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ABSTRACT

Holistic Electrochemical and Mechanical Modeling of
Corrosion-Induced Cracking in Concrete Structures

By

Goli Nossoni

Corrosion of reinforcing bars (“rebars”) in concrete is the most destructive
mechanism contributing to damage in concrete bridges in the U.S. Corrosion products
that are formed are two to six times more voluminous than the corroding steel and the
resulting expansion causes the concrete to crack and eventually spall thereby accelerating
structural deterioration. The alkaline environment provided within concrete protects steel
rebars from corrosion due to the passive layer that is formed on their surface. However,
chloride ions from deicing salts or from a marine environment that diffuse to the surface
of rebars destroy the passive layer and initiate corrosion. While considerable research has
been devoted to predicting the time to corrosion initiation, studies on predicting the time
to cracking of the concrete cover from the time of corrosion initiation have been far
fewer. Much of the treatment has been empirical or based on a constant corrosion current.

This dissertation develops a holistic model of the electrochemistry of corrosion that
accounts for the diffusion of oxygen, moisture and chloride through the concrete and rust
layers, the densification of rust due to confinement, the diffusion of rust into the concrete
pores, the development of internal pressure due to rust build-up, and cracking of the
concrete cover. Experimentally measured anodic polarization curves for the corrosion of

mild steel in alkaline media at varying chloride concentrations, the limiting cathodic



reaction, and models of the diffusion of oxygen and chloride through the concrete and
rust layers, were used to determine the corrosion current in both the anodic and cathodic
controlled regions. The boundary conditions, concrete quality, and cover thickness were
included in the diffusion calculations. The relationship between the corrosion current and
the pressure build-up due to the corrosion products for different concrete cover
thicknesses and concrete quality was established through experiments using an
accelerated corrosion test with an impressed current. Experiments were conducted to
determine the conditions under which Faraday’s Law could be used to accurately
estimate the steel mass loss due to corrosion in the accelerated corrosion test. Results
from the accelerated corrosion experiments were used to calibrate a model relating the
rust build-up to the internal pressure generated on the concrete cover, allowing for the
densification of rust due to confinement and the diffusion of rust into the concrete pores.
Results from finite element analysis with an inelastic smeared crack concrete model were
used to calibrate a simple analytical model of the critical internal pressure required to
cause cracking of the concrete cover. The various sub-models were then linked together
to predict the time for cracking of the concrete cover from the time of corrosion initiation.

Results from the model compare reasonably well with data reported in the literature
from laboratory and field observations, as well as other models, although the variation in
the data is considerable. The developed model was used to s-tudy the time for cracking of
the concrete cover for different boundary conditions, concrete quality, and cover
thicknesses. The model indicates that the time for corrosion initiation and the time from
corrosion initiation to cracking of the concrete cover are comparable for certain boundary

conditions and concrete quality.
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Chapter 1

Introduction

1.1 Background

Corrosion of reinforcing bars (“rebars”) in concrete is the most destructive
mechanism contributing to damage in reinforced concrete bridges in the U.S. (Weyers et
al. 1993). Corrosion reduces the strength, durability, and service life of rein.forced
concrete structures. Concrete can provide very good protection to embedded steel rebars
due to its high alkalinity. In an alkaline medium a passive layer forms on the steel surface
and protects rebars from further corrosion. However, in the presence of chloride ions the
passive layer is disrupted or destroyed and steel spontaneously corrodes (Townsend et al.
1981, and Verbeck 1975). As the reinforcement corrodes, it expands causing cracking of

concrete and spalling. Chloride concentration, temperature, relative humidity, cover



thickness, and concrete quality are the major factors affecting the rate of corrosion. The
transformation of metallic iron to rust can result in an increase in volume of up to 600%,
depending on the final rust form (Mehta 1993). The deterioration caused by corrosion of
reinforcing steel in concrete structures has been recognized as one of the greatest
maintenance challenges (Beaudette 2001). Corrosion should therefore be treated before it
becomes a significant problem. Since the presence of both air and water is required for
the corrosion activity to continue, corrosion may slow down considerably if a barrier
could reduce the diffusion of moisture and harmful substances such as chloride ions and
carbon dioxide through the concrete.

There are two main sources from which chloride ions can diffuse into a concrete
structure. Structures in marine environments are constantly exposed to brackish sea
water, especially in the splash zone. Another source is deicing salts used on roadways in
the U.S. Since the late 1960’s, the use of the deicing salts in the U.S. has increased
greatly (Liu 1960). It has been reported (Fasullo 1992) that more than 40% of total
highway bridges in the U.S. are structurally deficient or functionally obsolete.
Approximately 20% of the total estimated repair cost is due to corrosion deterioration of
concrete bridges. Through the effective use of deterioration models, improved design and
cost effective repair strategies that can increase the life of concrete structures can be
developed.

Modeling the corrosion rate, understanding the corrosion reactions that take place
inside concrete, and the effect of chloride in destroying the passive layer and initiating
corrosion has attracted the attention of scientists for over 50 years. While considerable

research has been done in this area and many analytical, numerical and empirical models



have been proposed, the corrosion of steel in concrete still has many unknown elements

and holistic electrochemical- mechanical models are lacking.

1.2 Problem Statement

The corrosion problem starts with the diffusion of chloride ions or carbon dioxide
into the concrete to create conditions that overcome the protection offered by the
existence of a passive film on the surface of steel in an alkaline concrete medium. This
work focuses on corrosion initiation by chloride ions. Once chloride ions diffuse through
the concrete cover and the chloride concentration adjacent to the steel reaches the
threshold that can damage or destroy the passive layer, corrosion starts and continues
until eventually the concrete cover cracks.

While various aspects of corrosion of steel in concrete from chloride diffusion to
concrete cracking have been studied, the phase that has received the greatest attention is
the diffusion of chloride ions into the concrete, since in many situations this takes the
longest time.

The second phase of the corrosion process is from the initiation of corrosion to
concrete cracking. Study of this phase involves modeling the electrochemistry of the
corrosion rate and mechanical modeling of the concrete cracking and in a disciplinary
context lies at intersection between chemistry and mechanics.

The third and final phase of corrosion is from the initiation of cracking until
spalling of the concrete cover after which repair and rehabilitation of the concrete is

necessary. This phase is the fastest since the concrete is already cracked and the corrosion



rate becomes high due to increased availability of oxygen, water and other necessary
ions.

This dissertation focuses on the second phase of corrosion of steel in concrete, and
includes electrochemical concepts of the effect of chloride on depassivation of the steel,
corrosion rate modeling that accounts for the diffusion of oxygen, water, chloride ions,
and rust build up, the diffusion of rust products, and mechanical effects of the pressure
increase. All of these effects are modeled to predict the time to first cracking of the

concrete cover.

1.3 Research Objectives

The objectives of this research were:

e To experimentally investigate the effect of chloride ions on the
depassivation of steel in alkaline media.

e To model the corrosion rate of steel in concrete due to the effect of chloride
ions from the initial rate to the limiting rate.

e To model the rust thickness growth, pressure developed and time to
cracking of the concrete cover.

e To study the effect of different repair systems on the corrosion current and
to propose a new system for repairing corrosion-damaged concrete
structures.

Experimental investigations for calibrating models and understanding some
fundamental concepts were necessary as part of the research. When possible, finite

element analysis and validation based on the literature was used in lieu of experiments.



1.4 Layout of the Dissertation

This dissertation has seven chapters. Chapter 1 provides an introduction and
outlines the research objectives.

Chapter 2 contains a detailed literature review on experimental and analytical
studies of all three phases of corrosion of steel inside concrete. Models of diffusion of
chloride ions into concrete, electrochemical concepts of corrosion of steel due to chloride,
passivation and depessivation, and different models are included. However, the literature
review focuses mainly on areas related to the research objectives: the electrochemical
concepts of steel behavior in alkaline media with and without the presence of chloride
ions; a detailed review on diffecrent corrosion rate models; instruments available to
measure the corrosion rate; concrete cracking models; and a comprehensive discussion on
the limitations of existing models.

Chapter 3 contains a detailed description of experiments needed to better
understand the impressed current accelerated corrosion test and validate the use of
Faraday’s Law to calculate the mass loss in the test. This understanding was important to
establish conditions for the accelerated corrosion test in which all the impressed current
was expended on corrosion rather than on other reactions. The second part of the chapter
describes the accelerated corrosion test conducted under a microscope to provide data to
calibrate the model developed later, and to establish the relationship between the
corrosion current and rust thickness build-up.

Chapter 4 presents different stages in the development of the corrosion current
model focusing mainly on electrochemical aspects. Both experimental and theoretical

work is described, starting with a comprehensive investigation on the effect of chloride



ions on the electrochemical behavior of steel passivation and depassivation, finding an
empirical equation to estimate the initial corrosion rate, and development of a theoretical
model for the corrosion limiting current that controls the greater part of corrosion during
the second phase of corrosion. The results of the model are compared with previéus
research.

Chapter 5 develops the mechanical model, including the effect of corrosion current
on the time to cracking of the concrete cover. The rust thickness growth, the diffusion of
rust products into concrete pores and the gencration of internal pressure is modeled first.
Finite element analysis of concrete cracking due to internal pressure, derivation of the
critical pressure required to cause cracking, and establishment of a relationship between
the critical pressure and concrete strength are then described. The time to cracking of the
concrete cover is established based on these results, validated using data from the
literature, and compared to results from models proposed by others. Finally, the duration
of the two main phases of the corrosion process diffusion of chloride until initiation of
corrosion (f;), and corrosion until cracking (#;) are compared for different conditions
using the developed model.

Chapter 6 present a study on concrete repairs and the effect of corrosion on the
traditional patching repair system as well as a proposed more durable concrete repair
procedure using a fiber reinforced polymer (FRP) overlay as a secondary reinforcement
and barrier. Experimental tests and 3-D finite element studies conducted to assess this
new dual repair system under corrosion are described. Also, adjustment of the proposed

corrosion model so that it could be used to study corrosion in repaired systems and



compare them with corrosion in real undamaged concrete and experimental test results is
described.
Finally, Chapter 7 presents the summary and conclusions of the findings, and

recommendations for future study in this field.



Chapter 2

Literature Review

2.1 Introduction

Studies on the corrosion of reinforcing steel (“rebars”) in concrete structures have
been widely reported in the literature over the last several decades. Corrosion is one of
the major durability problems in concrete structures, mainly when the rebar is exposed to
chlorides from the surrounding environment. Carbonation of the concrete due to the
penetration of acidic gasses into the concrete is the other major cause of reinforcement
corrosion. Beside these, there are other factors that affect rcbar corrosion, some related to
the concrete quality (such as water cement ratio, cement content, impurities in concrete
ingredients, presence of surface cracks), and others related to the external environment

(such as moisture, oxygen, temperature, and bacterial attack). Assessment of the extent of



corrosion is usually carried out using various electrochemical techniques. Prediction of
the remaining service life of a corroding reinforced concrete (RC) structure is commonly
based on empirical models and experimental methods (Ahmad 2003). Here, a
comprehensive literature review is presented on many aspects of corrosion of steel rebars
in concrete and some existing durability models for predicting the time for cracking of

the concrete cover.

2.2 Corrosion Mechanism

Corrosion is the destructive result of the chemical reaction between metals or
metal alloys and the environment. Corrosion science is the study of the electrochemical
process that occurs during corrosion. Nearly all metallic corrosion processes involve the
transfer of electronic charge in aqueous solution (Jones 1992). Thus the corrosion of
metals is an electrochemical reaction. Corrosion of steel embedded in concrete also is an
electrochemical process (Ahmad 2003). According to thermodynamic laws, there is a
strong tendency for compounds in a high energy state to transfer to low energy states. All
interactions between the metal element and the environment are governed by the free
energy change AG available to it, and for a spontaneous reaction to occur AG must be
negative. At room temperature most chemical components of metals have a lower value
of AG (more negative) than uncombined metals. Nevertheless, most metals have an

inherent tendency to corrode.



2.2.1 Corrosion Reaction

In the electrochemical corrosion reaction, there are two reactions which occur at
the metal/liquid interface: the electron producing reaction (oxidation) at the anode; and
the electron consuming reaction (reduction) at the cathode. Five essential components are

involved in a basic corrosion cell.

Anode: The anode usually corrodes by losing electrons and dissolution of the
metal. The anodic reaction depends on the pH of the pore solution of the concrete,
presence of aggressive ions, and the potential at the surface (Ahmad 2003). The general

anodic reaction for steel corrosion is:

Fe — Fe2t 4 2¢” Q-1

Cathode: The cathodic reaction must consume the electrons produced at the
anode and the exact reaction depends on the availability of oxygen and the pH of the

solution. The following reduction process occurs in concrete:
O, +2H,0+4e —40H (2-2)

Electrolyte: The solution that conducts electricity.

Metallic path: Metallic connection between the anode and cathode which allows

the current to flow.

Current: Electrons flow through the rebar from the anode to the cathode, and the
rate of flow is conventionally measured as current. The current is related to the rate of the
anodic and cathodic reactions. The current will reach its limit when one of the reactions

reaches its maximum rate due to limitation in availability of a required species.
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For corrosion of steel in concrete, the steel acts both as the anode and the cathode

and the pore solution acts as the electrolyte.
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Figure 2-1: Corrosion process on steel bar surface

The actual mass loss due to corrosion is due to the reaction that takes place at the anode.

. .. 2+ . . . . .
The iron atoms ionize to Fe' ions according to Equation 2-1 and are dissolved in the

pore solution around the steel bar. The electrons are deposited on the rebar surfaée and
raise its electrochemical potential. The electrons then flow through and along the steel to
a lower potential region (cathode) as shown in Figure 2-1. The free electrons are
consumed in the cathodic reaction as shown in Equation 2-2. The electrochemical
character of the corrosion process is demonstrated by the flow of current in the closed
loop as shown in Figure 2-1. The rate of electron flow within the steel bar results from

the difference in potential and determines the rate of corrosion.

11



2.2.2 Pourbaix Diagram

Based on thermodynamic data on the reactions between metal and water,

Pourbiax developed potential versus pH diagrams which indicate thermodynamically

stable phases as a function of electrode potential and pH (Pourbiax 1976). The Pourbiax

diagram for iron is shown in Figure 2-2.
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Figure 2-2: Pourbiax diagram for iron (Pourbiax 1976)
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The three general regions are regions of corrosion, passivity and immunity. A

soluble product is formed under a range of acidic conditions and a narrow range of very
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alkaline conditions. These are regions of corrosion. Between these two regions a passive
region exists due to the formation of an insoluble film. In the third immune region, the
metal is thermodynamically stable and no corrosion will occur. The Pourbiax diagram
provides a strong thermodynamic basis for understanding corrosion reactions. There are
two main limitations on use of the diagram. One arises from the lack of kinetic data and
the other, which is more important for the corrosion of steel, is the purity of the

environment. In practice, corrosion occurs when the environment is contaminated.

2.2.3 Polarization

The difference between the potential of an electrode with and without current is
called electrochemical polarization. This polarization is represented by the over potential

defined as:

n=F-e (2-3)
where 77 is the potential change ‘
4 Transpassive
from the equilibrium half-cell
7 IEnpiti
electrode potential, e, caused %’ ne
by the net surface for the half- & Passive
[
[
cell reaction. Figure 2-3 shows o
l E passive
an illustration of a typical = )
«  Active
potentiodynamic curve for iron. Log | crit
The logarithm of the current is Figure 2-3: General polarization curve for iron (Jones;
1992)

plotted as a function of the

applied potential. For cathodic polarization, electrons are supplied to the surface, and a
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build-up in metal due to the slow reaction causes the surface potential, £, to become
negative to e. Hence 77 is negative by definition. For anodic polarization, electrons are
removed from the metal, a deficiency results in a positive potential change due to the

slow liberation of electrons by the surface reaction, and 77 must be positive.
2.2.4 Passive Film and Depassivation

Passivity is defined as a condition of corrosion resistance due to the formation of a
thin surface film under oxidizing conditions. Passivity has been studied for over 140
years (Jones 1992). The lack of fundamental understanding of passive film properties has
delayed the control and prevention of localized forms of corrosion that results from

breakdown of the passive film. The structure favored by most investigators for the thin
passive film on iron (steel) is an inner layer of Fe304 under an outer layer of y-Fe,0O3

(Jones 1992). Effective passivation can also be obtained with conventional steel if it is in
contact with an aqueous solution in which the concentration of hydroxide ions (OH") is

high enough. This is indicated in

Figure 2-4 which shows the results of a series of experiments in which the extent of steel
corrosion is plotted against the OH™ ion concentration. The level of the hydroxide ion
concentration required to maintain passivity is not constant but varies with the presence
of other ions (Bentur et. al 1998). When the steel is passive, a small amount of corrosion
current maintains the passive layer, and this current decreases as the passive layer
becomes stronger with time in an alkaline medium (Princeton Applied Research 2002).

Due to this effect, the passive current measured at an early age for steel in concrete with

14



no chloride can be ten-fold higher than that for the same concrete with no chloride after

10 years.
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Figure 2-4: Corrosion of steel in water solution as a function of OH’
concentration and pH level (Shalon and Raphael 1959)

The strength of
the passive film
depends on the
alkalinity of  the
solution or concrete

environment
(Thangavel and
Rengaswamy 1998).

The maintenance of

passivity requires a certain electrochemical environmental condition, and breakdown of

the passive film is usually brought about by changes in this condition or mechanical

force. Steel is passive inside alkaline media. Destruction of the passive film in steel

reinforcement embedded in concrete and the onset of active corroston can arise due to

two causes: carbonation of the concrete, or chloride diffusion. When the x= [C1')/ [OH]

ratio reaches a certain value (reported to be about 0.6), corrosion will start (Mindess et al.

2003). However, there is no electrochemical interpretation of this value and it was

obtained from experimental testing or field investigation. Knowing the effect of chloride

on the corrosion of steel in alkaline media is very important for predicting the lifetime of

concrete structures.
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2.2.4.1 Effect of Chloride on Steel Behavior

The presence of chloride in the environment generally increases the potentio-

dynamic or potentiostatic anodic curve at all potentials. But the most singular feature is

the dynamic increase in current at the critical potential, Epj, as shown schematically in

Figure 2-5. This increase in current density above Epjy measures low voltage anodic
dissolution within pits, which initiate and become visible at the critical potential. The
more noble Ep;; 1s, the more resistant the alloy is to pitting.  As Figure 2-5 shows, an

increase in the chloride concentration generally decreases the passive potential range and

increases the passive current density.

2.2.5 Corrosion Rate Calculation with Polarization Curve

The corrosion rate can be calculated from the anodic and cathodic polarization

curves using the mixed potential theory.
2.2.5.1 Anodic Polarization

The anodic potentiodynamic polarization plot can yield important information
such as: (a) the ability of the metal to spontaneously passivate in the particular medium;
(b) the potential region over which the metal remain passive; and (c) the corrosion rate in
the passive region (Princeton Research Group 2002). The plot can be divided into the

three regions shown in Figure 2-3 the active, passive and transpassive regions.
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The active region is the linear part in the semi-logarithmic plot, called the Tafel

region, where the iron or steel corrodes. The accepted model to describe this part of the

curve is the Tafel equation:

(-) <= Potential —>(+)

Ie

A
o“‘c -
\N'\«‘ -
E pitting _ ~ G\
r W

—— Increase [Cl]
Ip.ss Concentration

2

IPassO IPass

Logi

Figure 2-5: Effect of chloride ions on steel polarization curve
(Jones 1992)

(2-4)

where 7 is the over

potential, B is the Tafel

constant, and ip is the

exchange current density.

The constants fand ig need

to be determined
experimentally for different
solutions. The plot is linear

up to the critical current,

icrit- The passive region

begins after icj;. The loss of chemical reactivity occurs under certain environmental

conditions due to the formation of a thin oxide layer that according to the Pourbiax plot is

stable at this pH. The passive region continues until Epj;, where the transpassive region

starts. This region is also linear in the semi-logarithmic plot.

For knowing the behavior of steel in alkaline media and the change of this

behavior in the presence of chloride ions, it is necessary to know the polarization curve of
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steel. Only from the polarization curve is it possible to evaluate the passivation current

and pitting corrosion current.

2.2.5.2 Cathodic Polarization Curve

When the cathodic half-cell reaction is controlled by the rate of change of electron
flow, the cathodic polarization curve is said to be under activation or charge transfer
control. As mentioned in the previous section, the active part of the polarization curve is
controlled by the Tafel equation, Equation 2-4. The cathodic reduction reaction cannot
exceed a certain rate due to the limitation of diffusion of species to the solution. The
threshold current is called the limiting current. The limiting current density can be
calculated through:

. DnFCp

IL 5 (2'5)

where n is 4 for the reduction of oxygen in the corrosion reaction, F is Faraday’s

constant, D is the diffusion coefficient of the reduction species toward the cathode, Cpg is

the concentration of the reduction specics at the boundary, and & 'is the thickness of the

diffusion layer.
2.2.6 Growth of Rust Film

The growth of corrosion products may follow a linear or parabolic law depending
on the properties of rust oxides (Speller 1951). For a metal that does not form a

protective oxide film, the rate of growth of the oxide film remains constant, i.c,

y=kit (2-6)
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where & is a constant, y is the oxide film thickness, and ¢ is the corrosion time.

For a metal that forms a protective oxide film, the rate of corrosion will depend on
the diffusion of corrodant through the film. As the film thickens with time, the rate of
corrosion will continuously decrease and the corrosion film thickness follows a parabolic

law:

v2 =kt , (2-7)
where k is a constant related to the diffusion coefficient of the products and reactant.

However, the general relation between the corrosion film thickness and time is
not as simple as described above, and it is more appropriate to express it as (Tomoshov

1966)
v =kt (2-8)

Unfortunately, no experimental results exist to calibrate the £ and n coefficients. Also,

both coefficients depend on factors that are not addressed in the literature.
2.3 Corrosion of Steel in Concrete

In general, good quality concrete of appropriate mix proportions, compaction and
curing provides an excellent protective environment for steel. The physical protection is
afforded by the cover concrete acting as a physical barrier to the ingress of aggressive
species. Chemical protection is provided by the highly alkaline solution present within
the pore structure of the cement paste matrix. The range of high pH values of typical

concrete (12.5-13.5) is within the pH domain in which the insoluble oxides of iron are
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thermodynamically stable (see Figure 2-2). This is the reason that steel is passive inside

concrete and protected from further corrosion.

The porous nature of concrete allows aggressive species to diffuse through it.
Some of these diffused species have the ability to break down the passive film and

initiate corrosion. Two effects can accelerate the corrosion process:

1. Carbonation of concrete: Carbonation of concrete is a reaction between acidic
gases present in the atmosphere or dissolved in water and the products of cement
hydration (Emmons 1994, ACI 1992). Carbonation occurs in concrete because the
calcium bearing phases present are attacked by the carbon dioxide in the air and are

converted to calcium carbonate. Cement paste contains 25-50% calcium hydroxide

(Ca(OH);) by weight, which means that the pH of the fresh cement paste is at least 12.5.

The pH of a fully carbonated paste is about 7. The chemical reaction corresponding to

carbonation is:

Ca(OH), +CO, — CaCO; + H,0 (2-9)

This reaction produces calcium carbonate (CaCO3) and is accompanied by shrinkage.

Concrete carbonation is a function of humidity, concrete permeability, and the
concentration of carbon dioxide. Carbonated concrete has properties that can be
considered both beneficial and detrimental to concrete performance. Favorable effects of
carbonation are increased strength, hardness, and dimensional stability. Adverse effects
of carbonation can be a porous and less wear resistant surface. Probably the most

detrimental effect is a reduction in the concrete alkalinity, from a pH of around 13 to a
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pH of around 10 (ACI 1992). When the pH of concrete approaches 10, the passivity of

steel is destroyed and more rapid corrosion may occur (Emmons 1994).

Carbonation can be recognized in the field by the presence of a discolored zone in
the surface of the concrete. The color may vary from light gray that is difficult to
recognize to strong orange that is easy to recognize. Carbonation can be visualized by
using phenolphthalein. Under an optical microscope carbonation can be recognized by
the presence of calcite crystals and the absence of calcium hydroxide, ettringite and un-

hydrated cement grains. Porosity is unchanged or lower in the carbonated zone

2. Deicing salt: Chloride ions have a well-documented detrimental role on
reinforced concrete as mentioned earlier. Chloride ions are considered to be the major
cause of premature corrosion of steel reinforcement. The chloride ions disrupt the
performance of the passive oxide film on the reinforcement, in turn promoting corrosion
(ACI 1996). This work focuses mainly on the effect of chloride on corrosion initiation

and the corrosion rate.

2.3.1 Concrete Structure and Durability

Concrete has a complex structure and contains a heterogeneous distribution of
different types and amounts of solid phases, pores and microcracks. In addition, the
structure of concrete can also change with time, humidity of the environment, and
temperature. Concrete is inherently a durable material. Its durability is influenced most
by the water/cement (w/c) ratio because it strongly impacts the permeability of the
cement paste. High permeability of concrete allows moisture, water, and chemicals that

can degrade concrete or reinforceing steel to diffuse into it (Mindess 2003).
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The modeling of fluid movement within unsaturated cement-based material is
difficult because of the complexity of its microstructure. The flow of water through

cement paste obeys Darcy’s Law for flow through a porous medium, namely,

j=Kpt (2-10)
X

where j = rate of flow of water, # = pressure head (hydraulic pressure), x = thickness of

specimen , and Kp = permeability coefficient. The relationship between the pressure head

and saturation can be expressed according to the Van Genuchten relationship (Coussy et

al. 2004)

S=[1+@h)"1™™ (2-11)

where a, n and m are empirical parameters, § = saturation, and 4 = pressure head or
macroscopic capillary pressure. When saturation is almost 100% the capillary pressure is
almost zero, and when the saturation is low the capillary pressure is high. Water flows

from high pressure to low pressure zones (Monlouis et al. 2004).

2.3.2 Concrete Pore Solution

2.3.2.1 Chemical Composition

The chemical composition of the solution in the pores of hydrated cement paste
depends on the composition of the concrete, mainly the type of cement. As mentioned
before, it also depends on the exposure condition, e.g., changes due to carbonation or
penetration of salts. Table 2-1 shows the ionic concentration measured in the pore

solution of cement pastes, mortar and concrete of Ordinary Portland cement (OPC)
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(Bertolini et al. 2004). In non-carbonated and chloride free concrete, the concentration of
hydroxide ions [OH ] varies from 0.1 M to 0.9 M due to the presence of sodium and
potassium oxide in cement as well as the calcium hydroxide produced by the hydration
reaction of cement (Barneyback and Diamond 1981). The hydroxide concentration

shown in Table 2-1 yields pH values of 13.4 to 13.9.

Table 2-1: Ionic Concentration Measured in the Pore Solution Extracted from Cement
Paste and Mortar (mmol/L).

Water - - + + +
Cement Age Sample [OH | [Cl ] [Na | [Ca ] K ]

binder
oPC 0.45 28 Paste 470 n.a 130 1 380
OPC 0.5 28 Mortar 391 3 90 <l 288
OPC 0.5 28 Paste 834 n.a. 271 1 629
OPC 0.5 192 Mortar 351 n.a. 38 1> 241
oPC 0.5 84 Paste 589 2 n.a n.a. n.a
oPC 0.5 84 Paste 479 3 n.a. n.a. n.a

Penetration or addition of chloride-bearing salts changes the chemical
composition of the pore solution, depending on the type of the salt, and due to the

chemical or physical binding effect of chloride and hydroxyl ions.

2.3.2.2 Transport Process

The actual quantity of water in the pores of concrete depends on the humidity of the
surrounding environment. Figure 2-6 shows the schematic representation of the water
content in the pores of concrete at equilibrium as a function of relative humidity of the
environment (Bertolini et al. 2004). The amount of water in the concrete pore system is
very important since it acts as an electrolyte in the corrosion of reinforcing steel. The

presence of oxygen is also necessary for the cathodic reaction. If the pore volume of the
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concrete is only partially filled with water, the transport of oxygen to the steel surface
will be easier, whereas when the concrete is saturated, the transport of oxygen must occur
through the pore solution. The diffusion coefficient of oxygen in water is four orders
smaller than that in air. Kobayashi (1991) reported that when the moisture content of

concrete is lowered from 80% to 40%, the value of the oxygen diffusion coefficient

0, .

g 100% increases by a factor of 15.
g |
o This is the primary reason
£
= that the corrosion rate is
< 50%—

[ =

(]
‘g‘ very low for concrete
o

s structures below seawater.
]

S 0
= | The water content also

0 50% 100%
Relative Humidity affects the chloride
Figure 2-6: Water content in pore as a function of relative diffusion coefficient

humidity (Bertolini et al 2004).

discussed next.

2.3.3 Chloride Diffusion

The chloride content at the steel surface has a significant effect on the corrosivity
of steel in concrete. The penetration of harmful substances, such as chloride ions, into
concrete occurs through two mechanisms: capillary action and ionic diffusion (Collepordi

etal. 1972, Page et al. 1981).

When concrete is dry or semi-dry, ions migrate along with water under the
influence of capillary action. The rate of penetration of chloride under capillary action is

much faster than through ionic diffusion. Capillary action was explained earlier for
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movement of liquid inside porous media such as concrete. When concrete is wet to near

saturation, ionic migration occurs primarily through the diffusion process.
2.3.4 Basic Formulation

The diffusion of chloride into concrete has been studied by numerous
researchers. The diffusion process is complex, many factors are involved, and no model
can be considered to be “correct” in an absolute sense. However, a good model provides
additional insight into behavior. A simple model is used in this work to estimate the
depassivation time and corrosion rate that are dependent on the chloride concentration.

Diffusion generally follows Fick’s Second Law:

‘ 3°C
“a_pytia (2-12)
ot ox
— — — - Threshold . .

. I : here C th trat f
= f = Depassivation Time where C¢y 1s the concentration o
: /
g v chloride ions (mass of chloride
.2 4 Bar
= 7 le— ions per unit volume of concrete),
5 %
3 7 and D¢y is the chloride ion
a L - - —
S Ef\
© % diffusion cocfficient.

Concrete cover depth

Figure 2-7: Diffusion of chloride in concrete
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2.3.5 Chloride Diffusion Coefficient

The chloride diffusion coefficient is assumed to be highly dependent on pore
humidity, temperature, degree of hydration, percentage of aggregate content and the
chloride concentration. The diffusion coefficient can be expressed by (Ababneh et al.

2003):

Dey = [Py XF(R)XF(T)X F(C)x F(g;) (2-13)

where fc; and D, can be calculated using Equations 2-14 and 2-15 , and F(h), F(T),

F(C), and F(g) are corrcction factors that account for humidity, temperature,

concentration, and aggregate, respectively, and are explained later.

2[1—(VP —VPC)}
m = Sz

D 7p—Vp©), (2-14)

where Vp is the porosity of cement paste and S is the specific surface area (surface

area/bulk volume) , ¥p€=3% and /= 4.2 (Martys et al. 1994).

1 8+ w) 28-1 ]
fC"[ " 300 ](c] 62500 (2-13)

where 7 is the time in days, and for concrete older than 28 days #y = 28 days.

2.3.5.1 Effect of Aggregate

The effective diffusivity of concrete can be obtained using the theory of

composite materials. Christensen (1979) developed a composite model based on a three-
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phase model and Fick’s First Law. When the diffusivity of cement paste and aggregate
are obtained, the effective diffusivity of concrete can be evaluated on the basis of the
composite sphere model (Ababneh et al. 2003):

g
F(g))= {1+ s 2-16
&)= A e 31=D,, KD, =Dyl (2-16)

where D; and D,, = diffusivity of inclusions (aggregate) and matrix (cement paste),

. =12 2 .
respectively, and D; can be taken as Ix 10 ~ cm'/s, and g; = volume fraction of the

inclusions, which depends on the configuration of the two constituent phases, the

microstructure feature of each phasc, and other factors described.

2.3.5.2 Temperature Dependence

Temperature has a significant effect on the rate of diffusion in more than one
aspect. First, the temperature changes the adsorption heat. Second, temperature increases
the frequency of thermal vibration of the diffusant, which can be taken into account by

the Arrhenious Law (Martys et al 1994):
U, 1 1
F(T)=exp[—(——-— 2-17
(T) = exp| R (TO T )] (2-17)

where T and T = reference temperature and current temperature, respectively (°K), R =

gas constant, and U = activation energy for the diffusion process. U has been found to
depend on the water cement (w/c) ratio and the cement type (Page et al. 1981, Collepardi
et al. 1972). Some test results on the value of U for various w/c ratios are shown in Table

2-2.
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Table 2-2: Activation Energy for Various Cement Pastes

U
w/c
. Ordinary portland cement  Cement with pozzalans
Ratio
(KJ/mol) (KJ/mol)

0.4 41.8+4.0 -

0.5 446143 41.8

0.6 320+24 -

2.3.5.3 Effect of Humidity

The effect of relative humidity on the chloride diffusion coefficient is accounted
for by F(h). The model proposed by Bazant and Najar (1972), initially developed for

moisture diffusion, can be used:

(- H)*

-1
] (2-18)
(1-H )

F(h) =1+

where H. = critical humidity level at which the diffusion coefficient drops halfway

between its maximum and minimum values = 0.75. F(h) is very important for

characterizing the coupling between moisture diffusion and chloride penetration.

2.3.5.4 Effect of Chloride Concentration

In diffusion, the movement of ions is restricted by the electrostatic field induced
by the other ions present in the solution. The factor accounting for the dependence of the

chloride diffusion coefficient on the free chloride concentration is (Xi and Bazant 1999):

F(C) =(1—ki0n(Cf)m) (2-19)
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where kjo, and m are two constants that were calibrated by Xi and Bazant (1999) to be

kion=38.333 and m=0.5.

2.3.6 Chloride Binding Capacity

When chloride ions enter concrete, some of them will bind to the internal surfaces
of the cement paste and aggregate. These are called bound chloride ions. The free
chloride ions diffuse freely through the concrete. Steel corrosion in concrete is related
only to the free chloride content and not to the total chloride content. The governing
equation of Fick’s Law should therefore be expressed in terms of the free chloride

content (Xi et al. 1999):

9y 49 div[ D¢, grad(C /)] (2-20)
dt dC, :
acy 1

- (2-21)
dCi  14(dCy1dC,)

where dCy/dC; = binding capacity. The binding of chloride by the cement in concrete

affects the rate of chloride ingress and chloride threshold levels, and thereby affects the

time to chloride-induced corrosion initiation (Glass and Buenfeld 2000). The total

chloride concentration, C;, is the sum of the free chloride concentration, Cy; and the

bound chloride concentration, Cp:

Cf = Cf + Cb (2-22)
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The adopted model for chloride diffusion which considers the binding effect is

(Glass and Buenfeld 1998)

a.C f

Cp = '
= 2
[ = .
cE» 18 - - Total Cloride
@ 1.6 -+ bounded Cloride
2 14 - Free Cloride
‘..g 1.2
3 15
§ 08 |
% 0.6
-g 04
= 02
O 0
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Figure 2-8: Predicted total, bounded and free chloride after 50 years
(Glass and Buenfeld 2000).

(2-23)

where a and £ are
empirical constants,

mostly  dependent
on the C3A content

of the cement.
Experimental

results show that
increasing the C3A

content of cement

increases the binding capacity. The model shows that from the total chloride penetrated

into concrete, up to 74% can be bound, and even up to 78% can be bound by increasing

the depth. An increase in chloride binding results in a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>