density. Theoretically, when the steel corrosion rate is less than
2mA/m?, the steel bar can be regarded as in a passive state. The results show that the higher
the chloride content, the higher the CP current density needed to drive the steel bar into a
passive state. The required CP current densities are about 18.5mA/m? and 12.5mA/m? for the
two cases of 2 and 1% NaCl, respectively.
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Figure 6.15 Variation of steel corrosion rate under different CP current densities for 24 hours.
(@) 1, 2% NaCl, (b) 3.5, 5% NacCl.

Figures 6.15(b) shows the steel corrosion rate at steel-concrete interface under ten different

CP current densities (5, 10, 15, 20, 25, 35, 45, 55, 65, and 75 mA/m?) at 24 hours of CP
operation for the RC specimen with 3.5, 5% NacCls, respectively.
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Similar results as that in Figure 6.15(a) can be noticed. However, due to the higher chloride
contents in the two cases, the required CP current densities are about 75mA/m? and 42mA/m?
to achieve the steel corrosion protection, to bring the steel corrosion rate lower than 2mA/m?.

e Ferric lons Production at Steel-Concrete Interface

In this study Equation (6.1) is used to describe the dynamic balance between the ferric and
ferrous ions in the concrete pore solution. Therefore, a quantitative estimation of the

concentration of ferric ions under different applied current densities can be obtained.

Figure 6.16 shows the ferric ion concentration at steel-concrete interface under different CP
current densities. It can be seen that before the CP energisation, the highest ferric ion
concentration corresponds to the highest chloride content. This is due to the high chloride
content induces a high ferrous ion concentration due to the high steel corrosion rate, once the
concentration of ferrous ions exceeds its solubility in pore solution, the extra ferrous ions will
further react with oxygen and water to be oxidised to ferric hydroxide, and eventually which
will converted to hydrated ferric oxide, rust. After CP energisation, the decreasing steel

corrosion rate is accompanied by a decrease of ferrous and ferric ion concentrations.
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6.3.4 Comparison with Experimental Study

Figure 6.17 shows the comparison of numerical and experimental results for the minimum
required CP current density to protect the rebar in the RC specimen with 1, 2, 3.5, and 5%
NaCl. The relative errors of results are listed in Table 6.6, which is within 10% (ranges
between 3.8 - 9.7%), which demonstrates a reasonably good agreement. The result has

validated the developed CP model and justified its potential in real world application.
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Figure 6.17 Comparison of the numerical and experimental results of required current density

under different chloride contents.

Table 6.6 Results of numerical simulation and experimentation about the required CP current
density for steel corrosion protection (mA/m?).

Specimens (NaCl) Simulated Results Experimental Results Relative Errors
1% 12.5 13 3.8%
2% 18.5 20.5 9.7%
3.5% 42 45 6.6%
5% 75 71 5.6%

The experimental results are based on the study by Oleiwi (2018), where the required CP
current density was determined in terms of the conventional CP criterion of 100mV potential
decay. Figure 6.18 shows the experimentally measured steel potential decay of four hours for
RC specimens with 1, 2, 3.5 and 5% NaCl under different CP current densities, in which the
horizontal solid line represents the base line of 100mV decay, blue points and red circles
represent the corresponding steel potential decay of experimental and modelling results,

respectively.

It can be seen that, except the case of 5% NaCl, the steel potential decay is very slightly
greater than 100mV, in other cases, the steel potential decays are all less than 100mV but the
steel corrosion protection have been achieved. The results prove that the criterion of 100mV
potential decay presents an over protection, this conclusion is also consistent with the finding
from Oleiwi (2018).
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Figure 6.18 Four hours steel potential decay versus applied current density.

6.3.5 Parameter Study

Concrete Pore Saturation (PS) is closely linked to concrete electrical resistivity and oxygen
transport mechanism in bulk concrete, therefore, which directly affects the effectiveness of
CP systems. Since the RC structures are exposed to all kinds of environments, the concrete PS
is subjected to large variations, it is a major parameter concerned in CP design and operation.
In this study the developed CP numerical model was used to carry out the parameter study on
the effect of concrete PS. Figures 6.19 to 6.21 show the variation of steel corrosion rate under
different concrete PS and CP current densities at 24 hours of CP operation time for RC

specimens with 1% NacCl.

It can be seen that the steel corrosion rate decreases with the increase of CP current density
under the same concrete PS. However, the steel corrosion rate at the same CP current density
presents the different value under different concrete PS: at PS of 1%, the steel corrosion rate
does not change and remains at the initial corrosion rate; at PS range of 1%-10%, the steel
corrosion rate decreases sharply (the effect of CP current enhanced greatly) with PS; at PS
range of 10%-70%, the effect of CP current deteriorates slightly with PS; and at PS range of
70%-100%, the effect of CP is the same. Similar phenomenon can also be observed in Figures
6.22 to 6.24, which considered RC specimens with 2% NaCl.
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As reviewed in Chapter 4, the degree of concrete PS is an important influencing factor for
concrete electrical resistivity. For the PS of 1%, the corresponding concrete electrical
resistivity is very large, which limits the protection current flow in the bulk concrete, resulting
in CP failure. For the PS range of 1%-10%, due to concrete electrical resistivity decreasing
with increasing of PS, so the effective CP current density induced a significant decrease of
steel corrosion rate. For the PS range of 10%-70%, the oxygen content available at steel-
concrete interface decreasing with increasing of PS, the oxygen reduction rate may reach the
maximum and along with the water reduction reaction, so the required CP current density
increases. For the PS range of 70%-100%, the concrete electrical resistivity is virtually

unchanged, which has no influence on the CP effect.
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Figure 6.22 Variation of steel corrosion rate under 10mA/m? for 24 hours (2% NaCl).
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6.4 Discussion

6.4.1 lonic Distribution and Concentration Variation

1. According to the existing fundamental theory of CP applied to chloride contaminated RC
structures, which only qualitatively describes the migration trend of chloride ions that, the
chloride ions at the steel-concrete interface can be moved away from the rebar by the
externally applied current due to the chloride ions being negatively charged, which migrate in
the opposite the direction of the protection current. In this study, the CP numerical modelling
considered the variation of concrete electrical resistivity, the coupling effect of the ionic
behaviour in concrete and the applied electric field, therefore, the simulated results have
qualitatively and quantitatively described the chloride ion redistribution in concrete during the
CP process, as below:

e the chloride ions at the steel-concrete interface remote from the anode are more

difficult to disburse than those ions at the steel-concrete interface near the anode;
o the migration degree of chloride ions can be boosted by increasing the current density

and/or extending the CP operation time, but the total amount of removable chloride

ions compared with the initial chloride content is still small.
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2. In the process of CP applied to RC structures, the hydroxyl ions are the main products of
the electrochemical cathodic reactions (oxygen reduction) at the steel-concrete interface,
which helps not only the steel corrosion protection but also to move the chloride ions away
from the steel surface based on the electrical theory of like charges repel. In this study, the CP
numerical simulation has qualitatively described the hydroxyl behaviour and the coupling

effect between the hydroxyl and chloride ions, as follows:

e the hydroxyl ion concentration increases and the chloride ion concentration decreases

at the steel-concrete interface with time under a lower protection current;

e the hydroxyl ion concentration at the steel-concrete interface will increase to a

maximum value and remains at this value with time under a higher protection current;

e when the hydroxyl ion concentration is fixed, the chloride ion concentration at the
steel-concrete interface will simultaneously stop decreasing and remains the same,
forming a dynamic balance between the hydroxyl and chloride ions.

In short, for a chloride contaminated RC structure under CP application, it is impossible to get
rid of all the harmful chloride ions at the steel-concrete interface. In this numerical study, the
total quantity of chloride ion removal is small even under a very high applied current density
(75mA/m?) for a long CP operation time (2 years). The magnitude of applied current density
and the CP operation time are only the secondary reasons, the concrete interior structure and
the internal microenvironment are one of the main reasons to retard the chloride ion removal
process. In addition, the hydroxyl ion concentration also significantly affects the chloride ion
migration. When the hydroxyl ion concentration is increasing, it has the effect of promoting
chloride ion removal from the steel-concrete interface; however, if the hydroxyl ion
concentration is stable, it has the effect of suppressing chloride ion removal, this is based on

the local electric neutrality in bulk concrete.

6.4.2 Steel Corrosion

According to the existing standard of CP application for RC structures, the evaluation of steel
corrosion protection is based solely on the potential of the steel-concrete interface under the
CP process, using the potential value indirectly reflects the steel state. The standard states that
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the steel protection is ensured if the instant-off potential value in a certain potential range or
the potential decay reaches 100mV under a certain period. This criterion is theoretically based
on the thermodynamics of steel corrosion (Pourbaix diagram) related to the pH value, chloride

content and temperature.

In this study, the CP numerical modelling adopted the proposed new Butler-VVolmer Equation
based steel polarisation model (which is connected with the steel corrosion rate) as the
boundary condition of the steel-concrete interface, and considered the coupling effect of the
ionic behaviour and the applied electric field, therefore, the CP numerical simulation has
qualitatively and quantitatively described the steel corrosion state under CP process, and

presented the variation of ferric ion concentration as follows:

e the steel corrosion rate decreases with increasing protection current density, the
required CP current density for the steel corrosion protection is proportional to the

steel corrosion state;

e the steel corrosion rate can be arrested by the CP current density which is less than the
current density specified by the standard (based on the 100 mV potential decay) and
the current CP standard provides overprotection for the corroding steel in chloride

contaminated RC structure;

e the ferric ion concentration at the steel-concrete interface is proportional to the steel

corrosion state, which decreases with the increasing protection current density.

In brief, CP technology is a reliable corrosion prevention method, the impressed protection
current can effectively arrest the steel corrosion rate. Under CP application, the steel corrosion
state was compared with the corresponding chloride ion distribution at the steel-concrete
interface, a contradictory phenomenon can be observed that, the rebar has transformed from
the active state to the passive state but the chloride ion concentration at the steel-concrete
interface is still very high. This is because when the steel corrosion rate has been restrained by
the protection current, and changed to the steel bar to the passive state, the chloride ion
removal and production of hydroxyl ions in the CP process enlarge the steel passive range and
then increases the chloride threshold concentration (which can induce the initiation of steel

corrosion), therefore, the chloride ion concentration at the steel-concrete interface is very high
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but the steel bar can still attain the passive state under CP application. This is also the

fundamental mechanism of cathodic prevention.

Based on the numerical study, it was found that the required CP current density for steel
corrosion protection was less than the specified current density, the specified 100mV potential
decay criterion therefore gives an over protection. This is because the CP standard
specifications link to the potential values, aiming to make the rebar potential reach a state
where the steel corrosion is thermodynamically impossible to take place. That is, dropping the
steel potential under the base line of protection potential, where the steel will be passivated.
However, the specification does not take account of the long-term beneficial effects of CP
current density. The chloride ion removal and the production of alkalinity can arrest the steel
corrosion rate and also can widen the steel passivity region. That is, they can further move the
base line of protection potential in the positive direction. As a result, the required CP current

density up to the existing CP standard can be reduced.

Furthermore, the improved CP numerical model can directly describe the ferric ion state, its
capability to quantify rust production has given the developed model a potential for
application to real world problems, which can predict the RC structural spalling process and

service life span when incorporated with a fracture mechanism model.

6.4.3 Effect of Concrete Pore Saturation on Cathodic Protection

The research results shown that the lower concrete PS (less than 10%) affects the CP
effectiveness greatly, this conclusion is in line with the study of Koretsky et al. (1999) that the
electrical resistivity of drier concrete limits the flow of protection current. When the concrete
PS greater than 70%, corresponding to a very small concrete electrical resistivity, which has
no obvious effect on CP effectiveness, this conclusion confirmed the research result between
concrete electrical resistivity and pore saturation degree (Lopez and Gonzalez, 1993). The
required CP current density increases with PS, which verified the study of Koretsky et al.
(1999) that at high values of PS, the CP system is limited by oxygen transport in concrete and
water reduction becomes the important cathodic process, therefore, a higher CP current
density is needed. Also this conclusion is in agreement with the study of Oleiwi (2018), who
stated that the required CP current density increases with decreasing concrete electrical

resistivity.
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6.5 Conclusion

In this study, an improved numerical modelling which considered variation of concrete
electrical resistivity, steel polarisation state under CP process, and coupling effect of the ionic
behaviour and the applied electric field has been proposed and investigated. It has been
demonstrated that the developed model not only can describe the chloride and hydroxyl ion
behaviours in concrete, but most importantly, it also can reflect the steel corrosion rate under
CP application. The proposed model considers the electrochemical mechanism of the
corrosion reactions at the steel surface, it provides an effective tool which can directly make
assessment for the steel corrosion rate and the corresponding corrosion products. This model
can provide more insight and accurate information for the CP design and operation on RC

structures.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
RESEARCH WORK

7.1 Conclusions

The present work has developed a mathematical model for concrete electrical resistivity,
which comprises the main factors related to the varied water and chloride contents in concrete.
As applications, this mathematical model has been applied in the governing equation to
describe the electric field inside concrete for the cathodic protection (CP) numerical
modelling of reinforced concrete (RC) structures to simulate the ionic transportation in

concrete pore solution under the CP process.

The present work also has characterized a Butler-Volmer Equation based rebar polarisation
model, which involves the main factors related to the varied chloride contents and applied
protection current densities under CP conditions, As applications, this polarisation model has
been used as the boundary condition in the CP numerical model of RC structures to describe

the electrochemical reaction at the steel-concrete interface under the CP process.

This study has improved the CP numerical modelling of RC structures by involving the above
two developed models and considering the coupling effect of the ionic behaviour in concrete
pore solution and externally applied electric field effect. As applications, numerical modelling
of CP for chloride contaminated RC structures has been conducted to investigate the related
ionic states in concrete and steel corrosion under CP conditions; a parameter study based on
the improved model has been carried out to research the effect of concrete pore saturation on

CP effectiveness.

For the case of ionic distribution and concentration variation: the chloride ions at the steel-
concrete interface remote from the anode are more difficult to be moved away than those ions

at the steel-concrete interface near the anode, the total amount of removable chloride ions
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under CP is small; the hydroxyl ion concentration at the steel-concrete interface increases
with the increase of CP current density, which will increase to a maximum value under a
higher protection current; meanwhile, the chloride ion concentration at the steel-concrete
interface will simultaneously remain the same, forming a dynamic balance between the
hydroxyl and chloride ions. The ferric ion concentration at the steel-concrete interface is
proportional to the steel corrosion state, which decreases with the increasing protection

current density.

Steel corrosion rate decreases with increasing protection current density, the required CP
current density for steel corrosion protection is proportional to the steel corrosion state. The
steel corrosion rate can be arrested by the required CP current density which is less than the

specified current density stated in the standard.

From the parameter study, the concrete pore saturation (PS) significantly influences the CP
effectiveness when its value is small, the required CP current density to achieve steel

corrosion protection increases with increasing pore saturation.

In conclusion, the improved numerical modelling can not only describe the chloride and
hydroxyl ions behaviours in concrete but also directly reflect the steel corrosion rate under CP
application. It provides an effective tool which can directly assess the steel corrosion rate and
corresponding corrosion products, and then provide more insight and accurate information for

CP design and operation of RC structures.

7.2 Recommendation for Future Research Work

A CP numerical investigation was carried out in this study, the developments made through
the course of this study have directly helped improve our understanding in underlying
electrochemical mechanisms of the CP process in RC structures. This research area of CP of
RC structures is related to ionic behaviour in concrete pore solution, electrochemical reaction
at electrode-concrete interface studies. Future numerical research work for development in CP

technology of RC structures could address the following:
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The developed mathematical model of concrete electrical resistivity only considered
the effects of varied water and chloride contents, a comprehensive model with the
additional considerations of the effects of pH value and temperature is needed.

The characterisation of the steel polarisation model was based on the experimental
data of air exposed RC specimens, which does not describe the steel state of
underwater RC structures. A comprehensive polarisation model with the additional

consideration of the effect of water content is needed.

In the CP numerical modelling, the electrochemical reactions (time, moisture
dependent polarisations) at anode-concrete interface was neglected, instead the anode
potential was set to a reference point and assigned a value of zero. An anode
polarisation model under CP conditions is a key direction for future CP numerical

investigation.

In this study, the numerical model only involved the corroding steel bar state
(microcell corrosion), a model comprising both the corroding steel bars and the
passive steel bars is needed, to comprehensively evaluate the steel macrocell corrosion
state under CP, and the effect of passive steel bars on CP effectiveness.

In this study, the numerical research was based on a two-dimensional model, the steel
corrosion state was therefore based on a plane analysis. The CP numerical model
needs to be extended from a two-dimensional to a three-dimensional model to

comprehensively characterise the steel corrosion state and the CP effectiveness.
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APPENDIX A

Chloride lon Concentration Redistribution in Concrete
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Figure A.1 Redistribution of chloride concentration in concrete under 10mA/m? (2% NaCl).

(@) t = 24 hours, (b) t = 10 days, (¢) t = 30 days, (d) t = 90 days.
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Figure A.2 Redistribution of chloride concentration in concrete under 20mA/m? (2% NaCl).
(@) t = 24 hours, (b) t = 10 days, (c) t = 30 days, (d) t = 90 days.
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Figure A.3 Redistribution of chloride concentration in concrete under 100mA/m? (3.5% NaCl).
(@) t = 24 hours, (b) t = 10 days, (c) t = 30 days, (d) t = 90 days.
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Figure A.4 Redistribution of chloride concentration in concrete under 20mA/m? (3.5% NaCl).
(@) t = 24 hours, (b) t = 10 days, (c) t = 30 days, (d) t = 90 days.
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Figure A.5 Redistribution of chloride concentration in concrete under 10mA/m? (5% NaCl).
(@) t = 24 hours, (b) t = 10 days, (c) t = 30 days, (d) t = 90 days.
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Figure A.6 Redistribution of chloride concentration in concrete under 20mA/m? (5% NaCl).
(@) t = 24 hours, (b) t = 10 days, (c) t = 30 days, (d) t = 90 days.
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APPENDIX B

Distribution of Chloride and Hydroxyl lon Concentration

at Steel-Concrete Interface
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Figure B.1 Distribution of chloride and hydroxyl ions concentration at steel-concrete
interface under 25mA/m? (2% NaCl). (a) t = 24 hours (b) t = 10 days.
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Figure B.2 Distribution of chloride and hydroxyl ions concentration at steel-concrete
interface under 45mA/m? (2% NaCl). (a) t = 24 hours (b) t = 10 days.
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Figure B.3 Distribution of chloride and hydroxyl ions concentration at steel-concrete
interface under 25mA/m? (3.5% NaCl). (a) t = 24 hours (b) t = 10 days.
176



Surface: chloride concentration

-0.005 O

0.005 0.01 0.015 0.02 0.025

41239 A 5995
0.065 0.065
T Y s g
g g
o 006 1235 5 006 590
s S
;g ‘ g 0.055 250
3 0.055 1230 7
8 3
= ° 570
% 0.05 11225 § 005
L 5 560
>
g 0.045 1220 g 0045
§ ‘ ) 550
=
0.04 ‘ 1215 0:04 _—
0.035 ‘ 0.035
=Y 1212 v 535.2

-0.005 O
Model horizontal coordinate (m)

Surface: chloride concentration

Model horizontal coordinate (m)

Surface: hydroxyl concentration

. A 1253 A636.3
0.065 0.065
1250 2 -
¢t
E o.06 o 0.6
[} A=
2 1240 g 600
5 0.055 E 0955
‘g‘ 1230 g 580
_‘é 0.05 —‘8 0.05 .
0 1220 £
50045} = 0.045
g = 540
E 1210 F
S 0.04 = 0:.04 520
=
0.035 = 0.035
.| w5028
WAL 0.005 0.01 0.015 0.02 0.025

0.005 0.01 0.015 0.02 0.025
Model horizontal coordinate (m)

-0.01-0.005 O

(b)

-0.01-0.005 0

Model horizontal coordinate (m)

Figure B.4 Distribution of chloride and hydroxyl ions concentration at steel-concrete
interface under 45mA/m? (3.5% NaCl). (a) t = 24 hours (b) t = 10 days.
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Figure B.5 Distribution of chloride and hydroxyl ions concentration at steel-concrete
interface under 25mA/m? (5% NaCl). (a) t = 24 hours (b) t = 10 days.
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Figure B.6 Distribution of chloride and hydroxyl ions concentration at steel-concrete
interface under 45mA/m? (5% NaCl). (a) t = 24 hours (b) t = 10 days.
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Steel corrosion rate (A/m?)

APPENDIX C

Distribution of Steel Corrosion Rate

along the Circumference of Steel Bar Cross Section
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Figure C.1 Distribution of steel corrosion rate along the circumference of steel bar cross

section under 35mA/m? (2% NaCl).

(@) t = 24 hours, (b) t = 10 days, (c) t = 30 days, (d) t = 90 days.
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Figure C.2 Distribution of steel corrosion rate along the circumference of steel bar cross
section under 75mA/m? (2% NaCl).
(@) t = 24 hours, (b) t = 10 days, (c) t = 30 days, (d) t = 90 days.
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Figure C.3 Distribution of steel corrosion rate along the circumference of steel bar cross
section under 35mA/m? (3.5% NaCl).
(@) t = 24 hours, (b) t = 10 days, (c) t = 30 days, (d) t = 90 days.
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Figure C.4 Distribution of steel corrosion rate along the circumference of steel bar cross
section under 75mA/m? (3.5% NaCl).
(@) t = 24 hours, (b) t = 10 days, (c) t = 30 days, (d) t = 90 days.
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Figure C.5 Distribution of steel corrosion rate along the circumference of steel bar cross
section under 35mA/m? (5% NaCl).
(@) t = 24 hours, (b) t = 10 days, (c) t = 30 days, (d) t = 90 days.
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Figure C.6 Distribution of steel corrosion rate along the circumference of steel bar cross
section under 75mA/m? (5% NaCl).
(@) t = 24 hours, (b) t = 10 days, (c) t = 30 days, (d) t = 90 days
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