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ABSTRACT

Most research in steel reinforced concrete corrosion over the past 40 years has
predominantly focused on corrosion due to uni-directional (1D) chloride ingress.
This thesis presents results of measurements that are related to steel corrosion in
cracked and uncracked concretes that are exposed to 1D chloride ingress and bi-
directional (2D) chloride ingress. The concrete exposed to 1D chloride ingress
typifies reinforcement within elements such as walls and slabs while the 2D
chloride ingress is assessed in reinforcement bars that are located at orthogonal

edges of concrete elements such as square edged beams and columns.

72 beam specimens of dimension 150 x 150 x 625 mm were used in this study. Two
equal number of beams were cast using a binder blend of plain Portland cement
(PC) with fly ash (FA) (70%PC:30%FA) and ground granulated blast furnace slag
(SL) (50%PC:50%SL) with water-to-binder ratio = 0.40. The beams were
reinforced with 10 mm diameter high yield reinforcement bars embedded 20 mm
from the exposed face(s) of the beam. Three reinforcement arrangements were used:
a single isolated reinforcement bar placed at an orthogonal edge, in the middle of
the specimen, or at an orthogonal edge and electrically connected toa stainless-steel
rod near the other face of the concrete. After casting, the specimens were cured by
immersion in potable water for 28 days after which the chloride ingress direction
was modified (1D or 2D) using an epoxy paint. A single mechanical crack of width
0.16 mm to 0.40 mm was induced in one-half of each specimen set using the 3-
point bending technique. A sustained flexural load was imposed on the cracked
specimens by clamping them in pairs (back-to-back) ina 3-point bending technique.
All the specimens were exposed to a 2-week wetting-drying in 5% NaCl solution
then air-drying in an ambient laboratory conditions (temperature of 20 + 5°C and
relative humidity of 40 + 10%) for the total experimental duration of 110 weeks.
The corrosion potential, corrosion rate, and concrete resistivity were measured 24

hours after the wetting cycle and 24 hours before the end of the drying cycle.

In general, corrosion initiation occurred earlier in the cracked and uncracked PC/SL
specimens that were exposed to 2D chloride ingress while there was no significant
difference in the time-to-corrosion initiation in the PC/FA specimens. After

corrosion initiation, the corrosion rate of specimens with reinforcement bars at the



orthogonal edges proceeded at a rate that was higher than that of specimens with
reinforcement bars in the middle of the concrete beam. This trend was more
significant in the cracked specimens as they attained a mean corrosion rate that was

more than 2 times that of the uncracked specimens.

The cracked PC/FA and PC/SL concrete specimens exposed to 2D chloride ingress
attained a corrosion rate of 11.0 pA/cm? and 4.3 pA/cm? while the specimens
exposed to 1D chloride ingress attained 4.8 pA/cm? and 3.9 pA/cm? respectively.
On the other hand, the uncracked PC/FA and PC/SL concrete specimens exposed
to 2D chloride ingress attained corrosion rates of 5.0 pA/cm? and 1.5 pA/cm? while
the specimens exposed to 1D chloride ingress attained corrosion rates of 2.2 pA/cm?
and 1.6 pA/cm? respectively. The cracked and uncracked specimens with stainless-
steel rods had lower corrosion rates. The lower corrosion rate can be explained by
the limiting of the corrosion rate by the cathodic reaction. The concrete resistivity
of concrete exposed to 2D chloride exposure signified a high risk of corrosion (<10
kQ.cm) while that of specimens exposed to 1D chloride ingress signified lower
corrosion risk (>10 kQ.cm). In line with the corrosion rate of the specimens, the
corrosion-induced damage in the concrete, corrosion pit factors, and steel mass loss
in the concrete with steel bars at orthogonal edges and exposed to 2D chloride
ingress were significantly higher than that of concrete with reinforcement bars that

are away from the concrete edge.

The results of this study show that reinforcement bars which are placed at
orthogonal edges of cracked and uncracked concrete elements and exposed to 2D
ingress of corrosion agents are prone to corrode faster than those which are farther
away from the concrete edges. The higher corrosion rate also results in longer and
wider corrosion-induced cracks. In order to improve the corrosion free life of steel
bars at orthogonal edges, the minimum recommended cover should be adopted. The
corrosion of the edge reinforcement bars can also be limited by using cathodic
protection, surface treatments to limit ingress of aggressive agents of corrosion,
galvanized or stainless-steel bars should be provided at the edges of concrete

elements that are severely exposed.
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CHAPTER 1: INTRODUCTION

1.1 Background of the study

Corrosion of steel embedded in concrete has been identified as the major cause of
durability failure and reduced service life of steel reinforced concrete (RC)
structures (Fang et al. 2006; Isgor and Razaqpur 2006). The alkalinity of the
concrete (pH > 12) in newly constructed RC structures prevents the steel
reinforcement from corroding due to the formation of a passive protective oxide
layer on its surface. This protective layer can however be destroyed by carbonation
of the concrete to the depth of the steel reinforcement bar (known as carbonation-
induced corrosion) or by the buildup of chlorides to a critical concentration on the
steel surface in a process known as chloride-induced corrosion (Broomfield, 2007;

Torres-Luque, Bastidas-Arteaga, Schoefs, Sanchez-Silva, & Osma, 2014).

Carbonation-induced corrosion is normally occasioned by a reduction in the
concrete pH due to the formation of carbonic acid (CaCO3s) in the concrete pore
solution. This type of corrosion is prevalent in RC structures that are located farther
away from coastal regions. Chloride-induced corrosion on the other hand does not
always result in a change in the concrete pH since the chlorides are derived from
salts such as calcium chloride (CaCl) and sodium chloride (NaCl) (E. Poulsen &
Mejlbro, 2006; Shi, Xie, Fortune, & Gong, 2012). The chloride ions can reach the
steel surface by penetration from the external environment or when the concrete
mix materials are contaminated by chlorides. Ingeneral, chloride-induced corrosion
has been reported to be the most prevalent concrete deterioration mechanism and it
affects structures which are in marine environments and where chloride based salts

(e.g. deicing salts) are used (Broomfield, 2007).

The use of RC as a major construction material has been due on its versatility and
the compatibility of steel reinforcement and concrete (Ballim & Graham, 2009;
Cairns, 1996). In addition to the load resistance provided by the concrete, it is also
required to enhance the durability of RC structures by protecting the reinforcement
bars from fire and the environment. The corrosion of the reinforcement bar thus
results in a reduction in the load carrying capacity of the structure due to loss of its

cross-sectional area and bond with the surrounding concrete due to rust formation



on the steel surface. Corroded steel reinforcement bars also lose ductility which is
an important parameter in load bearing structures. Thus, the corrosion of embedded
reinforcement bars in concrete negatively influences the structural integrity and
service life of RC structures. This raises the need for an understanding of concrete
deterioration mechanisms and durability design of RC structures in environments
which have a high risk of corrosion (Alexander, Ballim, & Stanish, 2008; Allen,
1998; Gjorv, 2013; Litzner & Becker, 1998).

Several codes of practice for RC structures have adopted specifications which aim
to improve the durability of RC structures in corrosion prone environments. Some
of these specifications include; providing minimum cover to reinforcement,
minimum binder content, limiting crack widths, and mix water to binder ratio
(Edvardsenl & Mohr 2000; EN1992-1-1 2004; SABS 0100-1 2000). It is reasonably
assumed by designers that adherence to these specifications will provide some
measure of confidence that the time-to-corrosion initiation will be delayed. Despite
these specifications, it is opined that the long-term performance of a RC structure
will depend on the severity of its exposure, aggressiveness of its environment, and

resistance of the concrete to the penetration of corrosion causing agents.
1.2 Problem statement

Zhang et al. (2011) noted that in over 40 years of corrosion studies, many valuable
results of chloride-induced corrosion have been obtained and successfully applied
in the service life prediction of field structures. However, the scope of most of the
laboratory studies have been limited to uni-directional (1D) ingress of corrosion
agents into the concrete (e.g. where only one face of a RC specimen is exposed to
chlorides) (Michel et al. 2013; Otieno, 2008; Richard et al. 2010; Scott, 2004;
Suryavanshi and Swamy, 1996). While 1D ingress of corrosion agents simulates
elements such as walls and slabs (see Figure 1.1a), it has been shown by some
researchers that the diffusion rate of chloride ions at orthogonal edges (herein
referred to as bi-directional (2D) ingress) of concrete elements is higher than that
which occurs on a concrete which is exposed to 1D ingress since the chlorides
penetrate from two mutually perpendicular faces of the concrete. It can thus be
reasonably assumed that the ingress of other corrosion-causing agents such as

moisture and oxygen are also higher at orthogonal edges and will lead to a reduction



in the corrosion-free life of reinforcement bars that are close to these locations
within concrete elements (Jin et al. 2015a; Kang and Shim, 2011; Val and Trapper,
2006, 2008; Zhang et al. 2011). In contrast to the 1D ingress of corrosion agents
(e.g. walls and slabs), the 2D chloride ingress simulates the in-service condition of
rectangular RC beams and columns which are subjected to multi-facial chloride
ingress with its severity depending on the RC exposure condition. Although it can
be observed that the terminal end of RC columns, beams, and corbels may be
subjected to three-directional (3D) ingress by corrosion agents, 2D chloride ingress
is deemed to be more critical as it affects the entire length of the reinforcing rod
(Figure 1.1b), which will in turn influence the load bearing capacity of the RC
member. 3D chloride ingress on the other hand mainly causes deterioration at the
terminal end of reinforcement bars (Figure 1.1c (i)). Although a combination of 2D
and 3D chloride ingress at the terminal end of steel reinforced concrete elements
(e.g. beams, columns, and corbels) may also be critical, this study will only focus

on the effect of 2D ingress of corrosion agents in reinforced concrete.
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Figure 1.1: Schematic illustration of 1D, 2D and 3D chloride ingress
Apart from the ingress direction of corrosion agents into concrete, the ability of
concrete to provide an effective barrier which will delay corrosion initiation of
embedded steel reinforcement bars has been identified to be impaired when the
concrete cover is cracked (Otieno et al. 2010). Inthis case, the cover cracks provide

an easy ingress path for corrosion agents to penetrate the concrete thereby



shortening the time-to-corrosion initiation of the embedded steel reinforcement
bars. The presence of cover cracks in RC elements that are subjected to multi-
directional chloride ingress may result in early deterioration of reinforcement bars
that are located near the edge of concrete elements. This study assumes that there
will be early deterioration of reinforcement bars that are located near orthogonal
edges of concrete elements as a result of higher diffusion rate of chlorides and other
corrosion-causing agents (at the edges due to multi-directional ingress) as compared
to that of RC elements which are subjected to uni-directional (1D) ingress of the

corrosion agents.
1.3 Motivation of the study

Considering the Fick’s second law by Crank (1975), Morga and Marano (2015)
mentioned that its general solution dependson the geometry of the element where
the diffusion occurs as well as the shape of its source. Hence, it can be implied that
there is a relationship between a RC element geometry, penetration of corrosion-
causing agents into concrete, and time-to-corrosion initiation of steel reinforcement
bars embedded in concrete. This has led some scholars to propose solutions to
Fick’s second law for chloride ingress using 2D models in rectangular beams and
columns as against 1D models (Frier and Sgrensen 2007; Val and Trapper 2008;
Martin-Pérez et al. 2001).

Results of a study conducted by Val and Trapper (2008) on the time-to-corrosion
initiation of steel reinforcement in a RC wall (exposed to 1D chloride penetration)
and RC column with orthogonal edges (exposed to 2D chloride penetration) in a
marine environment showed that for the same concrete cover thickness to
reinforcement, the probability of corrosion initiation was higher in reinforcement
bars that were located near the edge of the concrete elements (e.g. rectangular
beams and columns edges exposed to 2D chloride penetration) compared to
reinforcement bars in the middle of an RC wall (that is exposed to 1D chloride
penetration). These results along with that of other researchers such as Jin et al.
2015a; Kang and Shim, 2011; Val and Trapper, 2006; Zhang et al. 2011,
demonstrate the importance of determining the effect of 2D chloride penetration on
corrosion initiation and propagation of reinforcement bars placed at various

locations within concrete elements.



Other studies on the time-to-corrosion initiation and corrosion-induced cracking of
uncracked RC specimens subjected to 2D chloride ingress have been undertaken by
Sarensen and Frier (2004), Val and Trapper (2006, 2008), Frier and Sgrensen
(2007), Kang and Shim (2011), Zhang, Sun, Chen, et al. (2011), Zhang, Sun, Liu,
etal. (2011), Jin et al. (2015), however, there is no published literature on corrosion
initiation and propagation studies in cracked concrete subject to 2D chloride
penetration. Since the presence of cover cracks influences the transport mechanisms
of corrosion agents into concrete and the corrosion of embedded steel reinforcement
bars, this study focuses on the influence of 2D chloride ingress in cracked concrete.
After corrosion of the steel reinforcement bar has been initiated, the sustenance of
the corrosion process dependsonthe availability of oxygen and moisture at the steel
surface, hence, though the term 2D chloride ingress is used in this study, it is worth
noting that the term is not restricted to chloride ingress alone, it also refers to the

ingress of corrosion-causing agents into the concrete.
1.4  Research questions

1. To what extent does 2D ingress of corrosion agents affect the corrosion of
reinforcement bars placed at orthogonal edges of cracked RC as compared to
1D ingress of corrosion agents?

2. To what extent does the binder type affect corrosion propagation of steel
reinforcement bars placed at orthogonal edges of concrete specimens
subjected to 1D and 2D ingress of corrosion agents?

3. What influence does a larger cathodic area have on the corrosion rate of
reinforcement bars that are located near the edge of an RC element that is
subjected to 1D and 2D ingress of corrosion agents?

4. Is there arelationship between the concrete resistivity and corrosion rate of
steel placed at orthogonal edges of concrete specimens subjected to 1D and

2D ingress of corrosion agents?
15  Research aim

This study aims to assess the influence of cracks on corrosion initiation and
propagation of embedded steel in concrete which is subjected to 2D ingress of

corrosion causing agents.



1.6 Research objectives
The objectives of this study are;

1. To determine the time-to-corrosion initiation of embedded steel in cracked
and uncracked concrete subject to 1D and 2D ingress of corrosion agents

2. To determine the influence of 1D and 2D ingress of corrosion agents on the
corrosion rate of reinforcement bars placed at orthogonal edges of cracked
and uncracked RC elements

3. To assess the influence of cover cracks on steel reinforcement bar corrosion

4. To determine the effect of a change in the cathodic area on the corrosion rate
of RC beams subject to 1D and 2D ingress of corrosion agents

5. To assess the effect of binder type on concrete resistivity and steel corrosion
rate

6. To assess the mass loss of the steel reinforcement due to its corrosion

7. To determine the 2D chloride penetration profile in the concrete and chloride

concentration at steel level at the end of the experiment.
1.7  Chapter summary

Chloride-induced corrosion was identified as the dominant cause of reinforced
concrete deterioration in marine regions and areas where chloride based deicing
salts are used. Although much research has provided an understanding of the
corrosion process, most of the research methodology design simulates uni-
directional (1D) ingress of corrosion agents. In real structures, the penetration of
corrosion agents may occur in 1D (e.g. in walls and slabs), 2D (bi-directional; e.g.
at the edge of rectangular columns and beams), or in 3D (three-directions: e.g. the
terminal end of columns, beams, and in corbels). This study focuses on 2D ingress

of corrosion agents.

The influence of the ingress directions of corrosion agents on the corrosion of
reinforcement bars that are placed at various locations in concrete specimens made
of PC(70)/FA(30) and PC(50)/SL(50) were assessed. A schematic (transverse)
section of the concrete exposure and reinforcement positions of the specimens used
in this study is shown in Figure 1.2 (note: this diagram illustrates all 6 specimens

used in this study, the specimen details is provided in Figure 3.4).
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Figure 1.2: Schematic of exposure to corrosion agents and reinforcement positions

in concrete element.

The concrete element in Figure 1.2 has of 4 edges which are exposed to 1D or 2D
ingress of corrosion agents. The position of the reinforcement bars in relation to the
concrete edges therefore determines if it is predominantly exposed to 1D or 2D
ingress of corrosion agents. One may then ask the question; will the corrosion free
life and corrosion characteristics of the reinforcement bars be the same with respect
to their location within the concrete element and exposure to corrosion agents in
cracked and uncracked concrete. This question will be answered by assessing the
28-day concrete durability index parameters and corrosion measurements
(corrosion potential, concrete resistivity, corrosion rate) of concrete that is exposed

to chlorides in a laboratory-based experiment.

After the termination of the wetting and drying cycles, the deterioration of the
reinforcement bars (pitting depths and mass loss) and chloride concentration at
various depths within the concrete (on surfaces exposed to 1D and edges exposed
to 2D ingress of corrosion agents) was determined and conclusions were drawn

from the results.



CHAPTER 2: LITERATUREREVIEW

2.1 Introduction

The durability performance and service life of RC structures are governed by
several parameters such as concrete quality, cover depthto reinforcement, and most
significantly its exposure conditions (Verma et al. 2014). BS 8110-1, (1997) states
that most concrete deterioration processes occur in the presence of moisture with
thin sections subjected to hydrostatic pressure from only one side, partly immersed
sections, corners and edges more vulnerable to effects of chemical or climatic

deterioration.

The influence of environmental deterioration on the service life of RC structures
has been reported to be most pronounced in chloride laden environments such as
marine environments and where chloride-based salts (e.g. de-icing salts) are used.
The penetration of chlorides into concrete in these environments and its buildup to
a sufficient concentration at the surface of embedded steel reinforcement bars

initiates its corrosion.

This chapter presents an overview of literature relating to fundamental principles
of corrosion of steel embedded in concrete, causes of steel corrosion in concrete,
transport mechanisms in concrete, free and bound chlorides, corrosion phases of
steel in concrete, chloride concentration and corrosion initiation dueto 1D and 2D
chloride ingress, methods of steel corrosion assessment and factors influencing steel

corrosion in concrete.
2.2 Fundamentals of RC corrosion

Corrosion is generally defined as an electrochemical process which could either
include or exclude the input of an impressed current (Caré & Raharinaivo, 2007).
The corroding material deteriorates as it reacts with its environment. In most
instances, corrosion is progressive and may necessitate periodic repair, replacement

or result in complete failure of a structure.

The corrosion of steel in concrete occurs by the formation of electrochemical cells
(Figure 2.1), however, unlike conventional electrochemical cells which have
distinct anodes and cathodes, the anode and cathode of a RC corrosion cell are

located on the same reinforcement bar where the corroding region on the



reinforcement bar is the anode while the non-corroding region is the cathode. The
concrete pore solution serves as an electrolyte which provides the ionic connection
between the anode and cathode sites and lastly, the steel reinforcement provides
electrical connectivity between the anode and cathode sites (Adiyastuti, 2005;
Gowers & Millard, 1999; PCA, 2002; R. B. Polder, Peelen, Stoop, & Neeft, 2011,
Raupach, 2006).
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Figure 2.1: Typical RC corrosion cell (Bioubakhsh, 2011)

The possible chemical reactions (Eqn. 2.1 — 2.6) that may occur in a RC corrosion

cell were stated by Ahmad (2003) as follows;

Anodic process: Oxidation reactions;

Fe — Fe** + 2e~ 2.1
3Fe+ 4H,0 - Fe,0,+ 8H"* +8e~ 2.2
2Fe+ 3H,0 - Fe,0; + 6H" + 6e~ 2.3
Fe+ 2H,0 - HFeO; +3H* 4+ 2e~ 2.4

Cathodic process: Reduction reactions;

2H,0+ 0, + 4e~ — 40H~ 25

or
2H* 4+ 2¢e”~ - H, 2.6

The main problem with corrosion is the formation and accumulation of oxides,
hydroxides, and complexes of iron at the anode (Egn. 2.1 - 2.4). The products of
corrosion are normally porous and have higher specific volumes (about 2 — 10

times) compared to the parent steel thereby yielding expansive forces which can



cause defects such as cracks, spalling, or delamination in the concrete (Cabrera,
1996; Isgor & Razaqgpur, 2006; Tracy Dawn Marcotte, 2001; Némecek, Kruis,
Koudelka, & Krej¢i, 2018). Concrete defects (e.g. cracks, connected pores etc.)
allow easy penetration of corrosion agents into the concrete. While the
accumulation of the corrosion products in the steel-concrete interface has been
reported to sometimes slow the corrosion rate due to the stifling of oxygen supply
to the corroding steel, the development of corrosion-induced cracks, spalls, and
delamination has also been shown to allow transportation of the corrosion products
away from the steel surface. This causes the steel to be further exposed to the

corrosion-causing agents thereby resulting in its rapid deterioration.
2.3  Types of steel reinforced concrete corrosion

The corrosion of steel embedded in concrete is mostly initiated by a breakdown of
the steel oxide protective layer due to either concrete carbonation (carbonation-
induced corrosion) or chlorides (chloride-induced corrosion). The mechanism of

these types of corrosion is herein briefly discussed.
2.3.1 Carbonation-induced corrosion

Concrete carbonation occurs when atmospheric carbon-dioxide dissolves in
concrete pore solution thereby depleting the calcium hydroxide and precipitating
calcium carbonate in the concrete pores. This process reduces the concrete pH from
above 12.5 to less than 9, thereby making the steel reinforcement susceptible to
corrosion once the carbonation front reaches the steel surface. A rising incidence in
this type of corrosion is anticipated due to climate change as a result of rise in
atmospheric CO2 concentration, temperature, and humidity (Broomfield, 2007;
Peng & Stewart, 2015).

Though this study is not focused on carbonation-induced corrosion, it is important
to note that structures that are prone to chloride-induced corrosion can be affected
by concrete carbonation. The effect of carbonation in chloride-induced corrosion
can result in the release of bound chlorides to take part in the corrosion process.

This is further discussed in Section 2.6.1.

2.3.2 Chloride-induced corrosion

10



Chlorides can contaminate both fresh and hardened concrete. In fresh concrete,
chloride contamination can occur through materials (such as mix water, aggregates,
chloride laden groundwater and admixtures) used in its production (Broomfield,
2007; Florea & Brouwers, 2012). The presence of chlorides beyond prescribed
limits in fresh concrete can also result in early and rapid corrosion of steel
reinforcement as a result of poor alkalinity development of the pore solution; an
alkaline pore solution with a high pH (> 12) protects the steel reinforcement from
corrosion (ACI Committee 222R-01). Binders can also be a source of chloride
contamination in concrete, though the percentage chemical composition of
chlorides prescribed (< 0.10 percent by weight of cement) in various cement
standardsis below the limit which can cause steel corrosion (SANS50197-1: 2013).
In cases where fresh concrete has been contaminated by chlorides, further
penetration of chlorides into the concrete from the environment may result in

increased risk of RC corrosion (Broomfield, 2007).

The major means of chloride contamination in hardened concrete is by penetration
from its environment (e.g. in marine environments and where chloride-based
deicing salts are used). The chlorides penetrate the concrete through its finished
surface or defects (e.g. cracks, concrete cold joint, bleeding holes). A buildup of
sufficient concentration of chloride ions on the steel reinforcement surface results

in its depassivation and subsequent corrosion.

Apart from initiating the corrosion of the steel reinforcement bar, chloride ions also
improve the ionic conductivity of the concrete pore solution thereby easing the

movement of ions between the anodic and cathodic sites of the corrosion cell.

It is worth noting that though carbonation-induced corrosion is occasioned by a
reduction in pH of the concrete, chloride-induced corrosion seldom results in a

reduction of the concrete pH (Neville, 1995).

This study will focus on chloride contamination of concrete by penetration from its
environment.

2.4 Macrocell and microcell corrosion

Macrocell corrosion (Figure 2.2) is widely associated with chloride-induced

corrosion. It is associated with the formation of distinct anodes and cathodes (also

11



known as corrosion pits) on the steel surface. In most instances, the anode is small
while the cathode is large. The pitting points mostly coincide with positions on the

reinforcement bar where transverse or longitudinal concrete cracks have developed.

Microcell corrosion (also known as uniform corrosion) on the other hand is mostly
associated with carbonation-induced corrosion. Unlike macrocell corrosion which
has distinct anode and cathode sites, the anode and cathode sites are adjacent to
each other. The uniform penetration and spread of chloride ions on the surface of a
reinforcement bar can also result in uniform corrosion; this has been observed as
the chloride profile approaches the rear side of the reinforcement bar (Cao &
Cheung, 2014; R. Zhang, Castel, & Frangois, 2010).
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Figure 2.2: (a) Macrocell corrosion (b) Amplified section - A (Ji, Hu, Zhang, &
Bao, 2016)

2.5  Transport mechanisms in concrete

The initiation and propagation of the RC corrosion depend on the sustained
penetration of chloride ions, moisture and oxygen from the environment onto the
steel surface. The transportation of these corrosion causing and sustaining agents to
the steel level can occur by one or more of the following mechanisms (Branko,
2014; Hunkeler et al., 2005; J. F. Pacheco, 2015; E. Poulsen & Mejlbro, 2006).
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2.5.1 Convection
This is the flow of moisture from a region of higher moisture content to that with
lesser moisture content. The moisture serves to convey the chloride ions into the

concrete through the concrete pores. The moisture flux due to capillary suction and
moisture diffusion (J,) is given by Eqn. 2.7 (Oh & Jang, 2007);

Jo = —Dea

where D, is the moisture diffusion coefficient,

6 is the moisture content per unit weight of concrete

x 1s the depth from the concrete surface
The convection transport mechanism is dominant within the first few millimeters
(0 — 10 mm) from the concrete surface which is subjected to wetting and drying
cycles. The concentration of chlorides in this zone is not well defined as the
chlorides penetrate the concrete when it is wet and move out when the concrete
dries out. The ingress of chloride ions into concrete has been simulated as a
convection-diffusion model by some researchers (Némecek et al., 2018; Oh & Jang,
2007), however, at depths greater than 10 mm, diffusion has been shown to be the
dominant mode of chloride penetration in concrete (Hunkeler et al., 2005). The
presence of cracks in concrete may increase the concrete area that is exposed to
wetting and drying and increase the chloride concentration around the crack
opening. The cracks may result in easy penetration of corrosion agents into

concrete, thus reducing the time-to-corrosion initiation of the reinforcement bars.
2.5.2 Diffusion

This occurs as a result of a concentration gradient between regions in contact
wherein the chlorides move from a region of higher concentration to that of lower
concentration. lonic diffusion in concrete can be determined using Fick’s first law

of diffusion (Eqn. 2.8) (Bioubakhsh, 2011);

dc

J=-b= 2.8

where ] is the rate of mass transfer in a unit area,

D is the diffusion coefficient
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c is the concentration of the fluid over a distance x
This transport mechanism has been widely agreed by researchers to be dominant at
depths that are beyond the convection zone (greater than 10 mm from the concrete
surface) (Branko, 2014; Hunkeler et al., 2005; E. Poulsen & Mejlbro, 2006). In
cracked concrete, the combined effect of convection and diffusion may significantly
influence the penetration of chlorides into the concrete dueto an increase in the area

exposed to the chlorides.
2.5.3 Permeation

This occurs when the flow of ions is driven by a difference in hydraulic pressure
between two zones which are in contact. This transport mechanism is influenced by
the ability of the concrete pores to allow transfer of fluids through it due to the
influence of external pressure. The concrete pore structure can be influenced by the
concrete binder type, the curing method and its duration, compaction, aggregate
size, and w/b ratio. Darcy’s law is used to compute the permeability of a fluid
through a porous medium. The law statesthat the steady-state rate of flow is directly

proportional to the hydraulic gradient (Egn. 2.9);
_ kar

where 9 is the apparent velocity of flow,
k is the intrinsic permeability of the porous medium
u is the viscosity of the fluid,

dP is the pressure loss over the flow path dL

This mode of transport mechanism in concrete is prevalent in hydraulic structures
where only one or both sides of the structure are subjected to different pressures. In
general, concrete permeability is an important factor in the corrosion of reinforced

concrete since it also governs the penetration of chloride ions into the concrete.
2.5.4 Migration

This is the flow of ions caused by a difference in electrical potential, e.g. where
chloride ions move to regions of positive potential under the influence of an electric
field. The transportation of chlorides under the influence of an electric field is

known as flux action, this method is widely used in assessing chloride penetration

14



into concrete. The Nernst-Planck equation (Egn. 2.10) is used to compute the flow

of ions through a porous medium;

J =D aci_l_ziFD oE
P77 9x ' RT iciax

2.10

where J; is the flux of specie i
D, is the diffusion coefficient of specie i
¢; Is the ionic concentration of specie i in the pore fluid
x 1S the distance
z; IS the electrical charge of species i
F Faraday constant

E is the charge potential
%% is the electric field
dx

R is the universal gas constant, and

T is the absolute temperature

Egn. 2.10 indicates the flux due to chloride diffusion and migration. The general
Nernst-Planck equation includes diffusion, migration and convection (C. Andrade,
1993).

Concrete durability index parameters measure the water sorptivity, oxygen
permeability and chloride ion conductivity of concrete. The durability index tests
(discussed in Section 3.11) are used to determine the penetrability of concrete to
fluids, gases, and ions. Concrete elements may be subject to more than one transport
mechanism, however, the dominance of a transport mechanism in a concrete will
depend on its exposure condition, mix composition, stress condition, and presence

or absence of defects (e.g. cracks).

There is a consensus among researchers of concrete durability that convection is
the dominant means of chloride transportation in the first few millimeters from the
concrete surface (since chlorides easily move in and out of the concrete duetocyclic
wetting and drying) while at greater depths (> 10 mm), diffusion dominates
(Hunkeler et al., 2005; C. H. Lu, Gao, & Liu, 2014; E. Poulsen & Mejlbro, 2006).

15



2.6 Free and bound chlorides in concrete
Chlorides in concrete exist in the form of either free or bound chlorides;
2.6.1 Bound chlorides

These chlorides are either chemically bound by reacting with the cement paste,
physically absorbed by the cement gel or trapped in the cement gel or capillary
pores in a process known as chloride binding (Castellote et al. 1999; Hope et al.
1985; Kong et al. 2002; Poulsen and Mejlbro 2006). Chloride binding occurs when
the aluminates (CsA and C4AF) in cement remove free chloride from the pore
solution of the cement gel thereby decreasing the risk of steel corrosion (in
concrete) by forming a solid phase known as Friedel’s salt (Alonso et al. 2001; Dhir
et al. 1996; Suryavanshi and Swamy 1996). Chloride binding is a complicated
process (see Eqgn. 2.11 and 2.12) that can be affected by many factors such as the
chloride concentration, binder composition, hydroxyl concentration in the pore
solution, cation of the chloride salt, temperature, supplementary cementitious
materials, carbonation, presence of sulfate ions and an electric field (Yuan, Shi, De
Schutter, Audenaert, & Deng, 2009).

Ca(OH), + 2NaCl < CaCl, + 2Na* + 20H™ 211

C,A + CaCl, +10H,0 - Ca,Al,0,.CaCl,.10H,0 2.12

2.6.2 Free chlorides

These are chloride ions which diffuse into the concrete pore solution; they are also
referred toas water-soluble chlorides. Early studiesby Hopeet al. (1985) concluded
that only the free chloride content in concrete was responsible for the corrosion of
steel in concrete, while bound chlorides did not contribute to the steel corrosion.
This conclusion has however been disputed as the release of bound chlorides to
participate in the corrosion process has been reported in several laboratory and field
inspection tests where the solubility of bound chlorides (Friedel’s salt) has been
found to increase with the degree of carbonation and leaching, thereby allowing
both free and bound chlorides to participate in the corrosion process (Broomfield
2007; Glass and Buenfeld 2000; Poulsen and Mejlbro 2006; Suryavanshi and
Swamy 1996). Despite the proposal that bound chlorides are also released to

participate in the corrosion process, it has been widely agreed that the percentage
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of free chloride concentration in concrete gives an indication of how easily the steel

reinforcement will corrode in the chloride contaminated concrete.
2.6.3 Total chlorides

The summation of the free and bound chlorides in concrete is referred to as the total
chloride content (Eqgn. 2.13)(Y. Lu, Garboczi, Bentz, & Davis, 2012).
Ctotal = Cfree + Cbound 2.13

where Ciotal = the total chloride concentration (acid-soluble chlorides),
Ctree = (water-soluble chlorides) is the free chloride concentration and
Chound = Is the bound chloride concentration.

The total chloride is also referred to as acid soluble chlorides. Binder blends of PC
with FA, SL or silica fume (SF) have been found to have more capacity to bind
chloride ions, improve the concrete pore structure, reduce diffusion and flow of
chloride ions which in turn delays in the corrosion process in these concretes when
compared to plain PC concrete (Arya and Xu 1995; Dhir et al. 1996; Otieno 2010;
Scott 2004).

2.7 Fundamentals of steel corrosion in concrete

Tuutti (1982) proposed that the corrosion of steel in concrete occurs in two main
phases; an initiation (tinit) and propagation phase (tprop). The two phases are
schematically represented in Figure 2.3;

Penetration towards

reinforcement

Corrosion initiation by
carbonation or chloride ion

penetration to depth of steel

Corrosion damage

reinforcement

— - Time (years)
Initiation Propagation i

Total service life

Figure 2.3: RC corrosion phases (Tuutti, 1982)
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2.7.1 Corrosion initiation phase

The time-to-corrosion initiation phase refers to the time it takes for either the
carbonation front or sufficient concentration of chlorides to reach the steel
reinforcement and breakdown the protective oxide layer at the steel surface. In this
corrosion phase, no visible damage to the concrete (in form of corrosion-induced
cracks) is noticeable (Hunkeler et al., 2005; Morga & Marano, 2015; D. V. Val &
Trapper, 2006).

In uncracked concrete, the time-to-corrosion initiation could take a long time
depending on the concrete cover quality and exposure conditions while in cracked
concrete, the time-to-corrosion initiation is almost none existent except in cases
where the cracks seal up due to ettringite formation or accumulation of mineral
deposits and prevent the penetration of the corrosion causing agents (i.e. chloride
ions, oxygen, and moisture) (Bertolini, Elsener, Pedeferri, & Polder, 2004; Jang,
Kim, & Oh, 2011).

2.7.2 Corrosion propagation phase

After the steel has been depassivated (i.e. at corrosion initiation), the sustained
presence of both oxygen and moisture within the vicinity of the reinforcement bar
aids corrosion propagation. The reinforcement damage in the corrosion propagation
phase mainly depends on the continual supply of moisture, oxygen to the corrosion
site, and to an extent further chloride ingress. Depending on the corrosion rate, the
propagation phase may result in the gradual or rapid damage and subsequent
shortening the service life of the RC structure (Broomfield 2007). In this phase,
there is a reduction in the cross-sectional area of the reinforcement bar as it
dissolves thereby causing a buildup of corrosion products at the concrete—steel
interface (T. D. Marcotte & Hansson, 2007). The accumulation of the corrosion
products exerts pressure on the concrete and causes it to crack, spall, and in some
instances, delaminate. Rust stains may also be evident when the products of
corrosion reach the concrete surface via openings such as cracks or via the concrete
pores. The load carrying capacity of severely corroded RC structures is reduced,
deflection may become more pronounced and the structure may collapse if not

repaired immediately.
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2.8 Chloride ingress in concrete

Chloride ingress into concrete is a complex process which depends on concrete
penetrability, surface concentration of chlorides, environmental factors
(temperature, average relative humidity, wettingand drying cycles) and mechanical
interactions such as stress conditions caused by loading which can result in surface
cracks (Bastidas-Arteaga, Chateauneuf, Sanchez-Silva, Bressolette, & Schoefs,
2010; Martin-Pérez et al., 2001; D. V. Val & Trapper, 2006). The correlation
between chloride penetration and corrosion initiation has led to the development of
models by researchers based on the modes of chloride penetration, hence, chloride
penetration into concrete has been modeled as either a pure diffusion process using
Fick’s second law or as a combination of diffusion, convection, and migration.
However, chloride diffusion has been widely agreed to be the dominant means of

chloride transport in uncracked concrete.

The Fick’s second law formulated in 1855 defines the change in chloride ion
concentration at a certain depth from the concrete surface with respect to time. For
a constant diffusion coefficient, Fick’s second law for a three-dimensional

rectangular shaped object can be stated in Eqn. 2.14 (Crank, 1975);

a_c: (aZC N aZc+ aZC>
ot dx? 0y? 0z?
Where C = concentration of the diffusing substance

X,y and z = space coordinates,

D = the diffusion coefficient and,

t=time

From Eqn. 2.14, it can be deduced that the external faces of a RC element can be
subject to chloride ingress in 1D, 2D or three-dimensions (3-D) depending on its
shape and exposure to chlorides (Figure 1.1). When 1D (x - linear) chloride
penetration is dominant (e.g. in walls and slabs), Eqn. 2.15 is reduced to a 1D
chloride flow into the concrete (Figure 1.1a) (Bastidas-Arteaga et al. 2010). In

contrast to walls and slabs, rectangular columns and beams are subject to either 2D
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(x and y) (Figure 1.1b) or 3-D (X, y, and z) chloride ingress at their orthogonal

corners (Figure 1.1c).

While the 3D chloride ingress only affects the end of a concrete element, 1D and
2D chloride ingress affect the entire length of the reinforcement bar on the exposed
concrete face. Considering this chloride ingress dimensions, 1D and 2D chloride
ingress can be adjudged to have the most detrimental effect on RC structures when
compared to 3D chloride ingress. The next subsections cover 1D and 2D chloride

ingress.
2.8.1 1D chloride ingress

Most chloride-induced RC deterioration research has focused on 1D chloride
ingress. As stated in Section 1.2, this type of chloride ingress best simulates
exposure of reinforcement bars that are located in the faces walls and slabs (Figure
1.1a). The chloride diffusion into the concrete can be determined by using a 1D
term of the Fick’s second law given in Eqn. 2.14. This equation can be restated for
a 1D case (see Egn. 2.15);

ac 0%C

Crank (1975) presented an analytical solution to Eqn. 2.15 (see Eqgn. 2.16) which
has been used to predict chloride concentration at various depths from the concrete
surface at any given time. Certain assumptions used in this solution are; not
considering the effect of chloride binding, the absence of chlorides in the concrete
at the beginning of the diffusion process, and the diffusion occurs in a semi-infinite
media with a constant diffusion coefficient D. This analytical solution can be
utilized to estimate the chloride ion concentration as a function of depth from the
concrete surface (x) and time (t) respect to chloride concentration at the concrete

surface (Cs);

X
C.. =C, ll—erf ( )l 2.16
' 2./D,t
where Cs = chloride ion concentration at the surface of the concrete in contact with
the chlorides (g/m3),
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Cxt= chloride concentration at depth x at a given time, t > 0; g/m?3),

x = chloride penetration depth from the concrete surface (m),

erf = mathematical error function and,

t = time of exposure (S)

Da = apparent chloride diffusion coefficient (m?/s).
Though Eqgn. 2.16 may estimate the time it takes for a certain concentration of
chlorides (C) to reach a depth (x), and initiate corrosion, the time (t) it takes for an
unacceptable level of RC damage will depend on the corrosion rate.
Figure 2.4 illustrates a plot of the solution to Fick’s second law analytic solution
for a 1D chloride ingress case with measured data at depths beyond the convection

zone (a depth slightly greater than 5 mm from the concrete surface).
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Figure 2.4: Typical measured and predicted chloride diffusion in concrete within

the splash zone (Hunkeler et al., 2005).

This diffusion profile (Figure 2.4) represents uncracked concrete. This chloride
diffusion profile can be used to predict the time-to-corrosion initiation due to 1D
chloride penetration, however when a concrete element is subjected to 2D chloride
ingress (e.g. at orthogonal corners), the chlorides will penetrate the concrete at a
higher rate thereby reducing the time-to-corrosion initiation of the reinforcement

bars which are located at orthogonal corners.

In cracked concrete, it can be assumed that the chloride penetration profile will not
have the same pattern as that of uncracked concrete. The influence of cover cracks

on chloride penetration into concrete will be discussed in Section 2.9.

2.8.2 2D chloride ingress
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Various studies conducted on the corrosion of reinforcement bars placed at
orthogonal corners and subjected to 2D chloride ingress have shown that the time-
to-corrosion initiation was overestimated when predicted using the 1D chloride
diffusion model (Kang & Shim, 2011; D. V. Val & Trapper, 2006; Dimitri V. Val
& Trapper, 2008; Y. Zhang, Sun, Chen, et al., 2011; Y. Zhang, Sun, Liu, et al.,
2011). Though this overestimation is based on the time-to-corrosion initiation, it
can be inferred that if the same influence is noticed in the corrosion propagation
phase, then the steel deterioration may proceed at a higher rate when compared to
that of steel reinforced elements exposed to 1D chloride ingress. A sketch of an
exposure to 2D chloride ingress at an orthogonal corner of a reinforced concrete

element is shown in Figure 2.5.
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Figure 2.5: Physical model of 2D chloride diffusion (Kang & Shim, 2011)

The proceeding sub-sections will review factors which have been identified to

accelerate 2D chloride diffusion in concrete.

2.8.2.1 2D chloride ingress diffusion profile

In 2D chloride ingress, there is a simultaneous penetration of chlorides from
adjacent faces of the concrete which results in higher chloride penetration due to
an interaction of the penetrating chlorides; these results in a curved profile instead

of an orthogonal one (see

Figure 2.6).
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Figure 2.6: Typical 2D chloride ingress profile at a RC orthogonal corner
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The curve at the concrete edge indicates the interaction of the chloride ions
penetration profile from the adjacent faces of the concrete. Zhang, Sun, Chen, et al.
(2011) quantified the effect of diffusion interaction at orthogonal corners of the PC
and PC/FA concretes based on 2D and 3D chloride ingress and proposed an
interaction coefficient (Knp), defined as the acceleration rate exceeding 1D chloride
ingress(Egn. 2.17). The theoretical chloride diffusion coefficient (Dt) was
computed based on the assumption that there is no interaction where the chloride
diffusion profiles meet. Hence, Dt for the 2D and 3D chloride ingress were

respectively computed as V2 and V3 of 1D chloride concentration.

K,p = — 2.17

Where n = chloride ingress directions (n=2 or 3),

De and Dt = experimental and theoretical diffusion coefficients
respectively.

Using a regression plot, they determined the chloride interaction coefficient (Knp)
in relation to exposure age to chlorides (t = 12 months). The results of their
experiment showed that 2D and 3D chloride penetration at orthogonal corners was
about twice the 1D rate (Kz2p=2.01) and Ksp= 2.27 respectively. Hence, chloride
ingress is twice as higher at corners subjected to 2D chloride ingress compared to
concrete elements which are exposed to 1D chloride ingress. The result of this
experiment was based on concrete which was not subjected to stress; however, most
in-service structures are subjected to some form of stress. The next section will

consider the influence of stress on 2D chloride diffusion in concrete.
2.8.2.2 Influence of stress on 2D chloride diffusion coefficients

Results of further studies by Zhang, Sun, Chen, et al. (2011) and Zhang, Sun, Liu,
et al. (2011) on rectangular concrete beams showed that the chloride diffusion
coefficient is influenced by the concrete exposure as well as its stress condition
(Figure 2.7). They investigated 2 sets of specimens; stressed and unstressed
specimens which were immersed in 3.5% chloride solution. A flexural load,
equivalent to 35% of the beams total stress resistance was imposed on the stressed

specimens while the unstressed specimens were not loaded. The flexural stress used
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in this experiment did not cause visible cracks on the concrete surface, this may not
be the case in in-service structures where the flexural stresses are likely to create

cracks which widen or close depending on the imposed load on the structure.
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Figure 2.7: Comparison of 1D and 2D chloride diffusion in stressed and unstressed

concrete (Y. Zhang, Sun, Chen, etal., 2011; Y. Zhang, Sun, Liu, etal., 2011).

The results obtained in relation to the chloride ingress directions (for both stressed
and unstressed specimens) show that the specimens exposed to 2D chloride ingress
had higher effective and apparent chloride diffusion coefficients than specimens
exposed to 1D chloride ingress. The stressed specimens had markedly higher
chloride diffusion coefficients compared to the unstressed specimens, irrespective
of their chloride ingress dimensions

They proposed a stress acceleration factor (Ks,) for the chloride penetration in
concrete as a ratio of chloride diffusion coefficient in the stressed state (D) at
flexural stress (8s) and chloride diffusion coefficient (D,) in the unloaded state
(Eqn. 2.18);

Ky, = =55 2.18

An estimate of the stress acceleration factor of concrete in stressed condition
provides an understanding of the effect of stress on chloride diffusion at orthogonal

corners of RC elements. Even though the specimen cross-sectional dimensions was
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not considered in their study (it has been reported that diffusion is higher in small
cross sections than large cross-sections (Frier and Sgrensen 2007)), the results of
their study further indicate that chloride diffusion is higher in concrete which is
stressed than one which is unstressed. The results of their study did not give an
insight into the likely effects of the increased chloride diffusion coefficients on the
corrosion of embedded steel reinforcement, however, it can be reasonably assumed
that the high diffusion rate of chlorides into the concrete will decrease the time-to-
corrosion initiation of reinforcement bars that are located at orthogonal corners of

concrete elements.

The interaction of the chloride diffusion profiles, and stress acceleration factor can
be used to transform 1D chloride diffusion rates to equivalent 2D or 3D diffusion
rates. However, to adapt to changing scenarios, the concrete material characteristics
(concrete quality, binder type and composition, w/b ratio, concrete age) and other
external factors (such as temperature, relative humidity and stress) which may
influence chloride penetration into concrete may need to be factored into the

equation for these parameters (i.e. Eqn. 2.17 and 2.18).

An insight into the effect of stress on the corrosion of embedded steel reinforcement
was provided in a study by Zhang, Castel and Frangois (2010). They applied a
flexural load (using the 3-point bending technique) to their specimens (150 x 280
x 3000 mm RC beams). In contrast to the study carried out by Zhang, Sun, Chen,
etal. 2011; Zhang, Sun, Liu, et al. 2011 where the stress applied to their specimens
did not result in noticeable flexural cracks, the specimens used by Zhang et al. 2010
were loaded until flexural cracks were induced in the beams. The results presented
(see Figure 2.8) are for specimens exposed to a 3.5% NaCl fog spray (with all 4

surfaces of the beam exposed) over a period of 23 years.

They found out that the highest loss in cross sectional area in both the tensile and
compression reinforcement bars occurred at the mid-span (between 1 m — 1.8 m) of
the beam. In other parts of the reinforcement bar that are away from the beams mid -
span (i.e. towards its ends), minimal cross-sectional area loss was observed (Figure
2.8). While the loss in cross-sectional area of reinforcement bars (at mid-span) in
the tensile face was between 17 — 35 mm? (Figure 2.8a), the loss observed in the

compressive face was between 3 — 15 mm? (Figure 2.8b), hence, the beam
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reinforcement bars that were subject to tensile stresses corroded more than the those
subjected to compressive stresses. Even though both faces of the concrete are
subjected to stresses, the higher cross-sectional area loss of the steel bar in the
tension face of the beam indicates that the penetration of corrosion-causing agents
is most critical on the concrete face which is subjected to tension compared to that
which is in compression. Cracks which provide a preferred zone for the penetration
of chlorides, air and moisture which give rise to early corrosion initiation and
sustain its propagation are likely to be formed at the mid-span of the beams tensile
face (Bentz et al., 2013). Hence, corrosion initiation is likely to be earlier and

propagate on faces that are subjected to tensile stresses.
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Figure 2.8: Corrosion distribution along length of reinforcement bar in the beam (a)

Tensile face and (b) compressive face of the beam (R. Zhang et al., 2010).
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Itis noticed that the back side of the reinforcement bar (surface that is away from
the concrete surface) corroded more than its front face for the bars in the tensile
region, this may have been due to defects (e.g. bleeding and settlement of fresh
concrete) at the steel-concrete interface (SCI) when the concrete was cast (Tarek
Uddin Mohammed, Otsuki, Hamada, & Yamaji, 2002; Soylev & Frangois, 2005).
These defects may have created reservoirs for the chloride solution. The contact of
these chloride reservoirs with the steel reinforcement may result in the formation of

large anodes. The voids also provide space for the products of corrosion to fill.

The steel mass loss can also be used in relation to the cross-sectional area loss (Eqn.
2.19). Hence, an acceptable cross-sectional dimension loss in the steel bar can be
determined in relation to the mass loss. This relationship is useful in estimating load

bearing capacity of structures and their remaining service life.

Am
AA, = — A, 2.19
m

where AAs is the average steel cross-section area loss (mm?),

Am is change in mass of steel per unit of length (g),

m is the initial mass of the steel reinforcement bar per unit of length (g), As

is the cross-sectional of the non-corroded steel (mm?2).

Ye et al. (2018a) also conducted a similar study to that which was undertaken by
Zhang et al. (2010), however their study sought to investigate the performance of
reinforced concrete beams which have corroded under various levels of sustained
flexural loads and corrosion acceleration techniques (galvanic method and artificial
climate exposure technique). 3 sets of steel RC beams with the dimensions 100 x
160 x 1400 mm were used in this experiment. The first specimen set were subjected
to 0% flexural loads, while the other 2 specimen sets were subjected to 30% and
60% of their ultimate flexural loads using the 4-point bending technique. To
accelerate the corrosion process, an impressed galvanic current kept at 0.1A and a
NaCl ponding solution of 3.5% was used for the first set of specimens while the
other specimens which were kept in an artificial exposure climate condition (40 £
0.5°C and 90% relative humidity) had an admixture of 3.5% NaCl by mass of binder
added to the concrete mix.
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Longitudinal (corrosion-induced) cracks along the length of the steel reinforcement
bars were noticed 60 days after the start of the experiment in both specimens
exposed to galvanic and the artificial exposure environment. The corrosion induced
crack widths were monitored until they reached approximate values of 0.3 mm, 0.5
mm, 0.8 mm and 1.0 mm after which the reinforcement bars were removed from
the RC beams specimens. The beams with 0% flexural loads showed a similar mass
loss along the length of the corroded reinforcement bar (Figure 2.9a) while the
specimens that had a flexural imposed load of 30% and 60% had a higher loss in
steel at the middle of the reinforcement bar compared to its ends (see Figure 2.9b
and Figure 2.9c respectively). The specimen with the 60% flexural stress had the
highest steel mass loss, then those with 30% flexural load while those without any
flexural load had the least mass loss. The location where there is the highest mass
loss in the steel bars of the specimens with the sustained flexural load coincides
with locations where the flexural stress is most dominant (at the mid-span of the
specimen). The corrosion-causing agents easily penetrate concrete sections that are

subjected to tension stresses.

Contrary to their findings in the artificial climate exposure, the beams subjected to
galvanic corrosion did not show much variance in steel mass loss along the length
of the reinforcement bar (Figure2.10), hence, they concluded that the mass loss ratio
in the specimens exposed to the artificial climate depicted service conditions
thereby making them most suited for the study of RC beams under sustained
flexural loads. The presence of admixed chlorides in this concrete mix may have
influenced the results of the study since the steel reinforcement bars are in direct
contact with the chlorides thereby causing it to readily depassivate; the supply of
chlorides in the galvanic corrosion process on the other hand rely on it penetrating
into the concrete In the galvanic method, the chloride penetration is not only
influenced by the stress imposed on the concrete but it is also affected by the
impressed current which is applied along the entire length of the reinforcement bar.
This current causes chloride ingress along the reinforcement bar length through
migration of the ions. The key below can be used to identify the specimens in the

graphs presented in figure 2.10 and Figure 2.9.
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Figure 2.9: Mass loss ratio distribution along length of corroded steel in RC beams
subjected to artificial climate exposure method (a) specimens without sustained
loads (b) specimens with 30% sustained loads (c) specimens with 60% sustained
loads (Ye etal., 2018).

Two separate investigations (detailed results not presented) , earlier undertaken by
Yoon et al. (2000) and Otieno (2008) showed that the imposition of a constant or
varying load on their RC specimens increased the corrosion rate of the steel
reinforcement depending on the stress imposed. While Ye et al. (2018a) reported
that there was no much difference in mass loss of the specimens subjected to
galvanic corrosion, Yoon et al. (2000) used a similar experimental setup (4 point

bending technique with both sustained and cyclic flexural stress of 0 — 75% of the
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beams ultimate strength imposed on the specimens), their results showed that the
corrosion rate increased with varying and increasing flexural stress. It is worth
noting that while a sustained load may create stress induced cracks on the concrete
surface, these cracks (which are static in nature) are likely to heal with time (Chun-
ping, Guang, & Wei, 2015; Jacobsen, Marchand, & Boisvert, 1996; M. Otieno,
Beushausen, & Alexander, 2012; Scott & Alexander, 2007; R. Zhang et al., 2010),
however, the loading and unloading of the beam hampers the crack healing by
reopening them, thereby permitting easy access for the corrosion causing agents

into the concrete.
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Figure 2.10: Distribution of mass loss ratio of segmented reinforcement bar along
the longitudinal direction of corroded reinforcement bar in RC beams accelerated
by galvanic method (Ye et al., 2018).

2.8.2.3 Influence of concrete cross sectional dimension on 2D chloride ingress

The effect of dimensional interaction and concrete cross sectional dimension was
also studied by Frier and Sgrensen (2007) (Figure 2.11).
The study utilized 1D and 2D analytical and numerical solutions toassess the effect

of 2D chloride penetration in two concrete elements of square cross-sectional
dimensions of 100 mm and 400 mm.

Considering the analysis methods used, the 2D solutions provided a better
interpretation of chloride penetration at the concrete corners in comparison to the
1D solution. An assessment of the chloride diffusion profiles of the cross sections
shows that the concrete with the smaller cross section is most affected by 2D

chloride ingress compared to that with the larger section. This is evident by the

30



chloride concentration at various depths along the length of the concrete elements.
Hence, the close interaction of the diffusion profiles in small concrete cross-
sections makes them prone to be easily contaminated with a higher concentration
of chlorides at a depth (x) beneath the concrete surface compared to a larger cross-
section. This finding is consistent with the provision of BS 8110-1 (1997), section
3.5.2.1 which states that;

Concrete is more vulnerable to deterioration due to chemical or
climatic attack when it is in thin sections, in sections under hydrostatic
pressure from one side only, in partly immersed sections and at

corners and edges of elements.

In order to eliminate the influence of the cross section dimension on the results of
the current study where 3 faces of the concrete were left unsealed in this experiment
Figure 2.11, this study utilized a concrete of 150 mm square cross-section of which
only two adjacent sides at an orthogonal corner were left unsealed (i.e. in the
specimens exposed to 2D chloride ingress). This experimental setup is to ensure

that only two diffusion profiles interact at a time.
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Figure 2.11: Chloride ion concentration profile along a concrete edge after 30 years
of exposure, 50 mm from the surface with sides of: (a) 100 x 100 mm and (b)

400 x 400 mm cross sections (Frier & Sgrensen, 2007).
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2.8.2.4 Influence of 2D chloride ingress on time-to-corrosion initiation

In RC, the time-to-corrosion initiation has been widely reported to be dependent on
the time it takes for sufficient concentration of chlorides to be deposited on the steel
reinforcement bar surface to cause its depassivation. Studies on dimensional
interaction suggest that corrosion initiation of steel reinforcement bars placed at
orthogonal corners of RC elements will commence earlier when they are exposed
to 2D chloride ingress, compared to those exposed to 1D chloride ingress. Other
factors which can also influence the time-to-corrosion initiation are the concrete

mix composition and the RC elements cross sectional area.

2D analytical solutions to Fick’s second law were provided by Crank (1975) and
Edwards and Penney (1993) respectively by using;

i. Product solution of two 1D solutions and,

ii. Series solution by separation of variables method.

Numerical methods such as random field, random variable, and finite and boundary
element methods (FEM and BEM) have also be used to estimate 2D chloride
penetration and time-to-corrosion initiation (Yang, Chen, Gao, & Ju, 2012). In
utilizing the random field approach, parameters which affect the diffusion process
were taken as varying in time and space thereby capturing possible field variations;
this is considered adequate in predicting the chloride penetration as compared to
the random variable method which assumes the parameters to be constant. A
comparison of the probability of corrosion due to 1D and 2D chloride penetration
was assessed by Frier and Sgrensen (2007) using the random field, variable and
finite element method approaches (Figure 2.12), the results indicated that a higher
probability of corrosion initiation exists in concrete specimens exposed to 2D

chloride ingress compared to specimens exposed to 1D chloride ingress.

Probabilistic and stochastic methods have also been used to predict 2D chloride
penetration; however, various limitations have been cited in adopting this approach
as it becomes increasingly complex with the addition of variables which affect the
corrosion process (D. V. Val & Trapper, 2006). Inadequate data on 2D chloride
penetration studies in literature also serve to limit the use of these methods since a

large amount of data s required.
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reinforcement bar using random variable, random field and finite element methods

(Frier & Sgrensen, 2007).
2.8.2.5 Influence of chloride ingress directions on chloride concentration

The influence of chloride ingress directions on chloride concentration was studied
by Kang and Shim (2011). They conducted an empirical study of the effect of 2D
chloride penetration at the corner of a bridge pier and compared the results with that
of a numerical (FEM) prediction model. Comparing 1D and 2D chloride ingress,
the chloride concentration at the reinforcement depth was higher at the RC element
corners compared to that measured at the middle of the pier up to a depth of about

40 mm from the concrete surface (see Figure 2.13).
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Figure 2.13: Numerically determined and measured chloride profile from concrete

bridge pier (Kang & Shim, 2011).

The higher chloride concentration at the corners of the RC element is probably due
to 2D chloride ingress. The graph (see Figure 2.13) also reveals that the effect of

2D chloride ingress can be observed up a cover depth of about 35 mm from the
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surface of the concrete, beyond this depth, no significant difference in the chloride
concentration is observed. However, the chloride concentration at varying cover

depths may vary depending on the concrete mix.
2.8.2.6 Corrosion induced damage

The damage resulting from 1D and 2D chloride-induced corrosion differ as the
reinforcement bar area exposed to depassivation is greater. Though both the middle
and corner reinforcement bars are subjected to non-uniform corrosion, the anode
(corroding region) of the corner bars (exposed to 2D chloride ingress) has been
observed to be larger than the corroding area of reinforcement bars exposed to only
1D chloride ingress (Figure 2.14) (Muthulingam and Rao, 2015).
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Figure 2.14: Non-uniform corrosion in corner and middle reinforcement bars
(Muthulingam and Rao, 2015)

Though the results of the reviewed literature are for uncracked concrete, a
preliminary conclusion can be reached that the accumulation of chloride ions from
two orthogonal directions, causes a significant reduction in the corrosion-free life
of reinforcement bars placed at corners of RC structures (Kang & Shim, 2011).

The extent of the corrosion as a result of 2D chloride ingress in cracked concrete
needs to be assessed, since the transport properties of fluids and gases in concrete
is affected by cover cracks (Rodriguez & Hooton 2003a; Carmeliet et al. 2004;
Otieno 2008; Otieno 2010; Djerbi et al. 2008; Blagojevic et al. 2012; Branko &
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Erik 2012). An assessment of the influence of cover cracks may vyield an
understanding of their influence on time-to-corrosion initiation, corrosion rate and
corrosion damage characteristics of steel reinforcement bars placed at orthogonal

corners of reinforced concrete elements subjected to 2D chloride ingress.
2.9  Chloride penetration in cracked concrete

The risk of corrosion dueto chloride penetration can be reduced by designing crack-
free concrete with low penetrability; however, the inherent nature of concrete
(especially in-situ cast concrete) is such that cracks are inevitable. Apart from
corrosion induced cracks, mechanical loading, thermal effects, plastic and drying
shrinkage may also cause concrete to crack (Blagojevic et al. 2012). While some
authors posit that RC cover cracks have no influence on corrosion propagation
(Ismail et al. 2008; Schiel}l and Raupach 1997), others have identified that the
presence of cover cracks modify concrete transport properties. The near absence of
the corrosion initiation phase and higher corrosion rates obtained from cracked RC
elements has led to the conclusion by some researchers that cover cracks have an
influence on RC corrosion (Adiyastuti, 2005; Audenaert et al. 2009; Branko and
Erik, 2012; Otieno et al. 2010). Where cover cracks are induced by stress, damage
to the steel-concrete interface (SCI) has also been reported. Hence, Pease (2010)
hypothesized that the extent of debonding along the SCI is more important than
concrete cover crack width measurements in terms of depassivation and
reinforcement corrosion. He reported that measurements from an instrumented
reinforcement bar indicated that increased crack width allowed a rapid change in
the steel-concrete interface thereby favoring the depassivation of the reinforcement
bar. Though a detailed investigation of the SCI condition will not be undertaken in
this study, the buildup of corrosion products in this layer will be observed and

reported at the end of the experimental program.

While it is generally agreed that diffusiongoverns chloride penetration in uncracked
concrete, a combination of both diffusion and convection has been observed in
cracked concrete, thus resulting in greater penetrability (Hunkeler et al., 2005;
SchieBl & Raupach, 1997). The concrete crack width, shape, density and frequency,
depthand degree of connectivity, as well as its origin has been reported to influence

the transport mechanism of corrosion causing agents into concrete (Breysse and
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Gerard, 1997). The cracks tapper into the concrete as their depth increases (Figure
2.15). A study on influence of crack frequency on concrete penetrability by Arya
and Ofori-Darko (1996) showed that concrete penetrability is influenced by crack
and pore connectivity. Also multiple cracks located within close proximity in RC
has been reported to influence the size of the non-corroding region on reinforcement
bars causing an increase in corrosion rate (Pease, 2010). These studies confirm that
where many surface cracks (in proximity) exist in concrete, crack frequency (or

crack density) dominates crack width.
CI- CI-

Figure 2.15: Chloride ingress through faces of unsealed cracks

Corrosion-induced cracks are mostly longitudinal; occurring along the length of the
reinforcement bar. The coexistence of longitudinal cracks (induced by corrosion)
and transverse cracks (dueto loads) in a RC element tendstoallow more penetration
of corrosion-causing agents through the concrete to the steel reinforcement bar
thereby resulting in earlier deterioration of the RC element. Unsealed crack faces

(see Figure 2.15) also present an increased surface area for chloride ingress.
2.10 Chloride threshold

The chlorides concentration required to breakdown the passive layer on the steel
reinforcement surface is referred to as the chloride threshold limit (Sonjoy, 2012).
Other terms used in literature are critical chloride concentration or chloride
threshold value. The chloride concentration is presented as a mole ratio of (CI)/(H*)
(M), moles/liter (mol/l) or as a percentage weight of binder or concrete (% by
weight).

Chloride threshold limits reported in literature have a wide scatter (0.17 — 40) and
since various methods have been used to obtain the chloride concentrations, a
comparison of the results has not been considered to be appropriate (S. L. Poulsen
& Sgrensen, 2012). Castel et al. (2003a) suggested that the discrepancy of chloride

threshold values reported in literature can be attributed to the failure to take account
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of the steel-concrete interface (SCI) quality. Hence a possible correlation between
the defects in the SCI and the chloride threshold values may help in solving the

disparity in chloride threshold values reported in literature

Apart from this factor, the chloride threshold limit has been identified to depend on
a number of other factors such as the chloride binding capacity of the binder,
concrete exposure condition (e.g. relative humidity, temperature, moisture level and
chloride source), casting direction, concrete defects (e.g. presence of cracks),
degree of concrete carbonation, cement alkali content, level of sulfates, steel surface
condition and electrochemical potential (U. Angst, Elsener, Larsen, & Vennesland,
2009; U. M. Angst et al., 2017; Ann & Song, 2007; Glass & Buenfeld, 1997,
Hussain, Rasheeduzzafar, Al-Musallam, & Al-Gahtani, 1995; Shi et al., 2012).

The chloride limit which causes the destruction of the passive protective oxide layer

on the steel surface is widely agreed to be that of the free chlorides.

To minimize corrosion damage due to chloride concentration in RC, the British
standards and American concrete institute provided guidelines for maximum free
chloride content of percent by weight of binder for various structures (see Table
2.1).

The difference in the adopted chloride threshold limit values shown in Table 2.1 is
indicative of the wide range of chloride threshold data values that are available in
various studies. The values in Table 2.1 are conservative and may differ widely

from what may be obtained in the field.

Table 2.1: British Standard and American Concrete Institute steel reinforced

concrete chloride limits.

Maximum Chloride Content

Type (% weight of binder)
BS 8110 ACI 201 ACI 357 ACI 222
1 Prestressed concrete 0.1 - 0.06 0.08
2 RC exposed to chlorides in service 0.2 0.1 0.1 0.2
3 RC that will dry protected from 0.4 - - -
moisture in service
4 Other reinforced concretes - 0.15 - -

Source: Sonjoy (2012)
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2.11  Corrosion assessment techniques

The assessment of RC corrosion can be undertaken by electrochemical and non-
electrochemical methods (see Table 2.2); these test methods are mostly non-
destructive in nature. The use non-destructive test (NDT) methods to assess RC
corrosion has gained wider acceptance to destructive techniques because the NDT

methods ensure minimal or no damage is caused tothe RC structure being assessed.

Table 2.2: Electrochemical and non-electrochemical methods of corrosion

assessment (Bjegovic, Mikulic, & Sekulic, 2007)

Electrochemical Methods Non-Electrochemical Methods
I. Electrostatic Measurements Visual inspection
Half-cell potential measurements Seismic method

a. Hand held equipment Infrared thermography

b. Embedded reference electrodes  Acoustic emission
Corrosion macrocell current measuring  Radiography and radiometry radar

Electrical resistivity of concrete Electrical resistance method
I1. Polarization measurements Optical fiber sensors
Linear polarization methods (LPR) Magnetic technique
a. Hand held equipment Microwave based thermoreflectometry

b. Embedded LPR sensors
Electrochemical impedance spectroscopy
Localized electrochemical impedance
Galvanostatic pulse method
Scanning reference electrode method

Some of the corrosion assessment methods that will be used in this study have been
widely used by other researchers in both laboratory and field studies. These
methods will be discussed under two broad topics of non-electrochemical and

electrochemical methods of corrosion assessment.
2.11.1 Visual inspection

This method is a non-electrochemical method of corrosion assessment. Though the
easiest means of assessing corrosion activity; the method has the disadvantage that
no visible damage tothe concrete may be observed in the corrosion initiation phase,
hence by the time corrosion defects such as corrosion induced cracks, rust stains,
delamination and spalling are noticed, the corrosion process would have advanced

toa level wherein costly repair work may be required.
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Visual inspections however have the advantage wherein cracks and defects can be
characterized e.g. crack lengths, widths, density, identifying locations where rust
stains occur and providing information on loss of concrete cover which may occur

in the form of spalling or delamination (Poupard et al., 2007).

Most corrosion induced cracks occur along the length of the reinforcement bars.
The cracks can be longitudinal (for reinforcement bars that are along the length of
the member) or transverse (along the length of shear reinforcement or stirrups)
cracks.

Depending on the nature of cracks (longitudinal along reinforcement bar length or
transverse across thereinforced concrete element) a relationship between the crack-
factor and corrosion rate can be established. This will give an indication of the

influence of cracks on the corrosion rate.

Apart from identifying corrosion induced cracks, rust stains can also be observed
in RC. However, by the time corrosion induced cracks or rust stains are observed,
the steel deterioration may proceed at a rate which may require urgent repair. While
rust stains may be easily seen, in some cases, surface cracks may only be identified
using magnifying glasses. The need for planned or scheduled maintenance of RC
structures means this mode of corrosion assessment is not reliable as it will result
in corrective maintenance repair. Hence, electrochemical methods are used to either
measure or ascertain the probability of corrosion activity to plan the maintenance
of corroding RC structures. Some of the common electrochemical methods used

RC corrosion assessment will be briefly discussed in the proceeding sections.
2.11.2 Half-cell potential measurement

This technique is an electrochemical technique. It is used to measure the corrosion
potential of steel reinforcement bars embedded in concrete relative to that of a
standard reference electrode which in this case could be a copper/copper sulfate
(Cu/CuSOQa; CSE) or silver/silver chloride (Ag/AgCl; SSE) reference electrode
(Park, 2009). In general, the corroding (anode) and passive (cathode) parts of
reinforcement bars will show a difference in electric potential due to the formation
of macro-cells which generate current flows between these sites. The electric field

thus generated can be measured using a suitable high input impedance voltmeter
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reference electrode (half-cell) which is placed on the concrete surface. The
experimental set-up is shown in Figure 2.16. The voltage reading obtained, can be
used to assess the probability of corrosion of the embedded steel reinforcement bar.
Increasing negative voltages indicate a high probability of corrosion while more
positive voltages indicate a lesser corrosion probability (Table 2.3). It is important
tonote that the steel reinforcement bar corrosion potential obtained doesnot provide

any information about the kinetics (rate) of the corrosion reaction.
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Q// Reference half-cell electrode
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Figure 2.16: Half-cell potential experimental set-up.

Though this non-destructive method of corrosion assessment is easy to use on site,
some factors such as concrete moisture content, degree of concrete carbonation,
oxygen content at level of steel, quality of concrete, cover cracks, concrete cover
thickness and use of stainless steel can influence the electrochemical potentials
obtained thereby giving rise to misleading measurements. Various bodies have
specified standard test procedures for the HCP test (e.g. ASTM C876, RILEM TC
154).

The Cu/CuSO4 and Ag/AgClI half-cell potential measurements can be interpreted
using the ASTM C876 guide provided in Table 2.3;

Table 2.3: Interpretation of corrosion potential results (ASTM C876, 2009)

Measured potential Measured potential Probability of corrosion
Cu/CuSO4 (mV) Ag/AgCIl (mV) activity
> - 200 >-119 Less the 10%
- 200 to - 350 -119to - 269 Uncertain
- 350 to - 500 - 269 to - 426 More than 90%
<500 <-426 Visible evidence of corrosion
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Factors which may influence the interpretation of HCP results are discussed in
Section 2.12.2.

2.11.3 Concrete resistivity measurement

Resistivity (p) is a fundamental property of a material which is used to quantify its
ability to transport electrical charge. The measurements are read in either Q. m or
kQ. cm. The concrete resistivity is the ratio between an applied voltage (V) and
resulting current (1) multiplied by a cell constant k (see Egn. 2.20). Concrete
resistivity has been identified as one of the most influential factors that governs the
corrosion rate of steel reinforcement in concrete; it determines the corrosion current
flow from the anode to the cathode sites. Concrete resistivity dependson the ionic
conductivity of the concrete pore solution, its saturation level and the temperature
of the concrete; these factors influence the ease with which corrosion current flows
in the concrete (Hornbostel, Larsen, & Geiker, 2013). In general, concrete electrical
resistivity values have been found to vary widely from as much as 10% kQ-cm to as
little as 1 kQ-cm (Azarsa & Gupta, 2017; Monfore, 1968).

Eqgn. 2.20 describes the relationship between concrete resistance and resistivity
(Layssi, Ghods, Alizadeh, & Salehi, 2015).
V
p=kR=k <7> 2.20

where k is the geometric factor which depends on the size and shape of the sample

as well as the distance between the probes on the testing device,

V and | are the measured voltage (in Volts) and applied current (in Amperes)

respectively.

The electrical conductivity of concrete (oc) can be obtained as the inverse of the

concrete resistivity (Egn. 2.21) (Osterminski, Polder, & Schief3l, 2008).
o, = — 2.21

Hence, a low concrete resistivity will yield a high concrete conductivity and vice

Vversa.

Various methods of measuring concrete resistivity have been developed and used

for both laboratory specimens and field structures; they include;
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i.  Two-point method
ii.  Wenner probe (4 point linear or square array) and,
iii.  Electrode-disc method.

The two-point method is used to determine the bulk resistivity of hardened concrete
(ASTM C1760 - 12). This method is seldom used in the field due to possible
difficulty which may be encountered in accessing both sides of concrete elements
so as to place the contact electrodes compared to the ease of using other surface
resistivity measuring techniques (Wenner probe and electrode- disc method)
(Gudimettla & Crawford, 2015). It is important to note that the concrete cover
resistivity is most important in assessing risk of RC corrosion, the two-point method
reliably measures the bulk resistivity of concrete, however, this method has
limitations for use on the field since the concrete needs to the extracted from the
structure (Gulikers, 2005; Layssi etal., 2015). The reliability of this method is based
on the uniform distribution of current through the specimen being tested, unlike the
surface resistivity methods where the current is fed from the surface of the
specimen. Other factors which influence the surface resistivity measurements are;
non-homogeneity of concrete, size of aggregates and its surface moisture
conditions. In general, it has been observed that the surface concrete resistivity
methods overestimate the bulk resistivity values by about 10% due to presence of
aggregates, this error can however be minimized by taking a multiple readings (U.
M. Angst & Elsener, 2013; Spragg, Bu, Snyder, Bentz, & Weiss, 2013).

The use of the Wenner probe and the electrode-disc test method has found wide
application in both the laboratory and field. These two methods will be used in this
study; therefore, the methods will be briefly discussed. These methods were chosen
because they have been widely used in field measurements and it is assumed that
the data obtained in this study by using these methods can be correlated with other
field and experimental data in which these methods have been used (Spragg et al.,
2013). Potential factors which can influence the data obtained and their

interpretation are discussed in Section 2.12.1.
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2.11.3.1 Wenner (4-point linear array) probe

The method was developed in the 1900’s and used for underground exploration of
water and minerals and later modified for use in determining concrete resistivity
(Broomfield, 2007). For a semi-infinite medium (such as a concrete slab on site),
a factor of 2 is used, however a correction factorneeds to be used when specimens
when small dimension are used else the resistivity value obtained will be

overestimated (Morris, Moreno, & Sagués, 1996).

This device is one of the most adopted for concrete resistivity measurement in both
field and laboratory studies due to its ease of use and how rapidly results are
obtained (Spragg et al., 2013). The device may consist of two or four probes;
however, the four-probe device is most used. The concrete resistivity readings are
obtained when the device probes are firmly held down against the concrete surface;
the exterior probes apply an alternating current (AC) into the concrete while the
potential difference induced by the current is measured from the inner electrodes

(see Figure 2.17).
current applied

_@_Qatential measured (V)

— current flow lines

equipotential lines] — concrete specimen

a = distance between probes

Figure 2.17: 4 point (Wenner probe) concrete resistivity meter (Rob B. Polder,
2001)

To avoid significant errors in the resistivity readings, a number of precautions need
to be taken, such as placing a damp conductive material between the probes and
concrete surface to reduce contact resistance of the probes, ensuring the probes are
at a distance ‘a’ (equal to the probe spacing) away from the edges of the specimen
and placing the probes transversely across reinforcement bars rather over the
embedded steel reinforcement bars. For example, if the Wenner probe is placed

over or near an embedded steel reinforcement bar; the steel reinforcement will
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conduct current with ease when compared to the concrete which has more resistance
to the flow of current because of its heterogeneous nature. More detail about other
likely sources of error can be found in the publication by Gowers & Millard (1999).

When the Wenner probe is used for concrete resistivity measurements, Eqgn. 2.20
translates to Eqn. 2.22 as shown below (Layssi et al., 2015);

p =2ma.R 2.22

where 2.7 is dimensionless geometric correction factor,
a is the distance between the probes and

R is the ratio between the applied voltage (V) and the applied current (A)
(see Eqgn. 2.20).

2.11.3.2 Electrode-disc method

Unlike the Wenner probe method of measuring concrete resistivity which can be
affected by the probe closeness to reinforcement bars, the electrode-disc method
requires that the device be placed on the concrete surface, directly over a
reinforcement bar (Figure 2.18). The concrete resistivity measured is hence that of
the cover concrete (i.e. the concrete which lies between the concrete surface and
reinforcement). The cover concrete resistivity is important in assessing the risk of
corrosion in steel reinforced concrete, hence this method if standardized, can be
presumed to provide reliable values which can be used to determine RC durability
(Azarsa & Gupta, 2017).

In this method, a current pulse is sent into the concrete via the electrode (placed on
the concrete surface, over the reinforcement bar) and the voltage read off from the
connection with the reinforcement bar. The resistance (R) is then calculated from
the cell constant which varies with cover depth to reinforcement and reinforcement
diameter. In general, a cell constant of 0.1 m is normally assumed for cover depth,
disc and reinforcement bar diameters between 10 — 50 mm (Rob B. Polder, 2001).

The concrete resistivity is computed using Eqgn. 2.23;

p =0.1 X R (disc — bar) 2.23
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R
j disc

Figure 2.18: One electrode-disc measurement set for concrete resistivity

reinforcement bar

— concrete specimen

measurement (Azarsa & Gupta, 2017).

The flow of ions between anodic and cathodic sites of a corrosion cell via the
concrete pore solution has an impact on the corrosion rate. In general, research
results have established a significant correlation between concrete resistivity and
corrosion rate of embedded steel reinforcement bars in concrete (Alonso, Andrade,
& Gonzalez, 1988; Azarsa & Gupta, 2017; Gowers & Millard, 1999; Gulikers,
2005; Hornbostel et al., 2013; Morris, Vico, Vazquez, & Sanchez, 2002; M. Otieno,
Beushausen, & Alexander, 2015; Yu, Liu, & Chen, 2017). On a general note, the
relationship between concrete resistivity and corrosion rate is viewed as complex,
however, a simplistic approach suggests that there is an inverse relationship
between the concrete resistivity and corrosion rate of steel in concrete (U. M. Angst
& Elsener, 2013).

Concrete electrical resistivity measurements can also be used in concrete quality
control, predicting chloride permeability and chloride diffusion coefficient, crack
detection, setting time of fresh concrete and it can also be used as an indirect means
of measuring concrete moisture content (Layssi et al., 2015; Lopez & Gonzalez,
1993; Mutale, 2014; Osterminski et al., 2008; J. Pacheco, gavija, Schlangen, &
Polder, 2012; Ranade, Zhang, Lynch, & Li, 2014; Woelfl & Lauer, 1979).

2.11.4 Corrosion rate measurement techniques

The corrosion rate (lcorr) relates to rate of metal dissolution in an environment. This
can be measured in terms of mass loss of the material per unit time, unit area, or
corrosion current density (Bardal, 2004). In corrosion rate of steel reinforcement in
concrete can be measured instantaneously using electrochemical techniques such as
linear polarization resistance (LPR), coulostatic method, electrochemical
impedance spectroscopy (EIS), and scanning reference electrode method (SRET)
(Bjegovic et al., 2007; Suzuki, Kanno, & Sato, 1980).
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Though the coulostatic method of measuring corrosion rate will be used in this
research, the LPR method will also be discussed. Both methods are based on the
same principle and have been commonly used in laboratory and field studies
(Suzuki et al., 1980).

Though the coulostatic method of measuring corrosion rate will be used in this
research, the LPR method will also be discussed. Both methods are based on the
same principle and have been commonly used in laboratory and field studies
(Suzuki et al., 1980).

2.11.4.1 Linear polarization resistance technique

The LPR technique setup consists of a reference electrode (RE), counter electrode
(CE) and a working electrode (WE). The CE is normally a non-reactive metal (e.g.
steel) which may (or may not) have a guard ring around it to confine the electric
pulse that is discharged into the specimen, while the WE is the metal (in this case
reinforcement bar) to be tested for corrosion. The setup (see Figure 2.19) could be
in the form of a hand held device; in which case, the CE is placed on the concrete
surface, or fixed; wherein the CE is embedded in the concrete (ACI 222R - 01).

The working, reference and counter electrodes may be connected to a digital control
system which records the initial corrosion potential (Ecorr) of the reinforcement bar
and the change in its potential (AE) after it is perturbed with a polarization current

which is discharged from the CE unto the test specimen.

Guard ring Working

Counter electrode clectrode
Reference
electrode

Curront Raey ®  Polarized section  ~ Rebar

Figure 2.19: Linear Polarization resistance method setup (Gepraegs & Hansson,
2005)

The polarization resistance technique involves the perturbation of the embedded
steel bar in concrete by applying asmall voltage (AE), this voltage raises the metals

open circuit potential (Ecorr). The current flow (Ai) during the perturbation is
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measured between two electrodes (reference and working electrode) over some
time (Mansfeld, 1976; Ramaniv, Tsirul’nik, Krys’kiv, & Ronchevich, 1989;
RILEM TC 154-EMC, 2004).

The polarization resistance (Rp) (Egn. 2.24) is computed as the ratio between the
changes in potential to that of the applied current.

Change in potential (AE
R, = ( J ( )) 2.24

Applied current (AI) 7/,

Figure 2.20 depicts how the polarization resistance (Rp) can be empirically obtained
from a test specimen. The polarization resistance is also related to the corrosion rate
by a constant B, known as the Stern-Geary constant (Eqn. 2.25 and 2.26);

Tangent of the curve
R
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e
4

Observed LPR curve

o

Measured cumrent {Ncmz)

r
]
-

-0.15 -0.14 -0.13
Applied potential Vs. SCE (Volts)

Figure 2.20: Typical LPR curve acquired from a specimen (Pillai, Karuppanasamy,
Dhanya, & Nair, 2015)

I = — 2.25
corr Rp
Ba-Be
where B = ——— 2.26
2.3(B, +B.)

Paand fcare the anodic and cathodic Tafel slope values (see Figure 2.21), Rp (kQ2)
is the change in potential as given by Eqn. 2.24. The plot of the meeting point of
the extrapolated anodic and cathodic Tafel slopes and the corrosion potential (Ecorr)

to the horizontal (log scale) axis gives the corrosion current (see Figure 2.21);
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For embedded steel in concrete, the Stern Geary constant (B) has been assumed by
various researchers to have avalue of between 26 mV and 52mV for corroding and

passive steel respectively (Bjegovic et al., 2007; Poursaee, 2010).

E (Volts)

Ecorf

corr

icorr log i (Amps/cm?)

Figure 2.21: A typical Tafel plot showing anodic (fa) and cathodic (5c) slopes (Gold
standard corrosion science group, 2018)

The corrosion rate (Eqn. 2.27) is also defined as the ratio of the corrosion current
to that of the surface area of the steel being polarized (Eqgn. 2.28), and can be

expressed as;

I
Corrosion rate (I,,,) = % 2.27

where lcorr IS corrosion current (LA) and A is the surface area of the polarized steel

(cm?).
Surface area of the steel, A= ndl 2.28

where d is the metal diameter, | is the estimated length of the reinforcement bar that

has been polarized (same as length of counter electrode).
2.11.4.2 Coulostatic technique
The coulostatic method is essentially an LPR technique; however, unlike the LPR

method which measures the current flow Ai between the working and reference

electrodes after a few minutes, the coulostatic method consists of applying a short
current pulse to the metal (also the working electrode) for a very short duration of
time (usually some milliseconds) via a counter electrode, computing the

overpotential immediately after the charge is supplied and monitoring the potential
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decay (relaxation) over a period of time (Glass, 1995). The counter electrode that
discharges the charge pulse unto the working electrode can either be embedded in
the concrete or placed on the concrete surface. Figure 2.22, shows a typical

coulostatic perturbation and response over time.

In order to obtain the corrosion rate, relationships between the overpotential, time
transient and perturbation charge need to be established; these relationships are

therefore briefly discussed.
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Figure 2.22: A typical coulostatic perturbation and response (Hassanein, Glass, &
Buenfeld, 1998).

An empirical relationship which describes the potential transient is given in Eqn.
2.29 (Glass, 1995; Hassanein et al., 1998);

—t
Ne = M, €XP (_) 2.29
Cc

where n¢is defined as the potential shift at a given time t,
1o is the initial potential shift,

7c IS the time constant which is computed from Eqgn. 2.30;
T, = Cqy X R, 2.30
where Cy is the double layer capacitance and

Rp is the polarization resistance which is obtained using Eqgn. 2.24.

The initial potential 7o is obtained by the ratio of the applied charge (AQ) to that of

the double layer capacitance (Cai) (see Eqn. 2.31);

_AQ - AQ
To= T T Cxs

2.31
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where C is the capacitance of the corroding electrode and S is the surface area of
the electrode. Though there may be some resistance to the charge applied, it is
ignored since it is small (Hassanein et al., 1998). The capacitance per unit area can

also be obtained by making it the dependent variable in Eqn. 2.31.

As in the LPR technique, the corrosion rate is then computed by using the equations
proposed by Stern-Geary (Egn. 2.24 to 2.26). The anodic and cathodic Tafel slopes

are also obtained from Figure 2.21 and the constant B computed using Eqn. 2.26.

In general, a high corrosion rate will lead to a rapid decay in the potential transient
(Figure 2.23a) due to rapid consumption of the polarization charge by the corroding
reinforcement bar, while a low corrosion rate will result in a slower decay in the
potential transient after perturbation (Figure 2.23b) since the polarization current is

not readily consumed as there is little or no corrosion of the reinforcing steel.

\

AE

AN

a. Time (seconds)

Electrode Potential (-mV)

Electrode Potential (-mV)

Time (seconds)

=

Figure 2.23: Potential transient (a) high corrosion rate and (b) low corrosion rate

The coulostatic method is increasingly used based on these advantages which were
highlighted by Glass (1995);

I. Very small perturbation which last for a very short period is required

il There is no need to compensate for electrolyte resistance

i, Determination of the interfacial capacitance as part of the measurements

Iv. Insensitivity of the time constant to the steel surface area

V. Its suitability for low frequency measurements when compared to
impedance measurements, and

Vi. It provides additional information on the corroding interface which may

lead to an improved understanding of the corrosion process.

On the other hand, the long transient time required in passive steel as compared to

that of direct polarization and limiting of the perturbation of the steel as a result of
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the concrete resistance the concrete high resistance may limit the perturbation have

been identified as disadvantages of this method.
2.11.5 Gravimetric method

The gravimetric method is a destructive corrosion assessment technique which
involves extracting the reinforcing bar from the concrete and measuring its section
or mass loss. The results can be presented in various forms e.g. millimeters/year
(mml/y). This test method is the most reliable technique of determining the corrosion
rate of metals; hence it can be used to verify the results electrochemical corrosion
rate measurements. The time required to obtain the mass loss in relation to time and
the destructive nature of this test has made the electrochemical techniques more

acceptable.

The mass loss or reduction in cross-sectional dimension of the steel rod can be either
uniform along the surface area of the reinforcement bar (microcell corrosion) or it
can be due to non-uniform loss of diameter due to localized or pitting corrosion
which occur at distinct spots along the length of the reinforcement bar (macrocell
corrosion) (Figure 2.24). While uniform corrosion is associated with carbonation-
induced corrosion, pitting corrosion is mostly associated with chloride-induced
corrosion and have been reported to be the main factor which influences cracking
in chloride-induced corrosion (R. Zhang et al., 2010). The pits mostly form at
chloride rich zones e.g. at positions of transverse and longitudinal cracks (Cao &

Cheung, 2014).
H0 CI O,
. a%- 5% _ % ":'f%g' % %G "0 @ = residual bar diameter (mm)

@, = Initial reinforcement diameter (mm)

F // /}/ \ Pot=aX g = pitting factor
% X = average attack penetration (um)

Py = Maximum pit depth (um)

D= Unlform D Pitting C = Concrete cover

Figure 2.24: Residual reinforcement bar in uniform and pitting corrosion (Cao &
Cheung, 2014)

Asseen in Figure 2.24 above, the residual diameter of the reinforcement bar is very

critical to the load bearing capacity of the RC structure. The residual diameter is
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also related to the steel mass loss. The assessment of pitting corrosion can be
difficult and time consuming as the concrete needs to be broken to access the
corrosion pits (this exposes the steel to greater degradation), the amount of time
needed for the formation of the pits via the natural process may be long and the
possibility of arriving at reasonable conclusions after the reinforcement bar is
accessed have led to the establishment of empirical relationships between the
residual diameter and the steel mass loss (Eqns. 2.32 and 2.33). These relationships

will be discussed in brief.

The average loss in mass per unit length of the a reinforcement as a result of pitting

corrosion was proposed by (R. Zhang et al., 2010) (see Eqgn. 2.19).

The attack penetration can be computed from the measured steel mass loss using
Eqgn. 2.32 (Rodriguez et al., 1996);
Y=¢,— ax 2.32

where ¢ is the residual reinforcement bar diameter (mm), ¢o is the initial
reinforcement bar diameter (mm), « is the pitting factor (i.e. the pitting

factor) and x is the attack penetration (mm).

Lastly, the relationship between the attack penetration and mass loss due to pitting
corrosion can be obtained using Eqn. 2.33 (which is the relationship between Eqgns.
2.19 and 2.32) (R. Zhang et al., 2010);

AA,
x= 21— [1- —=].10° 2.33

where X is the attack penetration (um),
AAsis the steel cross-sectional loss (mm?) and
As is the initial steel cross-sectional area (mm?)

In order to determine the mass loss due to pitting corrosion, various authors have
suggested the use of pitting factors (i.e. the ratio between the maximum pitting
depth, Ppit (m) and the uniform attack penetration, x (m)); a = 4 to 10 for natural
conditions and & = 5 to 13 in accelerated tests to determine the reinforcement mass
loss (Tuutti, 1982; Gonzalez et al., 1995; Rodriguez et al., 1996; Zhang, Castel and
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Frangois, 2009, 2010). In uniform corrosion, the corrosion is assumed to penetrate
at an equal rate from all sides of the reinforcement bar, hence, a pitting factor of 2
has been suggested (Rodriguez et al., 1996). Uniform corrosion can occur when

chlorides or the carbonation front reaches the rear side of a steel bar.

While there is no agreement in literature with regards to a specific pitting factor to
use in the mass loss computation, some researchers have suggested that the average

of the maximum and minimum pit depth be used as the pitting factor.
2.12  Factors influencing corrosion assessment measurements

Half-cell potential (HCP) measurements can be influenced by the factors such as
the concrete moisture content, surface wetness or dryness, presence of chlorides in
the concrete, cover to reinforcement, and concrete carbonation (in this research, it
will be reasonable to assume that the HCP measurements will not be significantly
influenced by the concrete carbonation since the occurrence of chloride-induced
corrosion is likely to outweigh that of carbonation-induced corrosion) (Gulikers,
Polder, Raupach, et al., 2003). For instance, more negative potentials are likely to
be obtained in concrete that is saturated with moisture compared to concrete that is
dry and carbonated (Leelalerkiet, Kyung, Ohtsu, & Yokota, 2004). Despite the
influence of the concrete surface condition and its saturation level, it has been
reported that the potentials obtained in corroding regions does not vary, however,
identifying corroding regions in very dry concrete has proved difficult (Gulikers,
Polder, & Raupach, 2003). A summary of different concrete conditions and the

likely corrosion potentials to be obtained are listed in Table 2.4.

The HCP can be influenced by the concrete condition e.g. the HCP measurements
of steel in carbonated concrete which is contaminated by chlorides may vary from
the potentials presented in Table 2.4. The potential values of steel in carbonated
concrete that has been contaminated with chlorides may also vary from the values
presented in Table 2.4; this is because chlorides influence concrete electrical
conductivity. However, since the sustenance of the corrosion process requires the
presence of both moisture and oxygen, it can be reasonably assumed that the

corrosion process will slow down in dry concrete. Where positive steel potential
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values are obtained, the values will need to be crosschecked with the corrosion rate

and concrete resistivity results as earlier stated.

Table 2.4: Typical HCP ranges for concrete in certain conditions (Gulikers, Polder,
& Raupach, 2003)

Condition Potential values (mVV/CSE)
Humid chloride free concrete - 200 to + 100

Wet, chloride contaminated concrete - 600 to - 400

Saturated concrete - 1000 to - 900

Humid, carbonated concrete - 400 to + 100

Dry, carbonated concrete 0 to + 200

Dry concrete 0 to + 200

CSE: Coppersulphateelectrode

Hence, in view of the above likely sources of misinterpreting potential results,
caution must be exercised in interpreting HCP results. It is most appropriate to
interpret the HCP results (e.g. see Table 2.3) alongside other corrosion data such as

concrete resistivity and corrosion rate measurements.
2.12.1 Factors influencing concrete electrical resistivity measurements

Though the presence of a sufficient concentration of chloride ions at the steel
surfaces causes its depassivation, the chloride ions also contribute to the corrosion
process by increasing the ionic conductivity of the concrete pore solution which
results in a reduction in concrete resistivity. The presence of chlorides in concrete
also increases its internal relative humidity (RH) due to its hygroscopic nature;
which results in a reduction in concrete resistivity (Yu et al., 2017). Despite
lowering the freezing temperature of water, the hygroscopic nature of chlorides in
concrete also results in its early deterioration (scaling and detachment of cement
paste) in freezing conditions (Bertolini et al., 2004). A reduction in concrete
resistivity and increase of internal concrete relative humidity are conditions that
also favor the corrosion process (Angst et al. 2010). This effect however varies with
regards to the type of binder used in the concrete production. Studies over the years
have shown that the use of binders such as fly ash, ground granulated blast furnace
slag and silica fume in combination with Portland cement improves concrete

durability in chloride environments (Monfore, 1968; Nanukuttan et al., 2015;
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Osterminski etal., 2008; Rob B. Polder, 2012; Scott & Alexander, 2007). It has also
been established through various studies that concrete resistivity measurements can
be influenced by various factors such as presence of cracks, the concrete
composition (water/binder ratio, nature of aggregates and its quantity, porosity),
environmental factors (temperature, moisture, exposure to chloride salts) and
geometric factors (position of reinforcement bars and distance of measurement
from the concrete edge) (Soutsos, Breysse, Garnier, Gongalves, & Monteiro, 2012).
Some of the factors influencing concrete resistivity measurements are herein

discussed;
212.1.1 Influence of concrete porosity on concrete resistivity

Concrete porosity is a measure of the volume of void spaces in the concrete to the
volume of the total material. The concrete pore sizes as well as their distribution,
connection, and the composition of its pore solution influence its resistivity. Porous
concrete will tend to have a lower concrete resistivity compared to densely packed
concrete (Hornbostel et al., 2013; Layssi et al., 2015). A major factor which
influences concrete porosity is the water/binder (w/b) ratio; when it increases, the
internal capillary porosity of the concrete enlarges thereby enhancing the pore
connectivity within the concrete (Yu, Yang, Wu, & Li, 2014). Hence the concrete
resistivity decreases as the w/b ratio increases (EI-Enein, Kotkata, Hanna, Saad, &
El Razek, 1995). Gjorv (2013) and Shi et al. (2012) suggested that rather than factor
only the w/b ratio in reducing concrete porosity, a careful choice of binders (e.g.
replacement of right proportions of Portland cement with fly ash or ground
granulated blast furnace slag) will improve the concrete bulk packing and resistance
to chloride ingress. Considering the pore solution composition, the presence of
chloride ions in the concrete pores will improve its ionic conductivity. Concrete
porosity is also influenced by the degree of hydration of the cement paste since the
hydration products heal cracks in the concrete and fill its pores (Jacobsen et al.,
1996). Hence in taking concrete resistivity measurements, it is important to clearly

identify how the concrete porosity influences the results.
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2.12.1.2 Influence of concrete pore connectivity and cracks on concrete
resistivity

The connectivity of concrete pores lowers its resistivity compared to concrete with
discontinuous pores. The presence micro-cracks which connect the concrete pores
together can enhance chloride ingress and hence result in lower concrete resistivity
(U. M. Angst et al., 2017; Layssi et al., 2015). In general, connected pores enhance
the transport properties of a concrete, which also has a bearing on its resistivity;
hence, concrete resistivity can be used to give an indication of the connectivity of
pores within concrete and by extension the durability of steel reinforced concrete
(C. Andrade, Pricto, Tanner, Tavares, & D’Andrea, 2013; Bertolini et al., 2004; J.
Pacheco et al., 2012). Conversely, while it has been stated that the connectivity of
pores yields a lower concrete resistivity, it (via micro-cracks) may also cause the

concrete to dry out easily, thus causing an increase in its concrete resistivity.
2.12.1.3 Influence of moisture content on concrete resistivity

An increase in the concrete internal relative humidity (RH) will result in a decrease
in concrete electrical resistivity due to the amount of fluid in the concrete pores.
Drier concrete will on the other hand, have higher resistivity compared to moist
concrete since the movement of the ions is restricted due to non-availability of
fluids in the concrete pores (Layssi et al., 2015). Figure 2.25 shows a plot of the

relationship between concrete moisture content and its resistivity.
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Figure 2.25: Concrete resistivity at various moisture contents (a) partially absorbed
water; (b) absorbed water (saturated surface-dry); and (c) absorbed + free surface

water using different methods (Kim, Zi, & Lange, 2017)

Cylinder and prism specimens made with recycled concrete fine particles (CF)
passing through sieve No. 200 were used in the concrete mix while the concrete
resistivity was measured using the two-probe (2p) and four-probe (4p) methods.
The results of this experiment (Figure 2.25) show that the relationship between
resistivity of concrete and its moisture content are identical irrespective of the

method used to measure the concrete resistivity.

Concrete resistivity decreases with increasing moisture content and at a moisture
content greater than 12%, the concrete resistivity reduces to a value close to zero.
This finding is consistent with the findings of other researchers (Azarsa & Gupta,
2017; Saleem, Shameem, Hussain, & Maslehuddin, 1996; Su, Yang, Wu, &
Huang, 2002).

Lopez & Gonzalez (1993) tested mortar samples that were contaminated with 0%
and 2% chlorides (by mass of binder); they found out that the samples with
saturated pores had a low resistivity which increased as the pore saturation reduced

due to drying of the mortar (Figure 2.26);
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Figure 2.26: Effect of pore saturation on mortar resistivity (Lopez & Gonzalez,
1993)

In general, concrete with higher moisture content will have lower resistivity values

compared to that with lower moisture content.
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2.12.1.4 Influence of temperature on concrete resistivity

An increase in temperature increases ionic movement within the concrete pores
which is also related to the concrete resistivity (Layssi et al., 2015; Sengul & Gjarv,
2008; Yuan, Shi, Schutter, & Audenaert, 2009). The relation between a change in
temperature and the rate constant (K) is given by Arrhenius (Eqn. 2.34);

E
K, = A.exp (—ﬁ) 2.34

where Kr = rate of reaction,

A = Constant (frequency factor),

Ea= Activation energy,

R = universal gas constant; 8.314 J/ (mol. K) and

T = temperature in Kelvin (K)
The expression on the right side of Eqn. 2.34 represents the number of collisions
needed to generate enough energy for a reaction to occur. Hence, an increase in
temperature or reduction in the activation energy (Ea) of the system or both will
result in an increase in the rate of reaction K. The plot of the relationship between

concrete resistivity and temperature is shown in Figure 2.27.
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Figure 2.27: Relationship between measured resistivity and temperature (Gowers
and Millard, 1999)

In relation to concrete resistivity, Baboain et al., (2005) and Yuan, Shi, Schutter, et
al., (2009) used Eqgn. 2.34 to assess the migration and diffusion of chlorides into

concrete. Their results showed that higher temperatures resulted in higher chloride
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migration and diffusion coefficients, but there was no difference observed in the
penetration profile. In a separate research by Andrade, Alonso and Sarra (2002), a
pure relationship between an increase in temperature and corrosion rate could not
be established even though the authors affirmed the relationship between concrete
resistivity and corrosion rate.

An increase in the temperature of concrete can cause the moisture in it to dry out
faster than normal thus increasing the concrete resistivity. On the other hand, where
there is sufficient moisture at the level of the steel, an increase in temperature will

cause an increase in the corrosion rate of reinforcement bars.
2.12.1.5 Influence of specimen geometry on concrete resistivity

The current within a mortar or concrete specimen flows along a particular path;
hence in using the Wenner probe device (commonly used in the field and
laboratory) to assess concrete resistivity, the concrete geometry (which is assumed
to be semi-infinite) has been found to affect the concretes resistivity (U. M. Angst
& Elsener, 2013). Measurements taken with the Wenner probe have been assessed
to be correct only when taken in a semi-infinite volume of material in which case
the material thickness must exceed the space between the probes. Significant errors
have been observed in specimens with smaller dimensions, this is due to restriction
of the current path which is forced to flow in a different path other than that
illustrated in Figure 2.17, which results in an overestimation of the concrete
resistivity (Gowers & Millard, 1999). A schematic summary of various
recommendations which include probe spacing, distance of probes from end and

edge of the specimen are presented in Figure 2.28.
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Figure 2.28: Schematic summary of concrete resistivity measurement

recommendations (Gowers & Millard, 1999)

2.12.1.6 Influence of type and quality of aggregates in concrete on concrete
resistivity

The influence of aggregate size and its volume fraction has been found to influence
resistivity measurements. For instance larger aggregates have been reported to
increase concrete penetrability (Ahmad, 2003). The interface between the
aggregates and binder paste presents a more porous medium where chlorides easily
penetrate, with the order of penetration at the interfacial zone between the aggregate
and binder paste reported to be as high as 10 times (Delagrave, Bigas, Ollivier,
Marchand, & Pigeon, 1997; Hobbs, 1999). Hobbs, (1999) and Caré, (2003) also
reported an increase in chloride permeability in concrete mixes with aggregate that
is more permeable than the cement paste. Concrete made with aggregates that are
more permeable than the cement paste may have a low resistivity than that which
is made from impermeable aggregates.

With regards to the volume fraction of aggregates in concrete, Asbridge, Chadboum
and Page, (2001) used PC/metakaolin and reported that there was significant
increase in the chloride diffusion coefficient when the volume fraction of
aggregates (silica glass beads) was increased above 35%. As earlier stated, the
increase in chloride diffusivity may have increased at the aggregate boundaries. The
bond between the aggregates and cement paste may have also influenced their
results. Another research by Wei & Xiao (2011) showed that the concrete resistivity
PC concrete increased as the aggregate volume was increased (from 0 — 70%). The
authors related the elastic modulus of the concrete to its resistivity property. The
property of the aggregate and binders used in these studies may have influenced
their conclusions. It is however reasonable to assume that if impermeable concrete
is used and rightly proportioned, concrete resistivity will increase as the aggregate
volume fraction in the concrete increases. Also, aggregates are generally regarded
as insulators while the cement paste allows the flow of ionic current, hence the
quantity of aggregates in concrete will influence its resistivity. In order to reduce
the influence of aggregates on resistivity measurements, it has been reported that

the spacing between the probes needs to exceed the nominal diameter of the
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maximum aggregate size (U. M. Angst & Elsener, 2013). In order to reduce the
influence of aggregates, it has been suggested that an average of multiple readings
be taken from various locations on the specimen; this will allow for a better
estimation of the concrete resistivity (Morris et al., 1996). The inhomogeneity in
concrete is mostly based on the presence of aggregates, this has been suggested to
be the cause of difference between concrete bulk resistivity and results obtained
using the Wenner probe (U. M. Angst & Elsener, 2013).

2.12.1.7 Influence of electrode contact resistance on concrete resistivity

This occurs when the probes or disc surface is in direct contact with the concrete
surface. In general, high contact resistance increases the total resistance of the
circuit, thereby reducing the current flow through the concrete (U. M. Angst &
Elsener, 2013). To minimize the occurrence of this error, a good electrolytic contact
between the probe electrodes and the concrete surface is required. This can be
achieved by ensuring dry concrete surfaces are moistened with a conductive fluid

or gel and a damp membrane placed between the resistivity meter probes.

2.12.1.8 Influence of embedded steel reinforcement bars on concrete
resistivity

Unlike the one electrode disc method of measuring concrete resistivity which
requires that the electrode is placed on the concrete surface directly over the
reinforcement bar, the placement of the Wenner probe directly over reinforcement
bars affects concrete resistivity readings (Gowers & Millard, 1999). The
reinforcement bars present regions of lesser resistance for current flow which is sent
into the concrete from the outer probes, thereby resulting in reduced concrete
resistivity. To overcome this source of error, the probes need to be aligned at
positions that are transverse (Figure 2.29a) or away from the reinforcement mesh
or bars (Figure 2.29b).
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(a) (b)
Figure 2.29: Positioning of Wenner probes (a) transverse and (b) away from
reinforcement mesh to reduce resistivity measurement error (Lataste, SirieiX,
Breysse, & Frappa, 2003; Rob B. Polder, 2001)

The likely of error in the concrete resistivity measurement is also dependent on the
reinforcement bar spacing, where closely spaced and multiple layers of
reinforcement bars tend to influence the concrete resistivity. The concrete cover as
well as the reinforcement bar diameter has been reported not to have an influence
on the concrete resistivity measurement as compared to measurements are taken

directly over reinforcement bars (Gowers & Millard, 1999).
2.12.2 Factors influencing corrosion rate measurements

Corrosion rate measurements can be affected by a range of factors. These factors
can be classified as chloride content at level of the steel reinforcement, concrete
quality (type of binder, binder content, admixtures, w/b ratio, aggregates, curing,
carbonation), concrete cover and environment conditions such as temperature,

humidity and exposure to moisture (Raupach, 1996a).
21221 Concrete quality

Concrete quality determines the ease with which corrosion causing agents penetrate
from the concrete surface to the depth of the reinforcement. In this section, various
factors that influence corrosion rate in relation to concrete penetrability will be

discussed.
a. Influence of binder and binder content on corrosion rate

A blend of binders such as fly ash (FA), slag (SL) and silica fume (SF) (also
called supplementary cementitious materials, SCMs) with PC have been

identified to improve the durability of RC structures (Arya & Xu, 1995;
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Ballim & Graham, 2009). Typical binder blends used for concrete in
chloride environments consist of PC replacement with FA (15 — 50%) and
SL (25 — 70%) (SCA, 2003; Thomas, 2007). SCMs are also known as

mineral admixtures.

The reduction in corrosion rate of embedded steel reinforcement in
concretes produced from these binder blends (i.e. PC and SCM) has been
attributed to an improvement of the concrete pore structure (by ensuring
denser packing of the concrete matrix due to their fineness) when compared
with PC concretes and their ability to bind chlorides (Harald, 1998; Tuutti,
1982). Some researchers have however reported slightly higher corrosion
rates and a reduction in the chloride binding ability of PC/SF concrete
compared to PC/FA and PC/SL concretes (Harald, 1998; Page & Havdabhl,
1985; Page & Vennesland, 1983). Hence, the PC/FA and PC/SL concrete is
more efficient in binding chlorides and reducing the corrosion rate of steel
embedded in concrete (E. Giineyisi, Ozturan, & Gesolu, 2006).

A comparison of corrosion rates of steel in concrete mixtures of PC concrete
and PC with SCMs (i.e. FA, SL and SF) showed that there was a corrosion
rate reduction of up to 50% in the PC/SCM concrete mixture compared to
the PC only concrete mix. Contrary to PC concrete where the corrosion rate
determining factor has been attributed to the supply of oxygen and the
concrete cover depth, that of the PC/FA, PC/SL and PC/SF concrete
mixtures has been attributed to an improvement in the concrete resistivity
(Scott & Alexander, 2007).

Considering the fineness of FA, a study of 45% and 10% fine portion
fineness of FA showed that the finer portion had a higher resistance to
chloride penetration compared to the less finer portion (Chindaprasirt,
Chotithanorm, Cao, & Sirivivatnanon, 2007). The decrease in the corrosion
rate in concrete made from a suitable proportion of PC and SCMs has been
observed in both cracked and uncracked concrete (M. B. Otieno, 2010;
Scott, 2004).
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The durability property of concrete also depends on its exposure conditions
and durability requirements, hence, various standards have specified a
minimum binder content of 350kg/m?3 to be used in concrete that will be
severely exposed (EN1992-1, 2004).

Influence of concrete admixtures on corrosion rate

This section will consider mainly chemical admixtures. Chemical
admixtures containing chlorides (e.g. CaCl, and some water reducing
agents) have been identified as one of the most common cause of corrosion
initiation of steel in concrete (ACI 201, 1982). Calcium chloride (CaCly) is
an admixture which is commonly used in concrete to accelerate the
hydration of cement in cold weather; however, the chlorides may cause an
early corrosion initiation of the steel reinforcement since the chlorides have

a direct contact with the steel surface.

Though the concentration of chlorides at the level of the steel is of little
significance to the corrosion rate once corrosion has initiated, the presence
of chloride admixtures may result in immediate depassivation of the steel
reinforcement. For concretes in chloride environments, the steel
deterioration may proceed at a higher rate due to further chloride ingress
from the environment (Hunkeler et al., 2005). To reduce the influence of
CaClz admixture in the corrosion process, its use in concrete is limited to
concrete that is exposed to non-chloride environments. A guide to the use
of this admixture is provided in ACI 201 (1982).

Other admixtures such as chromates, nitrites, benzoates, phosphates,
stannous salts and ferrous salts have been used to inhibit corrosion. The
admixtures are divided into two main types; anodic and cathodic inhibitors.
While the anodic inhibitors cause an anodic shift in corrosion potential,
thereby increasing the anodic polarization and passivating the steel, the
cathodic inhibitors selectively precipitate on cathodic areas or slow the
cathodic reaction by increasing hydrogen evolution which causes the steel
concrete interface to become more alkaline due to precipitation of calcium

and magnesium oxides (Popov, 2015). An imbalance in the anodic and
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cathodic reactions hampers the rapid progress of the corrosion reaction; in

some instances, the corrosion rate is significantly reduced.
Influence of water/binder ratio on corrosion rate

The water/binder (w/b ratio), type of binder and binder quantity are some of
the most important factors which influence the corrosion rate of embedded
steel in concrete (Ballim & Graham, 2009). The use of SCMs (FA, SL, SF)
generally results in thereduction of thew/b ratio due to the shape (spherical)
of their particles as compared to that of PC. The relationship between the
w/b ratio and concrete durability can be attributed to the penetrability of
concretes; a concrete with a high w/b ratio (> 0.5) will be more penetrable
compared to one which has a lower w/b ratio (e.g. w/b < 0. 50) (Adiyastuti,
2005; M. B. Otieno, 2010). Figure 2.30 shows the relationship between
various factors (crack width, concrete quality and w/b ratio) which can

affect corrosion rate.
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Figure 2.30: Average corrosion rates of 26 — 31 week specimens showing influence

of crack width, cover depth and concrete quality on corrosion rate (M. B. Otieno,

2010)

Most of the specimens with a w/b of 0.55 (PC — 55, SL — 55) had higher
corrosion rates compared to those with a w/b ratio of 0.40 (PC — 40, SL —
40). Also, much variation was not observed in the corrosion rate of the
uncracked and incipient cracked PC/SL specimens, but a notable effect of

the w/b ratio on the steel corrosion rate was noticed in the PC specimens.
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In general, concretes with low w/b ratios exhibit a more compact pore
structure which restricts the easy penetration of chlorides, oxygen and
moisture into the concrete thereby reducing the time-to-corrosion initiation
and the corrosion rate (Adiyastuti, 2005; Al-Saleh, 2015; Balabanic,
Bicanic, & Durekovic, 1996; Golden, 2015).

Influence of aggregates on corrosion rate

Apart from the cementitious material, the aggregate type and fraction are an
important components which influence concrete penetrability (Hobbs, 1999;
Shi et al., 2012). Though a direct link may not be established between
aggregates and corrosion rate, its influence on the penetrability of the
concrete matrix can be linked to the corrosion rate which to an extent
depends on the concrete penetrability. For instance, the permeability of the
aggregate (porous or non-porous) used in a concrete mix will influence the
concrete penetrability which has a direct link with the concrete durability
with porous aggregates presenting a lower resistance to corrosion initiation
and propagation (ACI 222R, 2001; Shi et al., 2012). Hence, the choice of an
aggregate type will influence the durability performance of any given

concrete.

Reactive aggregates (e.g. those prone to cause alkali-aggregate reaction
(AAR)) are for instance likely to cause concrete deterioration when they
expand; forming cracks which may influence the corrosion of steel
reinforcement by allowing easy ingress of corrosion causing agents (ACI
222R, 2001; Bioubakhsh, 2011). Concrete which are made of aggregate
sizes which are almost equivalent to the cover depth are also more prone to
corrosion. It is advisable that the mean coarse aggregate size is less than the

cover depth.

Aggregates which are contaminated with chlorides can also influence the
corrosion of steel in concrete (Al-Saleh, 2015; Hussain et al., 1995). It is
important to ensure that aggregates used in concrete are free of contaminants
(e.g. chlorides and sulfates); uncontaminated aggregates can improve

concrete durability.
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e.

Influence of concrete curing on corrosion rate

The curing of concrete provides a conducive environment for the hydration
of cement; the concrete or mortar develops (achieves) desired properties
such as compressive strength and durability. Proper hydration of the cement
results in a proper development of the concrete pore structure due to the
filling and segmentation of capillary voids by hydrated compounds thereby
making the concrete more compact; this has been identified as one of the
major factors which contributes to concrete durability (Poon, Wong, & Lam,
1997). The pore structure influences the penetrability of concrete to fluids

(e.g. moisture, chlorides and air).

The curing period of 28 — 90 days has been advocated by most researchers
to allow for PC blends with SCMs to develop superior properties to plain
PC concretes, this period is necessary because the blended cements are less
reactive compared to plain PC concrete (Erhan Giineyisi, Gesoglu, Ozturan,
& Ozbay, 2009). In an assessment of the effect of controlled, uncontrolled
and wet curing of concrete specimens, Gineyisi et al. (2009) found out that
when concrete made from CEM I1/A-M, CEM 11/B-M, CEM I11/A, CEM
V/A were subjected to wet curing, they had better resistance to chloride-ion
penetration than plain PC concrete while specimens that were not cured in
water exhibited unexpected variations in chloride penetrability. The
penetration of chloride ions in this concrete generally decreased with

prolonged curing of up to 180 days.

High corrosion rates (immediately after curing) of up to 10 times that of PC
concrete has been reported in SL blended concretes, this has been attributed
to the presence of sulphides which may affect the thin oxide layer covering
the steel. However, a decrease in the corrosion rate of the PC/SL concrete
over time was later observed. The reduction in the corrosion rate may be
attributed to the development of the pore structure, an increase in resistivity
of the concrete which in turn directly impacts the corrosion rate (Tromans,
1980; Valentini, Berardo, & Alanis, 1990). The concrete curing condition
may be of little importance where the concrete has admixed chlorides, since

the steel is likely to be immediately depassivated (as the steel is in direct
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contact with the chlorides), however, the corrosion rate may be controlled

by the concrete resistivity.
Influence of cover cracks on corrosion rate

The presence of both longitudinal and transverse cracks has been shown to
ease chloride ingress into concrete which will increase the corrosion rate
(Tran & Huang, 2006). Pitting corrosion occurs at points where transverse
and longitudinal cracks intersect with the embedded steel reinforcement
(Scott & Alexander, 2007).

Figure 2.30 shows the influence of cover crack widths on the corrosion rate
of embedded steel reinforcement in PC/SL concrete. The wider cover crack
widths result in higher corrosion rates in both the PC and PC/SL concrete,
though lower corrosion rates were reported in the 0.40 w/b ratio compared
to the concrete with a w/b ratio of 0.50. This indicates that RC concrete

made with a low w/b ratio will result in a low corrosion rate.

Though most researchers have focused on the effect of cover cracks on
corrosion rate, SchieRl and Raupach (1997) and Castel et al. (2003) reported
that the corrosion rate in the cracked zone is considerably influenced by the
condition of the SCI within the cracked region. Ina recent study conducted
by Castel and Jenkins (2015), they assessed the condition of the SCI (using
tomographic images) within the cracked region of beams which subjected
to flexural loads; they observed micro-crack damage in the SCI which
resulted in higher corrosion rates. This damage to the SCI has also been
reported to be linked with severe corrosion damage which has been observed
in tensile steel reinforcement (Papakonstantinou & Shinozuka, 2013). The
effect of air voids underneath horizontal and at reinforcement bar lapping
can also reduce the compactness of concrete around the reinforcement bar
thus weakening the layer of cement hydration products deposited on the
SCI; thereby affecting the protective cover of the embedded steel
reinforcement bar (Bioubakhsh, 2011).
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2.12.2.2 Concrete cover thickness

The cover thickness serves to protect the embedded steel reinforcement since it
limits the amount of corrosion agents (oxygen, moisture, carbon-dioxide and
chlorides) and gives an indication of how soon they will reach the steel
reinforcement. Various cover thicknesses and concrete quality (in terms of
minimum cement content and water to cementitious ratio) are specified in various
codes of structural use of concrete based on the severity of exposure of concrete
elements because it (to an extent) determines the service life of a RC element
(SABS 0100-1, 2000; EN1992-1-1, 2004). It is important to mention that though
the cover thickness is an important factor which determines the corrosion rate,
Balabanic, Bicanic and Durekovic (1996) reported that a change in concrete quality
expressed through the reduction in w/c ratio influences much more the corrosion
rate than an increase in cover thickness (from 5 to 10 cm) of the concrete cover of
the same quality; hence, the efficiency of the cover thickness is to a large extent

dependent on the concrete quality.

With concrete of the same quality, the cover thickness gives an indication of the
time-to-corrosion initiation (Mangat, Khatib, & Molloy, 1994). This is however
valid for uncracked concrete, in cracked concrete where the cover thickness is either
partially or wholly breached (depending on whether the crack reaches the depth of
the steel reinforcement or not), the cover thickness mostly serves to limit theamount

of corrosion agents which are needed to propagate the steel corrosion.

Though the cover thickness provides protection to the steel reinforcement, limits
are set to cover thickness (not to exceed 80 — 100 mm) so as to avoid excessive
cracks due to flexural bending and shrinkage cracks since an excessive cover
thickness will result in a large volume of concrete which is not reinforced (Neville,
1995).

2.12.2.3 Environmental conditions

Environmental conditions present some of the widest variations which affect the
corrosion process. In field structures, these conditions may vary depending on
season or exposure of a reinforced concrete element. Some of the environmental

conditions that have been identified to influence corrosion rate are herein discussed;
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a.

Influence of temperature on the rate of corrosion

Temperature variations generally influence the kinetics of electrochemical
reactions by the loss or gain of kinetic energy (due to decrease or rise in
temperature) by the reacting species. Maslehuddin (1996) investigated the
effect of temperature on corrosion rate of steel reinforcements embedded in
Ordinary PC and sulphate resistant concrete at temperatures between 15°C
— 70°C and found out that the corrosion rate progressively increased up to 2
to 6 times from the initial temperature. This trend has however not been
verified by other researchers who opine that though an increase in
temperature results in an increase in kinetics of chemical reactions, with
regard to embedded steel in concrete corrosion, the corrosion rate is not
wholly influenced by the mean temperature of the structure alone, but it is
also influenced by the relative humidity in the pore system which affects
both the electrolyte and oxygen solubility within the concrete pores (Tuutti,
1982). In investigating the influence of ambient temperature as a rate factor
of steel reinforcement corrosion, Zivica, (2002) found out that the solubility
of oxygen reduced at temperatures higher than 40°C, while the water vapor
tension increased by over 300% (see Figure 2.31). This meant that at higher
temperatures, less moisture is available to support steel corrosion and the
impairment of oxygen dissolution at temperatures higher than 40°C simply
means there will be a reduction in the corrosion rate since there is less
oxygen and moisture at the steel level. A reduction in oxygen and moisture
will hamper the progress of the cathodic reaction thereby leading to an
imbalance of the corrosion reactants and subsequently a reduction in the rate

of dissolution of the metal at the anode.
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Figure 2.31: Dependence of the solubility of oxygen in water and water vapor

tension on the ambient temperature (Zivica, 2002)

Andrade et al. (2002) also identified four weather events which can
influence the corrosion rate of reinforced concrete; day-night cycles,
seasonal cycles, extreme temperatures and rain periods. Inthese weather and
seasonal changes, higher corrosion rates were recorded during the hot
periods of the year compared to colder periods provided temperatures did
not rise above 40°C, wherein the solubility of oxygen in the concrete pore

solution is impeded.

b. Influence of relative humidity on corrosion rate
Relative humidity of concrete is one of the primary corrosion rate-limiting
factors; others are the concrete pH, resistivity, temperature, and oxygen
availability at the steel surface (ACI 222R, 2001). As opposed to concrete
which is indoors or kept in a non-varying exposure condition, the influence
of RH is most pronounced in concrete which is exposed to outdoor
conditions wherein there is a daily or seasonal variation in temperature and
RH (C. Andrade & Alonso, 1996). Outdoor variations such as contact of
concrete with water has been shown to have significant electrochemical
effects on the corrosion propagation phase (Sandberg, 1996). RH of
concrete has been reported to have an effect on its resistivity (higher RH

results in lower concrete resistivity) which in turn governs corrosion rates
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based on the saturation of the concrete cover pores with moisture (Glass,
Page, & Short, 1991; Lopez & Gonzalez, 1993; Raupach, 1996b).
The influence of RH on high-density and low-density concrete is shown in

Figure 2.32;
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Figure 2.32: Corrosion rate as a function of external RH in case of corrosion

initiation due to chlorides for high and low density concretes (Tuutti, 1982)

The corrosion of steel reinforcement is under resistance control when the
relative humidity is lower than 55% because the resistivity of dry concrete
is very large which causes steel to corrode very slowly (Yuet al., 2014). At
higher relative humidity (closer to 100%), the concrete pores are saturated
with moisture which affects the supply of oxygen to support the progress of
the cathodic reaction, this in turn reduces the rate of the anodic reaction
which then lowers that corrosion rate (Raupach, 1996b). Within these range
(55 — 98% RH), the corrosion rate increases and reaches an optimal value at
a RH of about 95%.
c. Influence of cyclic wetting and drying

Unsheltered RC is mostly exposed to wetting and drying conditions which
tend to modify its chloride and carbonation penetration behavior and
concrete elements exposed to this condition have been proven to be most
vulnerable to corrosion damage (Bioubakhsh, 2011). Typical RC elements
which are subjected to cyclic wetting and drying cycles are located within
tidal and splash zones in marine areas, coastal structures exposed to airborne
chlorides, bridge decks and car park slabs exposed to chloride based deicing

salts and other non-sheltered and partially sheltered RC elements.
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2.13

In marine structures, the RC elements are exposed to high chloride
concentration since they are in direct contact with sea water. For instance,
chloride penetration in the submerged zone is very high but active corrosion
is depressed due to low levels of oxygen at the steel level (since oxygen
solubility is low in water). In thetidal and splash zones, chloride penetration
may be lower, but the steel in these zones is prone to corrode more rapidly
due to presence of an ample supply of oxygen at the steel surface (Bardal,
2004; Sandberg, 1996). The removal of corrosion products (in the tidal and
splash zones) from the surface of the corroding steel reinforcement (through
cracks) by a flowing medium (such as water) may cause an increase in the
corrosion rate. When corrosion products are not removed from the surface
of the steel reinforcement, they build up and may impair further ingress of
corrosion agents (e.g. oxygen and moisture) thereby slowing down the
corrosion rate.

In the laboratory, specimens subjected to long drying periods after wetting
(spraying or ponding) with a chloride solution have been reported to have
higher corrosion rates compared to specimens which have a short drying
cycle. The high corrosion rate in specimens which are subjected to longer
drying cycle may be attributed to the increase in oxygen supply at the steel
surface when the RH reaches its optimum value (see Figure 2.32).

Higher corrosion rates have also been reported immediately after wetting
cycles as compared to that at the end of the drying cycle; this however also
depends on the drying and wetting cycle duration (Golden, 2015). The high
corrosion rates coincide with a low concrete resistivity due to increased
moisture content in the concrete. Inthis case concrete resistivity fails to be
corrosion rate-limiting factor; also, an ample supply of chlorides at the steel
surface ensures a steady progress of the anodic reaction, leaving the
cathodicreaction (via reduction of oxygen supply at the cathode by ensuring

short drying cycles) as the corrosion rate controlling factor.

Literature review summary

In this chapter, the durability performance of steel reinforced concrete has been

discussed with specific reference to chloride-induced corrosion. The cause of
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corrosion has been identified as the most common detrimental durability problem
facing steel reinforced concrete structures in coastal environments and areas where

chloride based deicing salts are utilized.

The review of published literature by previous researchers on chloride-induced
corrosion due to 2D chloride ingress contrasts most research work that has been
conducted based on 1D chloride ingress. The 1D chloride ingress has been seen to
dominate in structural elements such as slabs and walls while the 2D chloride
ingress dominates at corners of rectangular beams and columns. With a focus on
the corrosion free life of steel reinforced concrete structures, it has been und erstood
that chloride ingress at orthogonal edges of beams and columns occurs at a rate that
is more than twice that of elements exposed to 1D chloride ingress The higher
chloride penetration rate has been attributed to the interaction of penetrating
chloride fluxes from the adjacent faces of an orthogonal edge. The chloride
penetration rate is further increased when an element is under tensile stress, thus,
the time-to-corrosion initiation is shorter. This brings to light the need for further
studies in this area since most RC structures in service are stressed due to service

loads.

A larger section of reinforcement bars located at orthogonal edges is exposed to
corrosion since the corrosion agents penetrate from the two adjacent faces of the
concrete element. This larger corroding area gives rise to corrosion products which
easily cause the adjacent faces of the concrete edge to crack easily delaminate

thereby exposing more of the steel to the corrosion agents.

While it is appreciable that most of the research reviewed in this chapter indicate
that the corrosion free life of steel reinforcement located at orthogonal corners of
concrete elements can be substantially reduced, the studies have been based on
uncracked concrete, however, in RC design, concrete in the tension zone is assumed
to be cracked. This research further gives insight into the influence of cracks on the
corrosion of steel reinforcement bars that are located at orthogonal edges of
concrete elements. Inadditionto information provided by previous researchers, this
research has investigated the rate at which the steel at orthogonal corners degrade

with time. Assessing the corrosion rate of the corner located steel reinforcement is
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intended to provide information which will assist in ascertaining the deterioration

of the reinforcement bars.
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CHAPTER 3: EXPERIMENTAL METHODS

3.1 Introduction

This chapter presents the materials and methods used in this laboratory based
experimental study. The materials and methods employed are aimed at assessing
the influence of 1D and 2D ingress of corrosion-causing agents on corrosion
initiation and propagation of steel reinforcement bars which are embedded in

cracked and uncracked concrete.

The discussion in this section is focused on the various materials and methods
which have been used in this study (e.g. concrete materials, steel reinforcement
details, specimen preparation and specimen types, corrosion assessment methods,
and depth of chloride penetration and concentration into the concrete after
terminating the chloride ponding and drying cycles). A summary of the

experimental methods and program is provided in Section 3.15.

3.2  Concrete materials for specimen production
3.2.1 Binders

72 RC beams were cast using two different concrete mixes; a blend of PC/FA and
PC/SL (plain PC (CEM | 52.5N, class F fly ash (FA) and slag (SL)). In chloride
environments, various binder blends and mix proportions have been suggested in
literature, however, in this study the choice of the binder blends (PC(70)/FA(30)
and PC(50)/SL(50) herein after referred to as PC/FA and PC/SL) is based on
recommendations by other researchers and their subsequent use in field structures
which has established that these binder blend proportions provide improved
protection against corrosion of embedded steel in concrete (SCA, 2003; Scott &
Alexander, 2007; Thomas, 2007), hence, the use of these binder blends will serve
as a basis for comparison of results obtained in this study with previous research
(Dhir et al. 1996; Otieno 2014; Otieno et al. 2016; Scott 2004). It is worth noting
that though the concrete used in this research may have the same binder blend ratio
with that used in previous research, its resistance to penetration of oxygen, moisture
and chloride ions may vary due to variation in the binder content, w/b ratio and

method of exposure to chlorides (1D and 2D chloride ingress).
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The chemical composition of the binders used in this research was determined with
the X — ray fluorescence method using an S2 ranger X-ray spectrometer analysis
machine; the results are presented in Table 3.1;

Table 3.1: Chemical composition of the binders for concrete production

Chemical Plain Portland Fly ash Slag
compound (%0) cement
CaO 66.26 5.02 38.00
Si,0 18.92 53.95 30.12
Al,O3 4.52 31.08 14.21
Fe,0s 3.01 3.33 1.19
MgO 2.30 1.70 10.60
SOs3 3.33 1.46 3.39
Na,O 0.40 - 0.70
Mn,05 0.21 0.02 0.02
Cr 0.06 0.07 0.04
Cr,0; 0.03 0.05 -
TiO, 0.24 1.66 0.53
P20s - 0.59 -
K20 0.69 0.80 0.97
ZrO; 0.01 0.06 0.03
V,0s - 0.03 -
ZnO 0.01 - 0.01
SrO 0.01 0.14 0.18
Total (%) = 100 99.96 99.99

Source of Materials: PC - PPCement, FA — Dura-Pozz® (Class F Fly Ash), SL —
PPCement

3.2.2 Coarse and fine aggregates

The crushed aggregates used for concrete production in this study were both
obtained from the same parent rock; Andesite rock. The coarse aggregate had a
nominal size of 13.2 mm while the fine aggregate used was unwashed. The
aggregate physical properties are presented in Table 3.2 while the particle size
distribution graph of the fine aggregate is presented in Figure 3.1 (SANS 210:2008).
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Table 3.2: Aggregate physical properties

Physical property  Coarse aggregate Fine aggregate

Relative Density (RD) 2.94 2.94
Water absorption (%) 0.5 0.5
Dry *ACV, % 59 —
Particle shape Angular Angular

Source: Afrisam South Africa Pty (Ltd) (2017); *ACV = aggregate crushing value
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Figure 3.1: Particle size distribution curve of fine aggregate

The coefficient of uniformity and curvature (13.6 and 2.21 respectively) obtained
from the particle size distribution graph shows that the fine aggregate used in the

concrete mix is well graded.
3.3  Concrete mix and compressive strength

The quantity of materials used in the production of the PC/FA and PC/SL concrete
are shown in Table 3.4 and Table 3.5.

Table 3.3: Concrete mix materials

Quantity (kg/m?)
Material i
PC FA SL Water ne  Coarse
aggregate aggregate
PC (70)/FA (30) 355 155 - 205 745 1115
PC (50)/SL (50) 255 - 255 205 780 1135
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Table 3.4: Mean 28 and 90-day concrete compressive strength

Binder type PC/FA PC/SL

Compressive strength (N/mmz)
28 day 90 day 28 day 90 day

59 77 57 71
59 79 59 72
60 77 55 73
Average = 59 78 57 72
Standard deviation; 0.21 0.74 0.24 0.57

To determine the concrete compressive strength, 100 mm cubes were cast from the
same concrete mix which was used to cast the concrete beams. The mean
compressive strength of the concrete was obtained by crushing three (3) cubes at a
loading rate of 0.4N/mm?/sec. While there was no significant difference in the 28-
day compressive strength of the specimens, there was a significant difference in
their 90-day compressive strength; the PC/FA concrete had a higher compressive
strength than the PC/SL concrete. At 90 days, the PC/FA and PC/SL concrete
respectively gained an additional 23% and 21% over their 28-day compressive
strengths. The strength gain after the 28-day curing period may be attributed to the
development of the concrete pore structure due to further hydration of the binder
(Bertolini et al., 2004; Portland Cement Association, Portland Cement

Asscociation, & Portland Cement Association, 2018).
3.4  Steel reinforcement type and preparation

High yield 10 mm diameter steel reinforcement bars were used in this study. Prior
to embedding the reinforcement bars in concrete, they were prepared in accordance
to ASTM G1-90 (2003). Millscale was not removed from the surface of the
reinforcement bars; however, acetone was used to degrease them. A photo of the

section of the steel reinforcement bar used is shown in Figure 3.2.

W U . e T i S e N DCERCEN O N

Figure 3.2: Ribbed steel reinforcement bar

In order to facilitate an effective electrical connection to the reinforcement bars, a
small hole was drilled through one end of each bar, after which a multi-strand

sheathed copper wire of 1.5 mm diameter was passed through the drilled hole and
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securely held in place by winding it round the reinforcement bar. The wires were
extended outside the cast concrete after the reinforcement bars were embedded in
the concrete. The wires served as the electrical connection between the
reinforcement bar (working electrode (WE)) and corrosion monitoring devices that
were utilized in this study (see Figure 3.7). The electrical wire and reinforcement
rod connection points were first sealed with an electrical tape and then coated with

an epoxy paint (abe ®cote 337 epoxy sealant).

After drilling the holes for the electrical wire connection, the mass of each
reinforcement bar was obtained by using a balance which could detect an absolute
mass change of 0.001g (ASTM G1-90, 2003). The bars were then placed in the
concrete. The initial mass (Mi) and final mass (M) of each reinforcement were

respectively measured before and after the experiment.
3.5 Concrete cover

A concrete cover depth to the steel reinforcement of 20 mm was used in all the
specimens to increase the risk of corrosion. Other researchers have also used this
concrete cover (Arya & Ofori-Darko, 1996; Scott & Alexander, 2007). To achieve
this cover and ensure that the reinforcement bars were kept in their desired position
(i.e. at the center or corner of the RC beams) when beam specimens were being cast
and vibrated, wooden spacers were fabricated and attached to the mould ends prior

to the concrete casting (Figure 3.3).

625 mm | 150 mm
=
7 Z E | 7
wooden spacers =
_'l/ Eﬁ —_ -
== = = = *56 r;]; =

Figure 3.3: Longitudinal and transverse section through concrete mould
3.6  Reinforcement details

In order to assess the influence of the reinforcement position (at the corner and
middle of the concrete specimen) and the ingress path of corrosion-causing agents
(1D and 2D) on the reinforcement corrosion, 6 (six) different sets of specimens

were prepared (Figure 3.4). All the reinforcements were placed at a cover depth of
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20 mm from the concrete surface. Below is a description of the various specimen

sets;
a. b. c. d. e. f.
B1D-Y-M N B1D-Y-E N B1D-Y-ES N B2D-Y-M N B2D-Y-E N B2D-Y-ES N
/@\ /@\
/ \ / \
// \\ N s SN \\
/ \ —> —> —> 7/ \
o o ° b___ e | — o —{0 o| —>6____e
ONE O OIOROED EROED O OIEOKED OO
o Uncoated rft Stainless steel N Chloride ingress  Uncoated conc. Epoxy coated
bar rft bar path face — conc. face
_® Epoxy coated rft bar VA
E‘; 1D-¥ S‘P I\‘I—) Specimen number: 1, 2, or3
V [ | y
Binder Chloride Ingress SP = Steel position
FA =PC/Flyash direction UC = Uncracked M = Middle of beam
G =PC/Slag 1D = Uni - directional C = Cracked E = At Edge of beam
2D = Bi - directional ES = At Edge + stainless steel bar

Figure 3.4: Cross section of beam specimens showing chloride exposure,

reinforcement details, and specimen labeling key.

a. Specimens a and d (Figure 3.4a & Figure 3.4d): In these specimens (B1D-
Y-M N and B2D-Y-M N), a single longitudinal reinforcement bar was
positioned in the middle of the beam at a cover depth of 20 mm. This
reinforcement configuration has been utilized by most RC corrosion
researchers where the concrete is exposed to chloride ingress from only one
face (1D chloride ingress) (Michel et al. 2013; Otieno, 2008; Richard et al.
2010; Scott, 2004; Suryavanshi and Swamy, 1996).

The specimens (a and d) will be referred to as concrete with reinforcement
bars in their middle.

b. Specimens b and e (Figure 3.4b & Figure 3.4e): Inthese specimens (B1D-
Y-E N and B2D-Y-E N), the reinforcement bar was positioned at an
orthogonal corner with a cover depth of 20 mm from both the vertical and
horizontal faces of the beam. In the cracked specimens (see Section 3.7),
two reinforcement bars were used in order to prevent shear failure when the
RC beam was mechanically loaded to induce cracks while one
reinforcement bar was used in the uncracked beam specimens. Only the bar
to be monitored for corrosion had an electrical wire connection which was
extended to the outer face of the concrete. There was no electrical

connection to the second reinforcement bar in this specimen set. The bar
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3.7

was also isolated from the other reinforcement bars by coating it with epoxy
paint.

Subsequently, the specimens b and e will be referred to as concrete beams
with reinforcement bars at a corner (i.e. orthogonal corner) or edge.
Specimens ¢ and f (Figure 3.4c & Figure 3.4f): In these specimens, three
longitudinal bars (1 - epoxy coated, 1 — uncoated reinforcement bar and, 1
— 8 mm diameter stainless steel bar) were placed in each of these RC beam
specimens (B1D-Y-ES N and B2D-Y-ES N). The stainless-steel bar was
placed in the compressive face while the other two (epoxy coated and
uncoated) bars were placed on either edge of the tensile face of the concrete
beam. Three equally spaced triangular shaped stirrups were used to keep the
longitudinal bars in their positions within the concrete beam. The stirrups
were epoxy coated to prevent them from corroding since corrosion agents
will reach them before reaching the longitudinal bars. The bars were also
coated to eliminate interference with the monitored corrosion measurements
of the reinforcement bar of interest. As mentioned in specimen b and e, one
of the reinforcement bars in the concrete face which is exposed to chloride
ingress was epoxy sealed while an 8 mm diameter stainless steel bar was
placed in the compressive face of the beam. The stainless-steel
reinforcement bar was electrically connected to the corroding bar with the
aid of an electric cable. The results obtained from these specimens will be
used to assess the corrosion characteristics of a single (isolated)
reinforcement bar which is at an orthogonal corner (exposed to 1D and 2D
ingress of corrosion agents) of concrete with that of a reinforcement bar
which is subjected to the same condition but is in connection to passive bar

(in this case, a stainless-steel bar).

Beam specimen production

The concrete was mixed in a pan mixer and compacted in the mold with the aid of

a vibrating table (Frequency, 50 Hz). Due to limitation in the mix volume capacity

of the mixing pan, three beams were cast per batch of concrete materials. The

concrete was placed in three layers in the mould with each layer moderately

compacted to avoid segregation of its constituent materials. A total of 72 RC beams
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of size 150 x 150 x 625 mm were cast (Figure 3.6). Half of the beams (36 numbers)
had a single transverse crack induced at their mid-span while the other beams were
uncracked. To facilitate the formation of thesingle crack, a notch was created (when
the concrete was being cast) by inserting a removable thin plastic shim of dimension
8 mm deep x 45um thick. The RC beam specimen production plan is as shown in
Figure 3.5.

18 number §
”| [cracked] s ©
| PC(70)/FA(30) g °
36 beams 18 number e 5
) [uncracked] [ = iL
72 RC beams of size S =
150 x 150 x 625 mm 8%
18 number a <
PC(50)/SL(50) [cracked] g o
1 36 beams )
18 number R
[uncracked] O

Figure 3.5: RC beam specimen production

Figure 3.6: Cast beam specimens

To test for the 28 and 90-day concrete compressive strength and durability index
parameters aftermoist curing the concrete for 28 days, two 100 mm cubes were cast

from each concrete batch which was used to cast the RC beams.
3.8 Specimen curing

The RC beams and cubes were covered with a plastic sheet shortly after they were

cast to prevent rapid moisture loss from the concrete to the surrounding
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environment. The concrete specimens were demoulded 24 hours after being cast,
marked, and immediately placed in a curing tank which was filled with potable
water that was maintained at a temperature of 23°C + 2°C. The RC beams were

cured for 28 days while the concrete cubes were cured for 28 and 90 days.
3.9 RC beam epoxy coating

After the 28-day curing period, the beam specimens were air dried (in ambient
laboratory environment) for 7 days. Afterthe drying period, a water dispersed, two-
part epoxy emulsion sealant (abe ®cote 337 tough epoxy paint) was used to seal the
concrete surfaces where penetration by corrosion agents was not desired. This
modified the ingress direction of corrosion agents on the beam surfaces to 1D or
2D (see Figure 3.4). Since the beams were epoxy coated before being cracked,
ingress of corrosion agents through the cracks was not restricted to the 1D and 2D
directions as seen in the concrete surfaces. Application of the epoxy coating after

the cracking process ensured that the crack opening and its walls were not sealed.

At least three layers of the epoxy paint were applied to seal off the concrete faces;
the last coat was left to cure for at least 72 hours before ponding of the specimens

in the chloride solution commenced.
3.10 Cracked and uncracked beam specimens

As earlier mentioned, a total of 72 RC beam specimens were prepared forthis study,
36 RC beams (i.e. a half of the specimens) were cracked transversely at the mid-
span of the beams using the 3-point loading method. To achieve the single crack,
an average load of 7kN was applied at the mid-span of the beams. The other

specimens (i.e. 36 RC beams) were left uncracked.

The pre-cracked RC beam specimens were then fitted onto rigs by clamping them
back-to-back (using a 3 — point loading (3-PL) arrangement) where the load is
applied by a 20 mm galvanized steel rod (see Figure 3.7). This was done to keep
the crack mouths from closing after removing the 3-PL and to simulate service
condition of structures wherein they are loaded during their service life. The need
to keep the cracks open is based on findings from previous researchers that concrete
crack openings tend to seal up due to the formation of ettringite, calcite, and brucite

around the crack opening, accumulation of corrosion products in the crack
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openings, and mineral deposits in in cracks that are exposed to direct contact with
sea water (Tarek Uddin Mohammed, Otsuki, & Hamada, 2003; Mike Otieno, 2008;
Pease, 2010; Shazali, Rahman, & Baluch, 2010). The quantity of ettringite formed
in concrete made with slag and fly ash has been reported to be higher than that of
concrete made of plain Portland cement. The intermittent wetting of the concrete
throughout the duration of this experimental study also favors the formation of

ettringite.

The crack openings were measured using a crack feeler gauge after the beam
specimens were clamped onto the rigs (see Figure 3.7).

20 mm galvanized steel rod .

Electrical wire connections to
Figure 3.7: Typical cracked RC beam loading rig

The crack openings were in the range of 50% below (i.e. =1.6 mm) and 30% (i.e.
0.40 mm) above the 0.30 mm allowable crack width in RC structures (EN1992-1-1
2004; Comité euro-international du béton 1993). This crack width range was
adopted to assess its influence on the corrosion of the reinforcement bars as cracks
below the allowable crack width have been reported to seal due to ettringite
formation (M. Otieno, Beushausen, & Alexander, 2016b; J. F. Pacheco, 2015;
Pease, 2010; O. G. Rodriguez et al., 2003).

3.10.1 Crack width measurement

The mechanically-induced and corrosion-induced crack widths (discussed in

Section 3.13.4) were measured with the aid of a crack microscope (Figure 3.8). The
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microscope had a x50 magnification and can be used to measure crack widthsto an

accuracy of 0.02 mm.

Figure 3.8: Crack microscope
3.10.2 Mechanically induced crack width of specimens

The mechanically induced crack widths in the cracked PC/FA and PC/SL concrete

and their standard deviation are presented in Table 3.5.

Table 3.5: Mechanically-induced crack widths for PC/FA and PC/SL specimens

Eeinforcement Mechanically Mechanically
position/chloride PC{FA induced crack PC{SL induced crack
_ . . Specimen . Specimen .
[ingress direction width (mm) width (mm)
_ FID-C-MI1 0.26 GID-CM-A 0.36
; | FID-C-M2 0.20 GID-C-M-B 0.36
FID-C-M3 0.26 GID-C-M-C 028
34 F2D-C-M1 0.30 G2D-C-MI 022
| FIXD-C M2 0.30 G2D-C-M2 020
) F2D-C-M3 0.38 G2D-C-M3 0.20
FID-C-E1 0.30 G1D-C-El 028
. FID-C-E2 0.30 GID-C-E2 026
FID-CE3 0.38 GID-C-E3 0.26
Lk FXD-CE1 0.30 GIXD-C-El 026
‘ FIXD-CE2 0.28 GID-C-E2 0.28
E— FXD-CE3 0.16 GID-C-E3 0.40
- FID-C-ES1 028 GID-C-ES1 022
{— FID-C-ES2 0.20 GID-C-E52 020
FID-C-ES3 0.26 GID-C-ES3 0.26
e FXD-C-ES1 0.30 GID-C-ES1 020
_ . FID-C-ES2 0.18 GID-C-EZ2 026
' F2XD-C-ES3 0.16 GID-C-ES3 028
hean 027 027
Standard deviation 0.06 0.06

A test on the variance (not shown in Table 3.5) and standard deviation of these
crack widths indicates that the difference in the crack widths of the cracked PC/FA

and PC/SL beams was not statistically significant; hence, the corrosion
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measurement results can be comparable. The minimum mechanically induced crack

width was 0.16 mm while the highest was 0.40 mm wide
3.11 Concrete durability index tests

Concrete durability index tests were conducted after coring the 100 mm concrete
cubes at 28 days of curing (SANS 3001-C0O3-1, 2015; SANS 3001-CO3-2:, 2015;
SANS 3001-CO3-3, 2015). The durability index tests were conducted to
characterize the potential durability of the cover concrete by measuring the
transport of fluids (gases, ionic diffusion and water absorption) through it. The
compressive strength of cured concrete made from a blend of PC with SCMs has
been observed to increase significantly until 90-days; this may also influence its
transport properties. Since the specimens in this study where not cured in moisture
for up to 90 days, only the 28-day DI properties were determined. It is however
reasonable to conduct the 90-day DI tests in concrete with SCMs to investigate if

the results will vary significantly with respect to the 28-day test results.

The three durability index tests which were conducted to determine these
transportation mechanisms through the concrete were; oxygen permeability index

(OPI), chloride conductivity index (CCl)and the water sorptivity index (WSI) tests.

The disc specimens that were used for the durability tests were extracted from the
concrete cubes in the same manner; by using a water-cooled diamond tipped barrel
to core through the center of the cube, perpendicular to the casting direction. The
cores were then cut to the required thickness as shown in Figure 3.9. Two (2) discs
(labeled 1’s in Figure 3.9) with a diameter of 70 £ 2 mm and thickness of 30 + 2
mm were extracted from each cube. The thickness and diameter of the discs were
measured at four equally spaced points around its perimeter. Before conducting the
durability tests, all the extracted discs were preconditioned by oven drying them at
a temperature of 50 + 2°C for a period of 7 days after which they were cooled (in a
desiccator) to room temperature for 2 hours before being used in the durability
index tests. Four (4) discs were used for each of the durability index tests, however,
it is specified that a minimum of 3 results from the disc specimens may be used to

determine the durability index of the concrete.
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Figure 3.9: Durability index test disc extraction from 100 mm concrete cube
(extracted discs shown photo were sourced from SANS 3001-CO3-1: 2015).

3.11.1 Oxygen permeability test

The OPI tests on the samples were conducted according to the specifications in
SANS 3001-CO3-2 (2015). The test results will be used to assess the concrete
quality via the concrete permeability to oxygen. The specimens used were dry and
free of defects (e.g. cracks) which could invalidate the test result. To carry out this
test, the specimen thickness and diameter were measured at four different points
and the mean measurement recorded. The discs were placed over 5-litre cylindrical
oxygen chambers which were kept at an initial pressure of 100 + 5kPa (see Figure

3.10). A cross-section of the OPI apparatus is shown in Appendix H: (Figure H. 1).

Data

acquisition
unit OPl cells

Figure 3.10: OPI test (a) Laboratory equipment
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The pressure decay in the chamber was logged at 15 minutes intervals for a period
of 6 hours; however, thetest was terminated if the pressure in the chamber decreases
below 50 kPa before the 6-hour mark.

The dataobtained from the OPI test specimens denoted the amount of oxygen which
passed through the specimen during the test period. The data collected was

processed using the durability index spreadsheet application.

To analyze the data obtained from the pressure decay in the oxygen chamber, a

regression plot of the time (s) and ln% (the parameters Po and Pt are defined after
t

Egn. 3.1) passing through the 0, 0 point is plotted, the slope of the linear regression

line (Z) was computed using Eqgn. 3.1;

3 (%3)]2

= W 3.1

z

where Py is the initial pressure at the start of the test (at time to) to the nearest 0.5
kPa,

Pt is the pressure at time t, measured from to, to the nearest 0.5 kPa and
tis the time (in seconds) at start of the test.

For the OPI results to be valid, the coefficient of correlation (r?) of the four (4)
specimens used in the test, were greater than 0.99 else the specimen was discarded.
However, discretion was exercised whether to discard a specimen or not, as it was
possible to have very impermeable or alternatively very permeable specimens,
where the r2 value was less than 0.99, but generally achieved 0.98 (SANS 3001-
C03-2:, 2015). In some instances, the test was rerun in order to forestall an
unknown error which may have occurred while running the test initially. The

correlation coefficient (r?) was computed from Egn. 3.2;

21— Z[ti_ Lp,i 22
- [237]
i n
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where tj is the time at any given pressure reading, recorded to the nearest minute, in

seconds

tp,i is the predicted time at the same pressure reading (based on the linear

regression), in seconds (s) and;
n is the number of data points observed.
The value of tp,i was computed from Eqn. 3.3;

In (&) 3.3
pi =,

The D’arcy coefficient of permeability (k) of the test specimen in meters per second
(m/s) was then computed thus from Eqn. 3.4,

_w XV xXgxdxz
B R XAXT

3.4

Where w is the molecular mass of oxygen (0. 032 kg/mol) in kilograms per mole

Vis the volume of the permeability cell (5 liters or 0.005m3) recorded to the
nearest 0.01 liter or 0.00001 m?3

g is the acceleration due to gravity (9.81 m/s?) in m/s2.
d is the average specimen thickness to the nearest 0.02 mm,

z is the slope of the linear regression line passing through the 0,0 point, in

reciprocal seconds (s1)

R is the universal gas constant (8.313 Nm/Kmol), in Newton meters per
Kelvin mole

A is the cross-sectional area of the specimen (m?),
T is the absolute temperature in Kelvin (K).

The OPI for each specimen was computed from the coefficient of permeability (k)

obtained for each test specimen (see Eqgn. 3.5);

OPI = —log ,,(k) 35

The specimen OPI was computed as the mean of at least 3 OPI values.
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31111 Interpretation of OPI test results

The OPI values indicate the ease with which fluids permeate through the concrete
pore structure; thus, there is a relationship between OPI values and the concrete
pore connectivity. A low OPI value is indicative of concrete which has well-
connected pores while one with a higher OPI value indicates poor pore connectivity
(Alexander et al.,, 2008; Alexander, Mackechnie, & Ballim, 1999; Kessy,
Alexander, & Beushausen, 2015).

3.11.2 Water sorptivity index test

The same specimens which were used in the OPI test were also used in the water
sorptivity index test as they had no contact with moisture during the OPI test. This
test was used to obtain the effective porosity of into concrete and water sorptivity
index (in millimeter per square root hour (mm/\hr)). The experimental setup is

shown in Figure 3.11.

_/.’ .
P
.«4."“’%\_
<4

Paper towel
soaked with
| saturated Ca(OH)z
solution

Figure 3.11: Water sorptivity durability index test setup

As with the OPI, the specimen thickness and diameter were measured at four
different points and the mean measurement recorded. Before commencing the test,
a sealing tape was applied to the vertical face of each concrete disc to impede
moisture penetration after which each disc was weighed to obtain its dry mass. A
saturated solution of calcium hydroxide was prepared by adding 5g of Ca(OH)2 per
liter of water. A paper towel folded into 10 plies was laid in a tray and the saturated
solution poured unto it such that the height of the fluid did not exceed 2 mm from

the disc base after it was placed over the soaked paper towel. Before placing the
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discs on the towel, trapped air was gently expelled from beneath it by smoothing

the paper outward towards its edges.

The specimens were gently placed on the soaked paper towel and the mass of each
disc was weighed at 3, 5, 7, 9, 12, 16, 20, and 25 minutes intervals. Prior to weighing
a disc, any excess moisture was wiped off its surface. The discs were weighed
within 10 seconds after being removed from the Ca(OH)2 solution and then
immediately placed back onto the solution. After obtaining these results, the
vacuum saturated mass of the specimens was obtained by keeping them in a vacuum
chamber at a vacuum pressure of — 75 to — 80 kPa for a period of 3hrs + 15 minutes
after which a saturated solution of Ca(OH)2 was allowed into the chamber until it
covered the discs. The specimens were further vacuumed (while in the being fully
immersed in the saturated Ca(OH)2 solution) for another 1 hr. = 15 minutes at a
pressure not exceeding —75 kPa after which air was allowed into the chamber. The
specimens were left in the saturated Ca(OH)2 solution for 18 + 1 hours before they
were removed from the solution, wiped off any excess moisture and then weighed

to obtain their saturated mass (Ms).

Eqgn. 3.6 was used to obtain the porosity (nw) of the concrete to water for each of
the disc specimens;

M, — M
n, = —2—2 %100 3.6
Adp,

Where My is the vacuum saturated mass of the specimen to the nearest 0.01 g,
Mso is the mass of the specimen at time to (Start of test) to the nearest 0.01 g,
A is the cross-sectional area of the specimen to the nearest 0.02 mm?,
d is the average specimen thickness to the nearest 0.02 mm,
pwis the density of water, 10-3g/mm3.

The water sorptivity was obtained by finding the slope (F) from the plot of the mass
gained (Mwt) against the square root of time (see Eqn. 3.7), while the water

sorptivity index was computed using Eqn. 3.8;

M,, = F\T 3.7
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Fd
S=——— 3.8
Mgy — Mo

Where S is the specimen sorptivity in mm/vhr and the other parameters are as
defined in Egn. 3.6 and 3.7.

In this test, a coefficient of correlation of the data of not less than 0.98 was required

from a set of 5 or more data points.
3.11.21 Interpretation of WSI test results

The WSI is most useful in concrete which unsaturated and it is subjected to wetting
and drying conditions. Hence, the WSI measures the ease with which the concrete
surface absorbs moisture through capillary suction. A high WSI indicates concrete
which will easily absorb moisture, while concrete with low WSI value is less prone
to absorb moisture. High water absorption by concrete may be indicative of poor
concrete curing which has a negative bearing on concrete durability and vice versa
(Alexander et al., 2008, 1999; Kessy et al., 2015).

3.11.3 Chloride conductivity index test

The chloride conductivity index (CCl) test result gives an indication of the concrete
resistance to the migration of chloride ions and the porosity of the concrete to
chloride ions. The specimens (i.e. discs) used in this test were saturated using the
same vacuum saturation procedure as that of the water sorptivity index test but the
saturation solution in this test was a 5M sodium chloride (NaCl) solution. Before
saturating the discs, they were weighed to obtain their dry mass and their saturated
mass was also recorded. To determine the CCI of the concrete, each of the discs is
put into the test equipment (see Figure 3.12) which has two compartments on either
side of the disc. The compartments were each filled with 5M NaCl. A cross-section
of the chloride conductivity apparatus is shown in Appendix H: (Figure H. 2). The
test equipment had an anode and cathode wherein a DC power supply was used to
apply a regulated voltage (of about 10V for a period usually not exceeding 10
seconds) through the specimen, while the current and voltage across the specimen

was simultaneously being recorded.
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Figure 3.12: Arrangement of CClI test set up (SANS 3001-C0O3-3, 2015)

The CCI was computed from Eqn. 3.9;
_id
T va
Where o is the specimen conductivity (mS/cm)
i is the electric current measured across the specimen (mA)

d is the average thickness of the specimen (cm)

3.9

V is the difference between the applied voltage and the measured voltage

across the specimen (V)

A is the cross-sectional area of the specimen (cm?)

The mean chloride conductivity of the 4 specimens was taken as the concrete CCI.

The porosity of the concrete to chloride ions (nc) was determined from Eqgn. 3.10;

nCl - Adps

- M x 100 3.10

Where nci is the porosity as a fraction of the volume of the specimen occupied by

the chloride solution, as a percentage (%)

Msv is the vacuum saturated mass of the specimen to the nearest 0.01 g,

Mg is the mass of the dry specimen determined to the nearest 0.01 g,

A is the cross-sectional area of the specimen to the nearest 0.02 mm?,

d is the average specimen thickness to the nearest 0.02 mm,

ps is the salt solution density (1.19 x 10-3 g/mm?)
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3.11.31 Interpretation of CCI test results

Concrete which has high chloride conductivity means chloride ions will easily
diffuse into it while one with low chloride conductivity will have fewer chloride
ions diffusing into it. The effective porosity of the concrete is used to assess the
chloride intake of concrete in saturated conditions. The effective porosity is
important in determining the potential durability of concrete that will be fully
submerged in chloride solution (Alexander et al., 2008, 1999; Kessy et al., 2015).

3.12 Chloride ponding; wetting and drying cycles

A solution containing NaCl salt (i.e. 5% by mass) in potable water was used as the
ponding solution. The specimens were placed horizontally and fully submerged in
the chloride solution in a chloride bath which was covered with a polythene sheet
to minimize moisture evaporation which could result in an increase in chloride

concentration during the test.

The uncracked and cracked specimens were fully immersed in the chloride solution
for 2 weeks after which they were removed and left to dry in ambient laboratory
condition (temperature; 20 = 5°C and relative humidity; 40 £ 10%) for another 2
weeks. Hence a complete cycle (i.e. 4 weeks) consisted of 2 weeks of chloride
ponding and 2 weeks of drying in ambient laboratory condition. This cycle (wetting
and drying) was repeated throughout the experimental phase of this study. The
possible influence of the adopted ponding method and the specimen epoxy sealing

on the corrosion rate results is discussed in Section 4.4.3.
3.13 Steel corrosion measurement and assessment

The steel corrosion was monitored by using monitoring the steel corrosion rate,
concrete resistivity and half-cell potential readings. These readings were taken
approximately 24 hours after the specimens were removed from the ponding
solution, this was to avoid the influence of surface saturation (Hope, Ip, & Manning,
1985; Hussain et al., 1995). Another set of readings (not presented in this report)
were also taken a day before the specimens were returned (after air drying for 2

weeks) into the ponding tank (for the next wetting cycle).
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Visual inspection of the RC beams for signs of corrosion-induced cracks and rust
stains was undertaken along with previously mentioned electrochemical corrosion

measurements. Corrosion of the specimens was monitored over a 27-month period.
3.13.1 Steel corrosion potential measurement

The steel corrosion potential was measured using the Cu/CuSQO4 half-cell meter (see
Figure 3.13).

Reference electrode
connection

Reference electrode

Working electrode (Copper/Copper
connection sulphate)
Voltmeter
Damp
material

Steel reinforced
concrete beam

S
RESEH ~
-

Figure 3.13: Cu/CuSOg4 half-cell meter

This method is suited for equipotential mapping of RC structural elements; as it
identifies areas that are most liable to corrode (see Table 2.3). Though this method
is easy to use, it does not give an indication of the corrosion rate but rather provides
the probability of steel corrosion (ASTM C876-09). To conduct this test, an
electrical connection to the corroding reinforcement bar is required. In this study,
the electrical connection was achieved by means of attaching an electrical wire to
the steel reinforcement before it was cast into the concrete. The electrical wire was

extended out of the concrete beams as illustrated in Figure 3.7.

Two sets of corrosion potential readings were collated from the RC beam

specimens;

i. At the end of the wetting cycle: This datawas measured 1-day (= 24 hours)
after the specimens were removed from the NaCl (ponding) solution. This
procedure was adopted in order to mitigate the influence of concrete pore

saturation on the measurement being taken.

ii. At end of drying cycle: Afterair drying the RC beam specimens in ambient

laboratory conditions for 2 weeks, this set of readings were taken 1 day (=24
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hours) before the specimens were returned into the NaCl solution for the next

wetting cycle.

Though these readings may be used to monitor the effect of wetting and drying on
the corrosion potential of the embedded steel reinforcement bar, only measurements
taken at the end of the wetting cycle are reported in this study. They were
subsequently used in interpreting the corrosion characteristics of the specimens.
The data obtained at the end of the drying cycle was not used as it was presumed
that since the specimens were not kept in a controlled environment (where
temperature and humidity is regulated); they may have dried out at different rates
thereby having an influence on the corrosion measurements while using the
measurements that were obtained 24 hours after the wetting cycle will limit the
influence which may arise due to variation in the drying rate of the specimens. It is
worth noting that the measured HCP at the end of the wetting cycle was more
negative than that observed at the end of the drying cycle, the difference in these
values was due to a variation in the degree of saturation of the concrete pores with
time as the specimens were left to air dry (RILEM TC 154-EMC, 2003).

An Elcometer half-cell meter (model 331 HM) was used in this study to monitor
the corrosion potential of the steel reinforcement. This hand held device consists of
a Cu/CuSOa4 probe, a half-cell meter which can measure a voltage range of —999mV
to + 999mV with an accuracy of + 5mV when operated within a temperature range
of 0°C to 50°C and two (2) connection wires (one connection each to the half-cell
meter from the Cu/CuSQO4electrode and working electrode) (Elcometer Ltd.,2012).
The equipment was operated within this temperature range; therefore, its accuracy
was assumed to be within the prescribed range. The half-cell measurements were
interpreted in line with the provision of ASTM C876 (2009) which was presented
in Table 2.3 & Table 2.4.

3.13.2 Concrete resistivity measurement

The concrete resistivity was also monitored aftereach wettingand drying cycle (see
Section 3.13.1). In this study, the single disc electrode—disc method was used to
obtain the concrete resistivity (see Section 2.11.3). This method utilized a

connection from the device to the reinforcing steel; hence the measured concrete
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resistivity is that of the concrete cover. The electrode-disc device used for this test
was an integral part of the Coulostat V111 device which was also used to measure

the corrosion rate.

Though the Wenner probe has been widely used in corrosion studies, the electrode—
disc method was also used in this study since the concrete resistivity will be taken
close to the concrete edge. This method mitigates identified errors which are
encountered when taking concrete resistivity measurements close to the concrete
edge with the Wenner probe (Gowers & Millard 1999; Hornbostel et al. 2013). The

method used in processing the measured reading is presented in Appendix A.
3.13.3 Corrosion rate measurement

In this study, the coulostatic method (using a Coulostat V111 device) was used to
measure the instantaneous corrosion rate of the embedded steel reinforcement bar
in concrete. The method used is essentially a linear polarization resistance method
but instead of monitoring the response of the applied potential over a period of time
(usually a minute), the coulostat measures the relaxation (potential transient) of the
steel potential afterthe application of a known amount of small current (10 —20mA)
for a few milliseconds (<10 ms). The potential transient was monitored for about
50 seconds; 20 seconds before applying the potential and 30 seconds after it is
applied to monitor its decay. The coulostatic device is connected to a computer unit
wherein the corrosion datais logged and the corrosion rate (in pA/cm?) is computed
with the aid of the device software. The Stern Geary constant; B= 26 mV, was used
to compute the corrosion rate (this value of B is assumed for depassivated steel)
(RILEM TC 154-EMC, 2004).

The used coulostatic device has 3 (Silver/Silver chloride; Ag/AgCl) reference
electrodes which are equidistance from each other with the median reference
electrode located at the center of the stainless-steel counter electrode (see Figure
3.14). The reference electrodes (of fixed and known potential) measure the potential
decay in the working electrode after it is polarized with a small current of known
intensity from the counter electrode (diameter = 60 mm) that is placed on the
concrete surface which lies directly over the reinforcement bar. Thus, the polarized

area of the reinforcement bar (= ndl; where d is the reinforcement diameter, and | is
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the diameter of counter electrode) is assumed to be equivalent to the section which
lies directly below the counter electrode. The use of the polarized area to compute
the corrosion rate assumes that the reinforcement bar is subjected to uniform
corrosion, which is not the case in chloride-induced corrosion as pitting corrosion
is the dominant type of corrosion. The corrosion rate will vary based on the
parameter (polarized area or steel diameter). Since the actual polarized area of
reinforcement bar is unknown, its diameter was used as an input parameter for

determining its corrosion rate.

Computer for data
acquisition and processing

¥

Figure 3.14: Corrosion rate measurement setup — coulostat method

Two corrosion rate measurements (as with the corrosion potential in section 3.13.1)
were taken during the course of this study; 24 hours after the end of the wetting
period and 24 hours before they are returned into the chloride solution (i.e. at the
end of the drying cycle). Only the corrosion measurements taken at the end of the
wetting cycle are presented and subsequently used in the analysis. The reading
taken at the end of the drying cycle was not utilized due to possible variation in
drying rate of the specimens which may influence the corrosion rate measurements
since the specimens were left to dry in ambient environment. The corrosion rate
measurements were taken about the mid-span of both the cracked and uncracked

beam specimens.
3.13.4 Visual observation

Specimens with corrosion stains and corrosion induced cracks were identified and
reported and the corrosion-induced crack widths were measured with a crack

microscope (see Figure 3.8). The measured crack widths and lengths are both
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reported in millimeters (mm). The crack length was measured along its length by

using a flexible string and then read off after being stretched along a scaled ruler.

The corrosion-induced crack damage on the specimen sets were characterized by

using the crack-factor which was proposed by Poupard et al. (2007) (Egn. 3.11).

N
crack factor = Z length(i) x width (i) 3.11

=1
Where N is the number of cracks on the considered beam face.

The crack-factor integrates the product of the crack lengths and their widths thus
making it easy for them to be characterized. The crack-factor values were compared
to the corrosion rate to determine if it has an influence on the corrosion rate of the
steel reinforcement bars. The maximum corrosion-induced crack width was used in
the crack-factor computation; this crack width was used because it signified the
highest corrosion risk to the steel reinforcement as it will allow easier ingress of

corrosion-causing agents.
3.13.5 Reinforcement bar mass and corrosion pit depth measurement

The steel mass loss will be assessed in order to validate the hypothesis that the
reinforcement position within the concrete and chloride ingress directions has an
influence on its damage characteristics. To access the mass loss, the reinforcement
bars were removed from the concrete after terminating the wetting and drying
cycles. They were then wire brushed to remove any concrete and rust in accordance
with the provisions of ASTM G1-90 (2003), then cleaned with acetone. The
reinforcement bars were then weighed to determine their mass loss over the period
of the experiment. To assess the corrosion pit depths, the diameter of the
reinforcement bars was measured at 5 mm intervals using an outside divider and

digital Vernier caliper (Figure 3.15).

Figure 3.15: Outside caliper dividersand Vernier calipers
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3.14 Chloride penetration profile measurement

The chloride penetration profile was assessed at the end of the chloride exposure
cycles (end of the experiment). The chloride profile was determined by analyzing
the percentage of acid soluble chlorides per weight of binder. This method is more
reliable and has been widely used and reported compared to the determination of
water soluble chlorides (Mackechnie & Alexander, 2001). The concrete dust was
obtained using a 14 mm diameter drill bit for specimens exposed to 1D chloride
ingress, while an 8 mm drill bit was used to obtain dust at the corners of the
specimens exposed to 2D chloride ingress. The concrete dust to be analyzed for
chlorides was obtained by collecting drilled dust (fromat least 3 positions) at 5 mm
depth intervals from the concrete surface to a maximum depth of 25 mm (ASTM-
C1543 - 10, 2010; ASTM C1218/C1218M, 1999). A depth of 25 mm was chosen
since it slightly extends beyond the reinforcement cover depth used in this study;

i.e. 20 mm.

To determine the percentage weight of chloride in the extracted concrete sample,
the drilling was performed perpendicular to the exposed surface for 1D chloride
ingress while that of the 2D chloride ingress was drilled at 45° to the concrete corner
(Figure 3.16). To collect the concrete dust at the beam corners, 5 mm was
chamfered off the edge to ease the drilling. The beam was clamped to a drill press
during the dust sample collection. This method of concrete extraction for chloride
analysis was suggested and used by Zhang, Sun, Liu, et al. (2011). The chloride
profile taken at the angle of the specimen denotes the influence of the chloride

penetration from two adjacent directions of the specimen.

Chloride /Chloride profile
profile — i J~ sampling for 2D
sampling for - chloride
1D chloride penetration (taken
penetration at 45°angle at the

specimen edge)

Figure 3.16: Cross section of 1D and 2D chloride profile sampling
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3.14.1 Determination of acid-soluble chloride concentration in concrete

The chloride in concrete can be either bound within the concrete paste and
aggregates or exist as free chloride in the pore solution. The corrosion of
reinforcement bars has been thought to be induced by the presence of free chlorides
at the surface of the reinforcement bar. The measurement of free chlorides is not
well defined as the value obtained can be influenced by temperature, nature of the
sample and duration of the extraction steps. Due to these shortcomings in
determining the free chlorides, the use of acid soluble chlorides has been widely
adopted as a means to measure the chloride concentration (ACI 222R, 2001; A.
Castel et al., 2003a; Hope, Page, et al., 1985). In general, the acid-soluble chloride
content per dry concrete (in % by mass) is usually assumed to represent the total
chloride content (U. Angst, 2011).

A linear relationship between the concentration of totaland free chlorides in a given
sample has been reported, hence an increase in free chlorides has been directly
related to an increase in total chlorides (T. U. Mohammed & Hamada, 2003).
Therefore, the amount of total chlorides can be related to the quantity of free

chlorides in a mortar or concrete sample.

The RILEM TC 178 (2002) recommendation was used to determine the chloride
concentration in the concrete powder that was drilled from the holes. The chloride
content was expressed as a percentage of the relative weight of the binder (% CI)

calculated using Eqn. 3.12;

3.5453 Vg M, (V, — V)
mv,

%Cl = 3.12

where Vag is the volume of AgNO3z added (in cm?)
Mag is the real molarity of the AgNOs3 solution (0.05M)

V1and V2 are the volumes of ammonium thiocyanate (NH4SCN)in cmq used

in the sample and blank tests respectively and,
m is the mass of binder in 1 gram of concrete powder (g)

Figure 3.17ato ¢ shows the change in color of the of the PC/FA and PC/SL concrete
samples when testing for the total chloride content in the concrete (before titration
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and after titration). Hydrogen peroxide (H202) was added to the slag concrete
sample to prevent sulfide interference with the result (Castellote & Andrade, 2001,
RILEM TC 178, 2002).

(b) (c)

Figure 3.17: Change in color during acid-soluble chloride test (a) PC/FA sample
after adding indicator (b) PC/SL sample after adding indicator and H202 (c) after

titration

Two titration tests were performed per sample of concrete dust that was collected

in each depth interval.
3.15 Summary of experimental methods

A summary of the activities to be undertaken in this study is presented in Figure
3.18.
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Reinforcement preparation Concrete mix
- Degreasing, fixing of - PC(70)/FA(30)
reinforcement cage and —| - PC(50)/SL(50)
connection to electrical

wires

Concrete casting
- 36 PC/FA RC beams
- 36 PC/SL RC beams

Concrete cube casting
24 Cubes (100 x 100 x 100 mm)

¥
¢ 28-day concrete curing
l 28-day concrete curing ‘
Compressive DI test preparation
Epoxy coating of concrete surfaces strength test - Coring after 28-day
to allow 1D and 2D chloride ingress —l - 28-day curing period
- 90 day - Conditioning the discs
Uncracked RC beam specimens ] Cracked RC beams
3 point load mechanical cracking of i
beams
L] Dl tests
- RC beam clamping on loading 1. Oxygen permeability index
Pond \FI{VCE-tI;e;:n\;CfIt_)Iril 4 rigs 2. Water sorptivity index
. N < T 3. Chloride conductivity index
days in 5% NaCl solution y
P 2 DRY CYCLE:
Conduct Corrosion Dry in ambient
Assessment tests; le | laboratory condition for

1. HCP 14 days
2. Corrosion rate
3. Concrete resistance

4. Visual defects (e.g.
cracks, rust stains)

Was the
corrosion
assessment done
at the end of the
wet cycle?

Is there significant
corrosion activity in
majority of the
specimens?

Yes

Chloride analysis sample collection and
preparation
- Obtain 2g concrete dust by drilling into RC
beams at 5 mm depth increments - collect dust up
to 25 mm from concrete surface
- Dry sample (dust) at 100°C for 24 hours
- Sieve sample through 0.16 mm sieve

!

Conduct acid-soluble chloride concentration analysis test

v

Remove steel reinforcement bars from the concrete beams

!

Clean reinforcement bars
- Wire brush
- Clean with acetone

¢ Result analysis and discussion of
findings, summary, conclusions,

and recommendations for further
research

Weigh the reinforcement bars to
determine their mass loss and
Measure corrosion pit depths

Figure 3.18: Flowchart of experimental program
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Introduction

In this chapter, the durability index test results, corrosion potential, corrosion rate,
concrete resistivity, corrosion-induced cracks, steel mass loss due to corrosion,
pitting depths, and chloride concentration at various distances from the concrete
surface are presented and discussed. In this study, the durability index test results
will be most applicable to the uncracked concrete specimens. In the cracked
concrete specimens, the penetration of corrosion agents will be influenced by the

presence of surface cracks and the imposed flexural stress.

The results in the cracked and uncracked (PC/FA and PC/SL) concretes will also
be discussed based on the reinforcement location within the concrete (at middle (-
M-), edge (-E-), and at the edge of the concrete beam with a stainless-steel bar (-
ES-) and the ingress direction of corrosion agents (1D and 2D) into the concrete
(see Figure 3.4). Within this text, the term chloride ingress direction will be used
interchangeably with the ingress direction of corrosion agents. The reinforcement
nomenclature that will be used to describe the location of the reinforcement bar

within the concrete is (see Figure 3.4);

a. Middle (-M-), for reinforcement bar which is placed at the middle of the
concrete beam

b. Edge (-E-), for concrete with reinforcement bar that is located at an
orthogonal edge/corner, and

c. Edge with stainless steel bar (-ES-) for concrete which has a steel

reinforcement bar that is connected to a stainless-steel bar

The commencement of the chloride ponding and drying cycles is denoted as week
zero (0) in the corrosion potential, concrete resistivity, and corrosion rate plots;
these plots are also 3—point moving average. Appendix A. has further details of the
techniques (e.g. outlier identification) which were used to process the results

presented in this chapter.

The results are discussed based on observed trends within the first few weeks (week
0 — week 52) after commencing the study while the mean(s) of the results obtained

in the last the 52 weeks of the experiment were plotted, and the observed trends
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discussed. In some instances, the mean of the last 52-week results provided trends
that were not notable when the overall mean of the experimental data was used.
This data was assumed to represent the corrosion propagation phase which
proceeded at a significantly different rate to the results obtained earlier in the

experiment.

The error bars used in some of the plots represent one standard deviation of the data

being considered.
4.2  Concrete cover quality

The quality of the concrete cover to the reinforcement bar is its measure of
resistance to the ingress of corrosion agents (chlorides, oxygen, and moisture). To
assess the potential durability performance of the concretes used in this study, the
durability index (DI) parameters were assessed using 28-day moist cured concrete

(see Section 3.11) and the results are presented in Table 4.1.

The potential durability performance of concrete is assessed on the basis that the
concrete is void of defects such as cracks since the presence of cracks in concrete
has been identified to significantly influence the transport mechanism of fluids
through it (Audenaert et al., 2009; Mike Otieno, 2008; Pease, 2010; O. G.
Rodriguez et al., 2003; Scott & Alexander, 2007; R. Zhang et al., 2010). The DI
results will aid in the interpretation of the data obtained from the specimen

corrosion measurements.

Table 4.1: Durability Index test results

PC/FA PC/SL

3 |Durability indices
= Mean S.D.(c) Mean S.D. (o)
g Oxygen permeability 1055 0.26 10.88 0.33
G |Chloride conductivity (mS/cm) 0.56 0.10 0.11 0.01
O Porosity (%) 371 0.10 2.07 001
& |Water sorptivity (mm/hr°'5) 7.98 0.48 6.12 0.14

Porosity (%) 9.85 0.31 739 001

S.D: standard deviation; COV: Coefficient of variation; OPI: Oxygen
permeability index; CCI: Chloride conductivity index; WSI: Water sorptivity index
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An independent two-tailed t-test with a 95% confidence interval was used to test if
there is a significant differencein the values of the durability parameters (OPI, CClI,
and WSI) shown in Table 4.1. The t-test details are presented in Appendix F: while

a summary of the t-test results is presented in Table 4.2.

Table 4.2: Independent t-test result summary of DI parameters

Durability index parameter p-value Difference
OPI 0.255 Insignificant
Ccl 0.003 Significant
Porosity (Chloride conductivity test) 5.68E-05 Significant
WSI 0.002 Significant

Porosity (Water sorptivity test) 3.87E-04 Significant

The probability values obtained from the t-test indicate that there is a significant
difference in the CCI, WSI, and porosity of concrete. Apart from the OPI results
which have an insignificant difference, the other DI values indicate that the PC/SL
concrete has a higher resistance to chloride penetration and water absorption. This
implies that the PC/SL concrete will have higher resistivity values compared to the
PC/FA concrete. Its porosity of the PC/SL concrete in the CCI and WSI test is also
lower than that of the PC/FA concrete. From these results, it can be concluded that
the PC/SL concrete will perform better than the PC/FA concrete when exposed to

a chloride environment.
4.3  Corrosion potential of reinforcement bars

The trends of measured corrosion potentials are presented in Figure 4.1 to Figure
4.4, while a plot of the mean corrosion potential of the various concrete specimens

Is presented in Figure 4.5.
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Figure 4.1: 3-point moving average for corrosion potential of uncracked PC/FA

specimens exposed to 1D and 2D chloride ingress
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Figure 4.2: 3-point moving average for corrosion potential of uncracked PC/SL

specimens exposed to 1D and 2D chloride ingress

500 1 ——F1D-CM —=—F1D-C-E
—+—F1D-C-ES -+ F2D-C-M
40 1 —F2D-C-E —e—F2D-C-ES X -
§-4oo ] 2 v
T 850 | —— T RZ R e e - S
E 300 .... 9—.
D - =
§_ <
= 250 o
=] =)
8 -200 1 —* bl e e — — — — — — — —- —_ g
5 ) ‘ S
8 -150 2
>
-100
-50 T T T T T T T T T T T T T )
0 8 16 24 32 40 48 56 64 72 80 88 96 104 112

Time (Weeks)

Figure 4.3: 3-point moving average for corrosion potential of cracked PC/FA

specimens exposed to 1D and 2D chloride ingress
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4.3.1 Corrosion potential in uncracked reinforced concrete

The corrosion potential of the uncracked PC/FA and PC/SL concrete decreased
significantly (i.e. they became more negative) within the first 10 weeks after
commencing the chloride ponding. The poor development of the concrete pore
structure and rapid ingress of chlorides by capillary suction into the concrete within
this period may have resulted in this decrease in the corrosion potential. After the
10t week, a different trend in the corrosion potential of the PC/FA and PC/SL
concrete was observed. In the PC/FA concrete, the corrosion potentials became
more positive after the initial drop and became fairly uniform after the 32" week
(see Figure 4.1). The mean corrosion potential of the PC/FA concrete specimens
that were exposed to uni-directional (1D) ingress of corrosion agents had a
corrosion potential which was notup to —200mV. On the other hand, all the concrete
specimens that were exposed to 2D ingress of corrosion agents had corrosion
potentials that were more negative than —200 mV. The increase in negativity of the
corrosion potentials of the concrete specimens was of the order; F1D-UC-M< F1D-
UC-ES < F1D-UC-E < F2D-UC-E < F2D-UC-ES < F2D-UC-M. The specimens
with the most negative corrosion potentials were exposed to 2D ingress of corrosion
agents (see Figure 4.5). Although specimen F2D-UC-M had the most negative
corrosion potential, its corrosion potential was not significantly different from those

of F2D-UC-E and F2D-UC-ES specimens. Since the mean corrosion potentials of
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the uncracked PC/FA concrete specimens at the end of the experimental duration
was less than -350mV, it was concluded that active corrosion did not commence in

these specimens.
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Figure 4.5: Mean corrosion potential of reinforcement bars in concrete (week 54 —
week 110)

The corrosion potentials of the PC/SL specimens were more negative than those of
the PC/FA specimens. The corrosion potential of these specimens also decreased
significantly in the 10" week after commencing the chloride ponding; this trend
was also observed in the PC/FA specimens. However, unlike the observed near-
constant corrosion potential of the PC/FA concrete (after the 32"d week), the
corrosion potential of the reinforcement bars in the PC/SL concrete fluctuated
significantly (See Figure 4.2).

The lower corrosion potential and its significant fluctuation during the wetting and
drying cycles have been identified to be caused by the presence of sulfides in slag
concrete. The sulfides consume oxygen in the concrete which is needed for the
development of the passive protective layer at the steel surface (Patterson, Daffner,
& Gallo, 2005; Scott, 2004). Hence, the steel does not get passivated; however, as
more oxygen becomes available at the steel surface, it becomes passivated, thus
resulting in a reduction in the corrosion potential. The PC/SL concrete with
reinforcement bars at its middle had the most positive corrosion potential while

those with reinforcement bars at the corners had the most negative corrosion
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potential. The corrosion potential decreased in the order; G1D-UC-M < G2D-UC-
M < G2D-UC-ES <G1D-UC-E < G1D UC-ES < G2D-UC-E. The specimen G2D-
UC-E had the least corrosion potential which was more negative than -350mV, this
indicates that the risk of commencement of active corrosion is greater than 90%
(see Table 2.3).

The concrete with reinforcement bars close to its edge (E) had the most negative
corrosion potential than those with reinforcement bars at the middle (M) of the
concrete. While all the PC/FA specimens exposed to 2D ingress of corrosion agents
had the least corrosion potential, the same trend was not observed in the PC/SL
concrete in which specimens with reinforcement bars near the concrete edge
(exposed to either 1D and 2D chloride ingress) had the least corrosion potential.
The PC/FA and PC/SL specimens, F2-UC-M and G2D-UC-E exposed to 2D

ingress of corrosion agents had the least corrosion potential.

The corrosion potential results of the uncracked PC/FA and PC/SL beam specimens
exposed to 1D and 2D ingress of corrosion agents with the stainless-steel bar and
corroding bar (i.e. specimens with ES notation) will be discussed after the corrosion

rate and concrete resistivity results are considered.
4.3.2 Corrosion potential of the cracked concrete

The corrosion potential of steel in the cracked concrete was generally more negative
than that of steel in the uncracked concrete, thisis likely due to the ease with which
the corrosion agents reached the reinforcement bar via the cover cracks (Branko &
Erik, 2012; Chun-ping et al., 2015; Tarek Uddin Mohammed, Otsuki, Hisada, &
Shibata, 2001; M. Otieno et al., 2016b; Scott, 2004). The first corrosion potential
measurements (taken after the first wetting cycle) were below —200mV (see Figure
4.3 and 4.4). The measurement of the corrosion potential shortly after removing the
concrete from the chloride solution influenced these results since the concrete pores
are saturated with the chloride solution thereby impeding the availability of oxygen
at the steel surface; lack of sufficient oxygen at the steel surface has been reported
to cause very negative corrosion potential measurements since the steel is not
passivated (Broomfield, 2007). As stated earlier in Section 2.12.1, the moisture

content of RC affects its corrosion potential (see Table 2.4 for corrosion potential
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of concrete with various moisture contents). To avoid the recurrence of these
measurements which could lead to error in interpretation of the corrosion potential
measurements, the corrosion potentials were measured 24 = 6 hours after the

specimens were removed from the chloride solution.

In both the PC/FA and PC/SL cracked concrete, the most negative corrosion
potential was observed in the concrete exposed to 2D ingress of corrosion agents
with reinforcement bars at its edge (F2D-C-E and G2D-C-E). In the cracked
concrete exposed to 1D ingress by corrosion agents, the specimen F1D-C-E had the
most negative corrosion potential while the G1D-C-E specimen had the most
positive corrosion potential. The reason for the more positive corrosion potential in
the slag concrete is not clear, but it may be related to the stifling of the ingress path
of corrosion agents by corrosion product build-up on the steel surface (Tracy Dawn
Marcotte, 2001; Mike Otieno, 2008). Although ettringite is widely reported to be
formed in the early stages of concrete hardening, its delayed formation has also
been reported, thus, it is also possible that the crack openings were sealed by
ettringite formation thus reducing access of corrosion agents to the reinforcement
bar surface (Cigrovski, 2011; PCA, 2001).

Itwas observed that the proximity of the reinforcement bar to the concrete edgeand
the ingress direction of corrosion agents resulted in corrosion potentials that were
more negative than -350mV, thus indicating a high probability thatactive corrosion
has commenced in these specimens. Similar corrosion potentials were also observed
in both the PC/FA and PC/SL concrete specimens (i.e. 1D-C-M, 2D-C-M and 1D-
C-ES, 2D-C-ES), but the corrosion potential of the specimens exposed to 2D
chloride ingress was more negative to that exposed to 1D ingress of corrosion
agents. In these specimen sets, the 1D-C-ES and 2D-C-ES specimens had the most
positive corrosion potential. Their corrosion potential may have been influenced by
the stainless-steel bar which is electrically connected to the corroding reinforcement
bar. The corrosion characteristics of the specimens with the stainless-steel bars will

be discussed alongside their corrosion rate and concrete resistivity results.

Lastly, most specimens that attained a corrosion potential that was more negative
than —350 mV were exposed to 2D chloride ingress or they also had reinforcement

bars located at the edge of the concrete specimen. This indicates that 2D chloride
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ingress influences the corrosion of reinforcement bars as well as the closeness of
the reinforcement bar to a concrete edge. This is seen in the cracked concrete where
both the PC/FA and PC/SL concretes (i.e. F2D-C-E and G2D-C-E) had a corrosion
potential that was more negative than —350 mV (see Figure 4.5). Additional

corrosion potential plots are presented in Appendix B. 1:.
4.4 Corrosion rate of PC/FA and PC/SL concrete

The corrosion rates of the cracked and uncracked RC specimens exposed to 1D and

2D chloride ingress are presented in Figure 4.6 to

Figure 4.10. The segment of the plot denoted as missing data refers to a period in
which the corrosion measuring device (Coulostat) was dysfunctional. The data
points plotted after the missing data were obtained from a centered moving average

of 3 wetting—drying cycles.
4.4.1 Corrosion rate of the uncracked concretes

The corrosion rate of the PC/FA specimens rapidly increased within the first 16
weeks after commencing the chloride ponding and then stabilized afterward. This
trend is consistent with the corrosion potential measurements of the specimens. At
the end of the experiment, there was no significant difference in the corrosion rates
of the uncracked PC/FA specimens (Figure 4.6).
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Figure 4.6: 3- point moving average corrosion rates of uncracked PC/FA
specimens

The mean corrosion rate of the concrete specimens in the last 52 weeks (1 year) of
the experiment increased in the order; F2D-UC-M < F1D-UC-M < F1D-UC-E <
F2D-UC-E < F1D-UC-ES < F2D-UC-ES. The concrete exposed to 2D chloride
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ingress with reinforcement bars at its edge had the highest corrosion rate (F2D-UC-
ES; 2.360 pA/cm?) while the least corrosion rate was observed in the specimen
exposed to 1D chloride ingress with reinforcement bars at the middle of the concrete
(i.e. FID-UC-M; 1.942 pAlcm?).
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Figure 4.7: 3- point moving average corrosion rates of uncracked PC/SL specimens

The corrosion rate of the reinforcement bars in the PC/SL concrete increased rapidly
after the commencement of the chloride ponding and was significantly higher than
that of the PC/FA specimens. The highest mean corrosion rate in the uncracked
PC/SL specimen (G2D-UC-E) was 5.0 uA/cm?; the reinforcement bar in this
specimen was located at a concrete edge that is exposed to 2D chloride ingress. The
lowest mean corrosion rate of 2.2 pA/cm? was observed in the specimens G1D-UC-
M and G2D-UC-M which had reinforcement bars at the middle of the concrete

specimen.

Although corrosion-induced cracks were not noticed on any of the uncracked
concrete specimens, rust stains were observed on some of the specimens (Figure
4.8). The specimens with the rust stains also had the highest corrosion rate in their
specimen set and their corrosion rates were not used in the computation of the
corrosion rate of their specimen sets (Figure 4.3). In general, a significant increase
in the corrosion rate of specimens with reinforcement bars near the concrete edge
was observed. Hence, the location of the reinforcement within the concrete (near or
farther away from an exposed concrete edge), as well as the chloride ingress

direction (1D or 2D), influences the corrosion rate of embedded reinforcement bars.
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e

F2D-UC-ES1

Figure 4.8: Rust stains on uncracked RC beam specimens (a) G1D-UC-M3 (b)
F2D-UC-M3, and (c) F2D-UC-ES1 (circles indicate rust stain locations)

4.4.2 Corrosion rate in cracked concrete

The corrosion rate results of the cracked concrete are presented in Figure 4.9 and
Figure 4.10). Higher corrosion rates (than that of the uncracked PC/SL specimens)
were obtained after the first wetting cycle. This trend was also observed by some
researchers who conducted experiments with cracked concrete (Branko & Erik,
2012; Mike Otieno, 2008; O. G. Rodriguez et al., 2003; Scott & Alexander, 2007).
The higher corrosion rates were influenced by the ease with which the agents of
corrosion easily reach the reinforcement bars via the concrete surface cracks (Chun-
ping et al., 2015; Mike Otieno, Beushausen, & Alexander, 2011). The sustained
imposed (tensile) load on the cracked beams is another factor that may have
influenced the ingress of the corrosion agents into the concrete. The application of
stress to concrete leads in the formation of cracks which have been reported to
increase the permeability of concrete (Alyousif et al., 2015; Hoseini, Bindiganavile,
& Banthia, 2009; M. Otieno et al., 2012; Wu et al., 2014; Yoon et al., 2000; Y.
Zhang, Sun, Chen, etal., 2011).
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Figure 4.9: 3- point moving average corrosion rates of cracked PC/FA specimens
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Figure 4.10: 3- point moving average corrosion rates of cracked PC/SL specimens

The corrosion rate of most of the PC/FA specimens increased steadily with time,
although the increase was not at the same rate. The corrosion rate of concrete
specimens with reinforcement bars located near the concrete edge increased more
rapidly (F1D-C-E, F2D-C-E, and F2D-C-ES). There was no significant difference
in the corrosion rates of the other PC/FA specimens (i.e. F1D-C-M, F2D-C-M, and
F2D-C-ES).

The most significant increase in corrosion rate was observed in the PC/SL concrete
specimens G2D-C-E; this may not be unrelated to the formation of corrosion-
induced cracks which were noticed in the 30t week after commencing the chloride
ponding and drying cycles. The corrosion-induced cracks provided additional paths
for the penetration of corrosion agents thereby resulting in the increased corrosion

rate. The G2D-C-E concrete had significant corrosion-induced cracks which nearly
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caused the delamination of the concrete from the steel reinforcement bar. This result
can be seen in the crack-factors presented in Table C. 4 (in Appendix C. 1:) and the
corrosion-induced crack patterns in the concrete (Figure C.4 in Appendix C.2).

Further discussion on corrosion-induced cracks is presented in Section 4.7.
4.4.3 Summary of corrosion rate results

While most researchers agree that the presence of cover cracks significantly reduces
the time-to-corrosion initiation, some have argued that cover cracks do not
significantly influence the corrosion propagation phase. The corrosion initiation
phase of the concrete specimens will be discussed with the aid of the plots shown
in Figure 4.11a-d.
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Figure 4.11: Corrosion rate of (a) uncracked and (b) cracked PC/SL concrete

exposed to 1D and 2D chloride ingress
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Figure 4.11 (contd): Corrosion rate of (c) uncracked and (d) cracked PC/FA

concrete exposed to 1D and 2D chloride ingress

There was a significant difference in the time-to-corrosion initiation of the cracked
and uncracked PC/SL concrete exposed to both 1D and 2D chloride ingress while
there was no significant difference in the time-to-corrosion initiation of the PC/FA
concrete. Even though the steel corrosion initiated earlier in the cracked PC/FA
concrete exposed to 1D chloride ingress, the presence of cracks was identified to be
the influencing factor. The corrosion rate of the specimens exposed to 2D chloride
ingress rapidly increased beyond that of the specimens exposed to 1D chloride
ingress irrespective of the time-to-corrosion initiation of the specimens. Therefore,
with continual chloride exposure, the effect of 2D chloride ingress was more
significant in the corrosion propagation phase as observed in the corrosion rate of
the specimens. The cracked specimens attained a higher corrosion rate than the

uncracked specimens (see Figure 4.12a —d).
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The results also indicate that the presence of cover cracks influence both the
initiation and propagation phases of corrosion (Scott & Alexander, 2007). Given
the size of the crack widths used in this study (i.e. 0.16 to 0.40 mm), it can be
deduced that steel reinforcement bars in concrete with less than the allowable crack
width of 0.30 mm (as stated in some standards; EN1992-1-1 2004; and Comité euro-
international du béton 1993) may be subjected to rapid deterioration if the concrete

has a reinforcement bar located near the edge of a concrete element that is exposed
to 2D ingress of corrosion agents.

The corrosion rate attained by the specimens at termination of the experiment
(which was also the highest corrosion rate attained) is shown in

Figure 4.13.
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Figure 4.13: Corrosion rate of the concrete specimens (after last wetting cycle - 28)

The corrosion rate of the uncracked PC/FA concrete ranged between 1.9 pA/cm?to
2.3 pA/em?, there was no significant difference in the corrosion rate of these
specimens, however, the specimens with reinforcement near the concrete edge (-E
and -ES) had a higher corrosion rate, while specimens with reinforcement in the

middle (-M-) of the specimen had the least corrosion rate. The specimens exposed
to 2D chloride ingress had the highest corrosion rate.

The corrosion rate of the PC/SL concrete on the other hand had a wider range
(between 2.7 pA/cm?to 7.7 nA/cm?) than the PC/FA concrete. The specimens with
steel reinforcement bars at the concrete edge (-E- and -ES-) also had a higher
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corrosion rate than specimens with reinforcement in the middle (-M-) of the
concrete. The specimen G2D-UC-E with reinforcement bar at its edge and exposed
to 2D chloride ingress attained the highest corrosion rate in this set of (uncracked)

specimens.

The cracked specimen corrosion rate was generally higher than that of the
uncracked specimens due to the ease with which chlorides reached the
reinforcement bar and the stress induced on the beams. Apart from the specimen
F1D-C-E, which had an inexplicably high corrosion rate (19.7 pA/cm?), the
specimens exposed to 2D chloride ingress with an isolated reinforcement bar at the
edge (F2D-C-E; 12.5 pA/cm? and G2D-C-E; 37.6 pA/cm?) of the specimen had the
highest corrosion rates. In addition to the sustained load and cover cracks on these
specimens, the high corrosion rate in these specimens was attributed to the location
of the reinforcement bar (i.e. at the concrete edge) and corrosion-induced cracks.
Corrosion-induced cracks were more severe in specimens with reinforcement bars
at the concrete edge, this allowed additional ingress of corrosion agents into the

concrete. The corrosion-induced cracks will be discussed in Section 4.7.1.

An understanding of the relationship between corrosion rates of the specimens was
also obtained by observing the mean corrosion rate value taken over the entire
period of the experiment. The corrosion rate in the cracked specimens was more

than twice that of the uncracked specimens; see Table 4.3.

Table 4.3: Corrosion rate of specimens exposed to 1D and 2D chloride ingress

Corrosion rate (LA/cm.sq)

Binder type

1D-UuC-M  1D-C-M 2D-UC-E 2D-C-E
PC/FA (SD) 1.6 (0.67) 3.9 (1.49) 1.5(0.67) 4.3(3.21)
PC/SL (SD) 2.2(0.91) 4.8 (1.88) 5.0 (2.74) 11.0(9.87)

Key: UC = Uncracked, C = Cracked, M = Reinforcement bar at middle of

beam, E = Reinforcement bar at concrete edge, SD = standard deviation

Considering the SCMs used in the concrete, a lower corrosion was attained by the
PC/FA specimens. This result is contrary to the durability index results of the
concretes (used in this study; see Section 4.2) which indicate that the PC/SL
concrete will be more durable in corrosion-prone environments. Even though the

presence of slag in concrete has been reported to affect the corrosion initiation
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phase, its composition in the concrete (3.39%; see Table 3.1) and corrosion-induced
crack widths (which are higher than that of the cracked PC/FA concrete) were
identified as likely factors which influenced the corrosion rate of the steel in the
PC/SL concrete. A review of the chloride threshold of fly ash and slag concretes by
various researchers does not present an aligned conclusion as other factors (such as
pH of the concrete pore solution, oxygen availability and moisture content at the
steel surface, carbonation, condition of steel-concrete interface) in addition to those
earlier mentioned have been found to influence the corrosion rate of embedded

reinforcement bars (S. L. Poulsen & Sgrensen, 2012).

The corrosion rates of cracked and uncracked PC/FA and PC/SL specimens
(exposed to 1D and 2D chloride ingress) with the stainless-steel bar (i.e. specimens
with the mark ‘ES’) were lower than that of specimens with the single isolated
reinforcement bars (i.e. specimens with mark ‘E”). This suggests that the inclusion
of the stainless-steel bar affected the corrosion rate result (assuming other factors
such as imposed stress, chloride ingress directions, crack widths, etc. are constant).
The lower corrosion rate in these specimens (compared to specimens with a single

isolated reinforcement bar) can be attributed to;

I High anode-to-cathode ratio; where the stainless-steel bar is assumed to
be an anode

il Non-availability of dissolved oxygen at the cathodic site, and

i, High concrete resistivity; the effect of concrete resistivity on the
corrosion rate has been reported to decrease as the distance between the
anodic and the passive bars reduces (Rodriguez et al. 1999; Andrade &
Alonso 1996).

The stainless-steel due to its passivity and lack of dissolved oxygen at its surface
may have reduced the corrosion rate (anodic reaction) by limiting the cathodic
process. The consideration of concrete resistivity as a corrosion rate-limiting factor

in these specimens will be discussed in Section 4.5.

In closing, it was observed that the specimens exposed to 2D chloride ingress had
higher corrosion rate than those exposed to 1D chloride ingress. This result may

have been influenced by the method used in modifying the chloride ingress
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direction. With only one surface left unsealed in the specimens exposed to 1D
chloride ingress, the chloride ingress (due to permeation) may have been reduced,
while permeation may have been enhanced in the specimens exposed to 2D chloride
ingress since two adjacent surfaces of the concrete were left unsealed. However,
since diffusion is assumed to be the dominant means of chloride penetration into
the concrete, it is possible that leaving only one face unsealed may not have

significantly influenced the corrosion rate results.
4.4.4 Relationship between corrosion rate and corrosion potential

The relationship between the corrosion potentials and corrosion rates are presented
in Figure 4.14 and Figure 4.15.
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Figure 4.14: Corrosion rate vs corrosion potential in uncracked (a) PC/FA, and (b)

PC/SL concrete specimens

Corrosion potentials which are more negative than -350mV (using the Cu/CuSQO4

electrode) indicate a 90% probability of commencement of active corrosion (ASTM
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C876, 2009). However, the corrosion potentials can be influenced by other factors
such as oxygen and moisture availability at the surface of the steel reinforcement
bar. Hence, corrosion potential measurements may be misleading as not all
specimens which have measurements that are more negative than -350mV are
indicative of high corrosion probability (see Section 4.4.2). This means a
correlation of the corrosion rate and corrosion potential measurements may not
yield reliable conclusions as seen in the plots (Figure 4.14 and Figure 4.15) since a
wide range of corrosion rates were obtained with no corresponding change in the
corrosion potential of the steel (e.g. F2D-UC-ES plot point in Figure 4.14a). The
plotted points clustered in the direction of the vertical or horizontal axis, while other
plot points were scattered with an identifiable trend wherein high corrosion rates
corresponded to more negative corrosion potentials.
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Figure 4.15: Corrosion rate vs corrosion potential in cracked (a) PC/FA, and (b)

PC/SL concrete specimens.
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The plot (Figure 4.15) shows that the corrosion rate increases as the corrosion
potential becomes more negative, but there was the clustering of some of the plots
at more corrosion potentials that were below -400mV. Beyond a corrosion potential

of -450mV, the corrosion rate increased with no decrease in the corrosion potential.
45  Concrete resistivity results

The 3-point moving average plots of the uncracked and cracked concrete
resistivities are shown in Figure 4.16 to Figure 4.16. The measurement of the
concrete resistivity (using the single electrode-disc method) commenced 24 weeks
after commencing the chloride ponding and drying cycles. This was to avoid
notable errors that were detected when earlier concrete resistivity measurements

were taken near the concrete edge using the Wenner probe.

The concrete resistivity results are discussed regarding the concrete condition
(uncracked and cracked), the position of the reinforcement bars (in middle or
orthogonal edge) in the concrete, and the ingress direction of the corrosion agents
(1D or 2D).

18
17 —e—F1D-UC-M —a—F1D-UC-E

T | —+—FID-UCES  -xF2D-UC-M
o - % - F2D-UC-E —e— F2D-UC-ES

No concrete resistivity
data collected due to :S\

breakdown of equipment

Concrete

24 32 40 48 56 64 72 80 88 96 104 112
Time (Weeks)
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The resistivity of the cracked concrete was lower than that of the uncracked
concrete. The presence of cracks which allow easy penetration of chlorides into the
concrete was identified as a factor that resulted in the lower resistivity values. Two
types of cracks and their influence on concrete resistivity have been identified as
conductive cracks (where there is ionic conductivity across the crack) and isolative
cracks (where there is no ionic conductivity across the crack). Resistivity
measurements taken in concrete with conductive cracks are generally lower than
those of concrete with isolative cracks. The cracks in this study may have been
conductive since the concrete resistivity measurements were taken about 24 hours
after the chloride ponding.

The concrete resistivity of all the uncracked concretes (see Figure 4.16 and Figure
4.17) fluctuated with time. This fluctuation was attributed to temperature variations
(see Appendix D:) during the study period. An increase in temperature during the
summer months yielded higher concrete resistivity values while lower concrete
resistivity values were obtained during the winter months. Thus, the risk of

corrosion is higher in warm and humid conditions.

A different trend was observed in the concrete resistivity of the cracked concrete
specimens; the resistivity increased, reached a peak 60 weeks after the
commencement of the chloride ponding and then began to decline. The increase in
the concrete resistivity may be attributed to continuous hydration of the cement
paste which mostly corresponds to an improvement in the pore structure of the
concrete. The decline in the concrete resistivity on the other hand can be associated
with an enhancement of ionic flow in the concrete due to increased chloride

concentration in the cover concrete.

The concrete resistivity of uncracked specimens exposed to 1D chloride ingress was
higher than that of specimens exposed to 2D chloride ingress (see Figure 4.20a and
Figure 4.21a). On the contrary, there was no clear trend in the concrete resistivity
in the cracked concrete (see Figure 4.20b and Figure 4.21b). This indicates that the
presence of surface cracks influenced chloride ingress and the concrete resistivity.
A plot of the mean concrete resistivity over the study period is shown in Figure
4.22.
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PC/FA and PC/SL RC beams exposed to 1D and 2D chloride ingress

The concrete resistivity results in the uncracked concrete edges exposed to 2D
chloride ingress and cracked concrete were lower than 10 kQ.cm. Corrosion risk
has been identified to be high in concrete with resistivity values of less than 10
kQ.cm (RILEM TC 154-EMC, 2004). The corrosion rate of the PC/FA and PC/SL
concrete with the designation 2D-UC-E, 1D-C-M, and 2D-C-E is therefore not
limited by the concrete resistivity. The relationship between the concrete resistivity

and the corrosion rate will be discussed further in the next section.

4.5.1 Corrosion rate and concrete resistivity

The ionic connectivity between the anodic and cathodic sites on a corroding
reinforcement bar is achieved via the concrete pore solution. This is influenced by
chloride ion concentration in the concrete pores and the relative humidity of the
concrete. Ingeneral, a decrease concrete resistivity is indicative of an increased risk
of corrosion and vice versa (Gjorv 2013; Liu & Weyers 1998; Balabanic et al. 1996;
Angst et al. 2009; Andrade & Bujak 2013). Plots of corrosion rate against concrete
resistivity are presented in Figure 4.23 and Figure 4.24.
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Andrade & Alonso (1996) identified that at resistivity values >200 kQ.cm, the
corrosion rates may be very low even if the concrete is carbonated or contaminated
with chlorides, 10 — 100 kQ.cm a moderate risk exists, and at a concrete resistivity
of less than 10 kQ.cm, a high corrosion risk exists with resistivity ceasing to be a
corrosion rate-limiting factor. At this concrete resistivity (<10 kQ.cm), high
corrosion rates can be attained with no significant change in the concrete resistivity
(RILEM TC 154-EMC, 2004).

With the low concrete resistivity obtained, there was no direct relationship between
the concrete resistivity and the corrosion rate. However, it is generally observed
that an increase in the corrosion rate corresponded with a decrease in the concrete
resistivity of some of the specimens. An inexplicable relationship was observed in
some specimens (F1D-C-E and G2D-C-E) with reinforcement bars at the concrete
edge. These specimens both had the lowest mean concrete resistivity values (8.30
kQ.cm and 9.13 kQ.cm respectively) and attained corrosion rates (19.68 pA/cm?
and 37.62 pA/cm? respectively) that were significantly higher than the other

specimens.
4.6  Chloride penetration profile in cracked and uncracked concrete

The acid-soluble chloride content (also known as the total chloride content) is
presented as a percentage proportion by mass of the binder content in the concrete
(Figure 4.25a and Figure 4.25b).

The results show that the cracked PC/FA and PC/SL concrete specimens had
significantly higher chloride content at the reinforcement depth than the uncracked
specimens. While there was a significant difference in the chloride concentration
(at the steel depth) of the cracked PC/FA and PC/SL concretes that were exposed
to 1D and 2D chloride ingress, there was no significant difference in the total
chloride concentration at the depth of the steel in the uncracked specimens. The
significantly high chloride concentration in the cracked specimens subjected to 2D
chloride ingress (over those exposed to 1D chloride ingress) was due to the
interaction of the chloride profiles from adjacent faces of the concrete (i.e. 2D

diffusion) and the effect of the imposed flexural stress on the specimen.
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The absence of the imposed load on the uncracked specimens is cited as the reason

why there is no significant difference in the chloride concentration at the steel depth.

Although the sustained flexural stress imposed on the concrete specimens was not
measured in this experiment, it has been shown by other researchers that the
diffusion rate of corrosion agents increases with the imposed flexural stress
(Benarbia, Benguediab, & Benguediab, 2013; Francois & Arliguie, 1999; Y. Zhang,
Sun, Liu, et al., 2011).

The chloride content at orthogonal edges of the cracked concrete exposed to 2D
chloride ingress has been identified to be responsible for the low concrete resistivity
and resultant high corrosion rate in reinforcement bars of the F2D-C-E and G2D-

C-E concrete specimens (see

Figure 4.13). With low concrete resistivity (<10 kQ. cm), the supply of oxygen and
moisture to the anodic and cathodic sites control the corrosion rate. More oxygen

and moisture will reach the anodic in cathodic sites in 2D exposure, on the other
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hand, there will be a limited supply of oxygen and moisture to the corrosion sites

dueto 1D exposure, which in turn reduces their corrosion rate.
4.6.1 Corrosion rate and chloride concentration

A plot of the mean corrosion rate and percentage chloride content by mass of the
binder at the depth of the reinforcement bar (i.e. 20 mm from the concrete surface)
in both the cracked and uncracked concrete. The results show that the corrosion rate
increases as the chloride concentration increases (R?=0.57 and 0.69 for the PC/SL
and PC/FA concrete respectively; see Figure 4.26). The relationship between the
mean corrosion rate (from week 71 to 110) and chloride content was assessed by
using both the cracked and uncracked (PC/FA and PC/SL) concretes that were
exposed to 1D and 2D (i.e. 1D-UC-M, 1D-C-M and 2D-UC-E, 2D-C-E) chloride

ingress.
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Figure 4.26: Corrosion rate vs chloride concentration at depth of reinforcement bar

The chloride concentration in the binder causes a reduction in the concrete
resistivity which increases the risk of the steel reinforcement corrosion. In humid
concrete with high chloride concentration in the concrete, the resistivity of the
concrete does not limit the corrosion rate; the corrosion rate is therefore controlled
reactions at the anodic and cathodic sites which are dependent on the supply of the
moisture and oxygen to the sites.
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47 Corrosion-induced cracks

The corrosion of the reinforcement bar yielded corrosion-induced cracks in the
concrete. These cracks were longitudinal cracks formed along the length of the
reinforcement bars (Figure 4.27c & d). In concrete with reinforcement bars that are
located near its orthogonal edge, the corrosion-induced cracks also propagated
towards the concrete edge thus resulting in near delamination at the concrete edge
(Figure 4.27a & b). This type of corrosion-induced cracks was identified by other
researchers who conducted studies on RC elements that had reinforcement bars
located near the edge of concrete elements (Muthulingam & Rao, 2015a; R. Zhang
et al., 2010; Zhao, Hu, Yu, & Jin, 2011).

Figure 4.27: Corrosion-induced cracks of concrete with reinforcement at (a & b)
edge (-E), and (c & d) middle of beam (-M).

4.7.1 Characterization of corrosion-induced cracks

Corrosion-induced cracks were not noticed on any of the uncracked concrete
specimens, while most of the cracked concrete had corrosion-induced cracks. The
total area of the corrosion-induced crack per specimen was approximated using the
crack-factor (Egn. 3.11). The crack-factors were subsequently used to characterize
the corrosion-induced cracks on the concrete. A plot of the average crack-factor per
specimen set is shown in Figure 4.28. The crack-factor computations are presented

in Appendix C:.
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A high crack-factor value (relative to other obtained values) is indicative of cracks
that are longer and wider. Hence, from Figure 4.28, both the PC/FA and PC/SL
concrete with reinforcement bars at their edge had the highest crack-factor (2D-C-
E and 1D-C-E) values with the concrete exposed to 2D ingress of corrosion agents
having the most significant corrosion-induced cracks. The error bars in the plot
indicate one standard deviation of the crack-factor values from its mean value. The
concrete with single reinforcement bars located near the concrete edge (1D-C-E and
2D-C-E) had the highest crack-factor value spread away from the mean. This
indicates that though most of the specimens had corrosion-induced cracks, the crack
distribution had a wide variation.
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Figure 4.28: Average crack-factor of PC/FA and PC/SL cracked RC beam

specimens

Reinforcement bars that are located near the edge of concrete elements have a
higher tendency to deteriorate than those that are farther away from the concrete
edge (i.e. in the middle of the concrete element). The corrosion-induced cracks in
the concrete exposed to 2D ingress of corrosion agents exceeded that of concrete

exposed to 1D ingress of corrosion agents.
4.8 Reinforcement mass loss and pitting depths

The mass loss and maximum corrosion pit depthsalong the length reinforcement
bars presented in this section were obtained from the mean of the 3 reinforcement
bars used in each RC beam set (refer to Figure 3.4 and Figure 3.5).
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A general trend was observed in the mass loss of the reinforcement bars; the mass
loss increased as the ingress direction of corrosion agents changed from 1D to 2D
(Figure 4.29). The mass loss in reinforcement bars that were close to the edge of
the concrete was also higher than that of bars that were placed in the middle of the
concrete element. Hence, in the cracked and uncracked concrete, the specimens
which were exposed to 2D chloride ingress had the highest mass loss. The error

bars shown in Figure 4.29 are standard deviations from the mean mass loss in the
reinforcement bars.

The reinforcement bars in specimens with the stainless-steel bar (-ES-) lost lesser
mass than those with a single reinforcement bar (-E-). This result can be closely
related to the corrosion rate results which were earlier discussed wherein the
corrosion rate of the specimens with stainless steel bars was less than that of

specimens with a single (isolated) reinforcement bar (see Section 4.4.2).
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Figure 4.29: Mass loss of reinforcement bars

The steel mass loss in the cracked concrete was generally more than that of the
uncracked concrete. Although the specimen F1D-C-E had the highest steel mass
loss and its reinforcement was located at the concrete corner. The specimens F2D-
C-E and G2D-C-E also had a high reinforcement mass loss. These specimens had
reinforcement bars located near the concrete corner and were both exposed to 2D

chloride ingress. These results indicate that the mass loss from reinforcement bars
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that are located near the corner of concrete elements that are subjected to 2D
chloride ingress is higher than that of bars that are farther away from the concrete

corner.
4.8.1 Corrosion pits

The steel mass loss in the cracked concrete was generally higher than that of the
uncracked concrete. The specimen F1D-C-E had the highest steel mass loss along
with specimens F2D-C-E and G2D-C-E. These specimens had reinforcement bars
located at the orthogonal edge of the concrete specimen. These results indicate that
the mass loss from reinforcement bars that are located near the corner of concrete
elements that are subjected to 2D chloride ingress is higher than that of bars that are

farther away from the concrete corner.

THAAAAAAG LA A0 YA

b.

PrzzzzzzzzzZ e

Figure 4.30: Corrosion pits on reinforcement bars of uncracked beam specimens (a)
F2D-UC-M3, and (b) G2D-UC-M1 (Sketch shows section of rod shown

in the picture)

The corrosion pits affected the reinforcement surface that is closer to the concrete
surface. The cleaned corroded bars which were extracted from the cracked PC/FA
and PC/SL concrete are shown in Figure 4.31 and Figure 4.32. Additional
photographs of the reinforcement bars during extraction from the concrete are

shown in Appendix E.
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Figure 4.31: Photograph of corroded reinforcement bars from cracked PC/FA concrete specimens
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Figure 4.32: Photographs of corroded reinforcement bars from cracked PC/SL concrete specimens
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In the cracked concrete, isolated corrosion pits were observed in the concrete that
is exposed to 1D chloride ingress with reinforcement bars that were located at the
middle (-M-). The corrosion pits in steel bars that were located at orthogonal edges

(exposed to 1D and 2D chloride ingress) were spread over a wider area.

The deepest corrosion pits occurred in the cracked concrete and coincided with the
crack positions (at the beam midspan). Cracked regions in concrete that are exposed
to chlorides have been identified to have an ample supply of corrosion agents (M.
Otieno etal., 2016b; J. F. Pacheco, 2015; Pease, 2010; O.G. Rodriguez etal., 2003).
The corrosion pits were noticed on the reinforcement bar face that is facing the
nearest concrete face and behind the reinforcement bars. The formation of pits at
points which were farther away from the concrete surface was caused by the
formation of chloride reservoirs in the cracks which easily dry out during when the
concrete is undergoing the drying cycle thus allowing an ample supply of oxygen

which will result in corrosion at the crack location (Mike Otieno, 2008).

The corrosion pits in the uncracked concrete were located at other points (of the
reinforcement bar) which were away from the concrete midspan (see Figure 4.30).
Plots of the corrosion pit distribution along the length of the reinforcement bars are

shown in Figure 4.33 to Figure 4.36.

The plots show that there is a similarity in the maximum pit depthsof the specimens
exposed to 1D and 2D chloride ingress. The pit distribution along the reinforcement
bar of the cracked RC specimens subjected to 2D chloride ingress spread farther
away from the midspan of the reinforcement bar as compared to that of specimens
exposed to 1D chloride ingress. The spread of corrosion away from the crack
locations was influenced by the formation of microcracks due to the sustained
flexural imposed load (Arnaud Castel & Jenkins, 2015).
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Figure 4.33: Pitting depths along reinforcement bar length PC/FA concrete exposed to 1D ingress of corrosion agents
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Figure 4.34: Pitting depths along reinforcement bar length of PC/FA concrete exposed to 2D ingress of corrosion agents.
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Figure 4.36: Pitting depths along reinforcement bar length PC/SL concrete exposed to 2D ingress of corrosion agent
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4.8.2 Corrosion pit factors

The pitting factor (o) is computed by dividing the maximum by the average attack
penetration (RILEM TC 154-EMC, 2004);

a = Poie 4.1
X

where P,,;, is the maximum pit depth (mm), and
x is the average corrosion attack penetration (mm)

The computed pitting factors are shown in Table 4.4.

Table 4.4: Reinforcement bar pitting factors

SpecimenID 1D-UC-E 2D-UC-M 1D-C-M 2D-C-M 1D-C-E 2D-C-E  1D- C-ES 2D-C-ES
PC/FA 5 - 3 4 9 6 4 5
PC/SL - 4 6 4 4 4 3 9

The pitting factors (¢ = 3 to 9) above, are similar to what other researchers had
obtained; (« = 4 to 10) for natural conditionsand « =5 to 13 in accelerated tests
(Tuutti, 1982; Gonzalez et al., 1995; Rodriguez et al., 1996; Zhang, Castel,and
Frangois, 2009, 2010).

There was no clear trend in the pitting factor despite a change in ingress direction
of corrosion-causing agents from 1D to 2D, however, most of the reinforcement
bars with higher pitting factors (i.e. 5 to 9) where located near an orthogonal corner
of the concrete element.

4.9  Closing remarks

The results obtained from the concrete durability index tests, steel corrosion
potential, concrete resistivity, steel corrosion rate, total chloride concentration at
various depths from the surface of the concrete were presented and discussed. The
pitting depth at 5 mm intervals along the length of the reinforcement bar and its
mass loss were also determined. The ensuing remarks will focus on a few of the

findings in this chapter, a comprehensive conclusion will be done in the Chapter 5.

The corrosion potential of the cracked concrete specimens was generally lower
(more negative) than that of the uncracked concrete specimens. The low corrosion

potential corresponded with a high corrosion rate, however, at corrosion potentials
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below — 450 mV, the corrosion rate of specimens with reinforcement bars at their

edge increased significantly.

The concrete resistivity of the cracked specimens exposed to 2D chloride was lower
than 10 kQ.cm which signified a high corrosion risk. Thus, despite the binder used,
the concrete resistivity was identified not to limit the corrosion rate of reinforcement
bars that were located near the concrete edge. The percentage total chloride in the
binder steadily reduced in concentration at sampled depths (of 5 mm up to 25 mm)
away from the concrete surface. The sustained load on the specimens influenced
the total chloride concentration in the cracked specimens with specimens exposed
to 2D chloride ingress having significantly higher chloride concentration at the
depth of the reinforcement bar than the cracked concrete specimens exposed to 1D
chloride ingress. In the uncracked concrete, there was no significant difference in
the chloride concentration at the steel depth of specimens exposed to both 1D and
2D chloride ingress. The results indicate that reinforcement bars at the edge of
cracked concrete structures (which are in service) exposed to 2D chloride ingress
will have a shorter corrosion initiation period and their corrosion rate may increase
rapidly during the corrosion propagation phase as observed in some of the cracked

specimens.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

5.1 Introduction

This study aimed to provide an understanding of the influence of uni-directional
(1D) and bi-directional (2D) ingress of corrosion agents (chlorides, oxygen, and
moisture) into cracked and uncracked concrete. In all, 72 beams of size 150 x 150
x 625 mm were cast using a blended cement of plain Portland cement (PC), fly ash
(FA) and slag (SL) (PC(70)/FA(30) and PC(50)/SL(50)). Afterthe beams were cast,
they were cured for 28 days in water and epoxy sealed to modify the ingress
direction of corrosion agents. This was achieved by epoxy sealing the surfaces
where ingress was not desired while only the surfaces where corrosion ingress was

desired were left unsealed.

The beam specimens were grouped in 3’s based on the position of the 10 mm high
yield steel reinforcement bar position in the concrete; all the steel bars were placed
longitudinally along the length of the beam at a uniform cover of 20 mm from the

exposed concrete surface(s);

I Along the middIe of the beam
ii. Along an orthogonal edge of the beam
iii. Along an orthogonal edge of the beam with a stainless-steel rod in the

compression face

While the first two groups (i and ii above) consist of isolated reinforcement bars in
the concrete, the third specimen (iii above) with the stainless-steel bar was
electrically connected to the reinforcement bar to ascertain the corrosion

characteristics of the reinforcement bar when it is connected to a passive steel rod.

The cracked concrete specimens each had a single crack of width 0.16 —0.40 mm
which was mechanically-induced using the 3-point loading technique. The cracked
specimens were clamped (back-to-back) in a 3-point loading system. The sustained

load (via the clamps) maintained the crack width opening during the experiment.

The beams were subjected to 2-week cycles of wetting (by ponding in 5% NaCl

solution) and drying in ambient laboratory conditions, for a period of 110 weeks.
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The ensuing sections provide conclusions of the findings of this study, and

recommendations.

5.2 Conclusions

5.2.1 Corrosion initiation and propagation phases

Corrosion initiation occurred earlier in both the cracked and uncracked PC/SL
concrete exposed to 2D chloride ingress. Inthe PC/FA concrete, corrosion initiated
earlier in the specimens exposed to 1D chloride ingress, however, in the corrosion
propagation phase, 75% of the PC/SL and PC/FA concretes exposed to 2D chloride
had a corrosion rate that was significantly higher than that of specimens exposed to
1D chloride ingress. The corrosion rate in specimens exposed to 2D ingress of
corrosion agents was higher than that of specimens exposed to 1D ingress of

corrosion agents (Figure 4.13).

Higher corrosion rates were attained by the cracked concrete specimens (over the
same time period), hence, the time-to-corrosion initiation was generally shorter in
the cracked concrete specimens, this was due to the ease in which the corrosion
agents easily reached the reinforcement bar. This result confirms the findings of
some researchers who have studied corrosion initiation and propagation in cracked
concrete. Thus, the presence of cover cracks significantly reduces the time-to-

corrosion initiation of embedded reinforcement bars in concrete.

In the corrosion propagation phase, the corrosion rate of specimens exposed to 2D
chloride exposure was significantly higher than that of specimens exposed to 1D
ingress of corrosion agents. The only exception being the uncracked PC/FA
specimens were the differencein the corrosion rate of specimens exposed to 1D and

2D chloride ingress was not significant.

5.2.2 Factors influencing the corrosion rate
5.2.2.1 Cover cracks

The corrosion rate of reinforcement bars in the cracked concrete was higher than
that of the uncracked concrete. This is due to the ease with which the corrosion
agents reach the reinforcement bars via the mechanically-induced cover cracks.

Concrete with mechanically-induced cover cracks as small as 0.16 mm also had a
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high corrosion rate; this crack width is about one half of the allowable crack width

specification in some reinforced concrete design codes (i.e. 0.30 mm).

Concrete with cover cracks smaller than that prescribed in the codes can be
subjected to high ingress of corrosion agents if the cracks do not “heal” (e.g. due to
ettringite formation). Although the level of the sustained flexural stress on the
cracked beams was not measured as it was meant to keep the crack mouths open
during the wetting-drying cycles, it may have influenced the ingress of corrosion

agents into the concrete.
5.2.2.2 Ingress direction of corrosion agents

Concrete subjected to 2D ingress of corrosion agents had a higher corrosion rate
than those exposed to 1D chloride ingress. The corrosion rate was significantly
higher in concretes with an isolated reinforcement bar at its edge which is exposed

to 2D ingress of corrosion agents.
The chloride ingress direction influenced the following:

a. Chloride concentration: The chloride concentration at the depth of the
reinforcement in the concrete exposed to 2D chloride ingress was about
twice as much as that of concrete specimens exposed to 1D chloride ingress.
For example, the percentage of chlorides per unit weight of the cementitious
binder at the depth of the steel bar in the cracked concrete were 3.0 and 2.6
for the fly ash and slag concrete respectively. The percentage chloride
concentration of the cracked concrete specimens exposed to 1D chloride
ingress were 1.7 and 0.8 for the fly ash and slag concretes respectively. The
difference in chloride concentration at various depths into the concrete was
not very significant in the uncracked concretes that were exposed to both
1D and 2D chloride ingress. A high chloride concentration at the concrete
edge (due to bi-directional chloride ingress) results in higher ionic
conductivity in moist concrete which ensures connectivity between the
anodic and cathodic sites.

b. Concrete resistivity: The chloride concentration in the concrete is linked to
its resistivity. The cracked concrete (exposed to 1D and 2D chloride ingress)

and uncracked concrete exposed to 2D chloride ingress had a concrete
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resistivity (=10 kQ.cm) that suggests that the concrete resistivity is not a
corrosion rate-limiting factor. Only the uncracked concrete exposed to 1D
chloride ingress had a resistivity value that was greater than 10 kQ.cm.

5.2.3 Corrosion-induced cracks

Concretes with embedded reinforcement bars near the edge had the longest and
widest corrosion-induced cracks while those with reinforcement bars placed in the
middle of the concrete beam had the least corrosion-induced cracks. Corroding bars
that are near a concrete edge readily cause the concrete to crack and provide
additional paths for corrosion agent ingress into the concrete. This also gives rise to

an exponential increase in the corrosion rate as observed in some of the specimens.
5.2.4 Pitting corrosion depths and reinforcement mass loss

Isolated corrosion pits were observed on the reinforcement bars that were
positioned in the middle of the concrete beam exposed to 1D ingress of corrosion
agents. The corrosion pits in the reinforcement bars that were near the edge of the
concrete were not isolated but covered a wider surface of the reinforcement bars.
The corrosion pits affected the reinforcement face that is closer to the exposed
concrete surface. The corrosion pits reduced as the distance from the location of the

mechanically induced cracks increased.
5.3 Limitations of the research

This study is laboratory-based and will only focus on chloride-induced corrosion of
steel embedded in concrete. The concrete will be exposed to chloride ions by
ponding in a 5% sodium chloride (NaCl) solution; hence, depassivation of the steel
reinforcement bar is caused by the buildup of a critical concentration of chlorides

on the steel surface.

A 2-week repeated cycle of wetting (by ponding) in the chloride solution and then
air-drying in ambient laboratory condition for the same period (2-weeks) will be
utilized throughout the period of this study. No impressed current will be used

throughout this test regime.

While a varying number of concrete edges (e.g. chamfered, rounded, square etc.),
cover depths to reinforcement, reinforcement diameter sizes, water/binder ratios,

and binder blends exist, this study will utilize concrete with orthogonal edges (i.e.
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90° corners), 20 mm cover to reinforcement, 10 mm high yield reinforcement
diameter bars, water/binder = 0.40 and concrete with binder blends of 1PC (70)/2FA
(30) and PC (50)/3SL (50).

The faces of the RC specimens will be sealed (with an epoxy sealant) to allow only
1D and 2D chloride ingress through the concrete surface during the chloride
ponding. However, at crack positions, ingress of corrosion agents is not restricted
to the 1D and 2D ingress directions (it is multi-directional) since the concrete

surfaces were epoxy sealed before the beams were cracked.

The cracks in the RC specimens were mechanically-induced by using the 3-point
load technique, after which the specimens were clamped onto rigs to prevent the
closing of the crack mouth openings (which ranged from 0.16 — 0.40 mm). The
flexural loads imposed on the cracked specimens were static, hence it is possible
that the crack mouths may ‘seal’ due to ettringite formation. Sealing of the cracks
can reduce the ingress of corrosion agents, thereby reducing the corrosion rate of
reinforcement bars. The creep characteristics due to the flexural loads on the
concrete will also not be assessed as it was deemed not needful in the interpretation

of the corrosion measurement results of this study.

Though it is assumed that the partial replacement of plain PC with supplementary
cementitious materials (SCMs) such as FA will result in chloride binding, this
phenomenon was not assessed; rather the total chloride content (i.e. acid soluble
chlorides) was assessed at the termination of the chloride ponding and drying

cycles.

Corrosion rate, concrete resistivity, and half-cell potential measurements will be
monitored 24 hours after termination of each wetting cycle and before each drying
cycle. Since the drying cycle was undertaken in ambient laboratory condition, only
the monitored results after the wetting cycle were used. This was to overcome

inconsistencies which may be encountered due to uneven drying of the concrete

1PC = plain Portland cement
2FA =Fly ash

3 SL = Ground granulated blast furnace slag
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beams since they were not kept in a controlled (temperature and relative humidity)

environment.

It is expected that the corrosion data will continue to vary with time during this
study, hence, the experimental program will be terminated when a noticeable trend
is obtained in the corrosion measurements, however, the termination period will not
be less than 12 months. Other considerations for the termination of this experiment
are the appearance of visual defects such as corrosion-induced cracks, spalling, and

delamination, and excessive rust stains on the concrete surface.
5.4  Practical implications of the research findings

Since a wide variety of concrete edges exist, the practical implications of the

findings of this study refer to orthogonal concrete edges.

a. The corrosion-free life of reinforcement bars that are located near concrete
edges of cracked (which are stressed witha sustained load flexural load) and
uncracked concrete elements is shorter than that of reinforcement bars that
are farther away from the concrete edge. Although beams used in this study
had orthogonal angled edges, it is logical to assume that acute-angled edges
will be more susceptible to higher ingress of corrosion agents due to the
closeness of the penetrating profile fronts as compared to obtuse-angled
edges. Despite the risk posed by 2D chloride ingress of corrosion agents,
increasing the existing cover depth specified in RC construction codes will
subject the concrete to wider cover cracks. Hence, rather than increase the
cover depth, where the risk outweighs the cost, galvanized or stainless steel
reinforcement bars can be used at the orthogonal edges. Alternatively, the
concrete edges should be treated with sealants that prevent moisture ingress
into the concrete.

b. Smaller concrete surface cracks of about one half that recommended in
design codes; 0.30 mm which are located at concrete edges exposed to more
than 1D ingress of corrosion agents have been identified to be detrimental

to concrete durability.
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5.5

c. The corrosion rate of reinforcement bars at edges of cracked concrete

proceeds at a rate that is higher than that of reinforcement bars that are

farther away from the concrete edge.

. Corrosion initiation models that are based on uni-directional ingress of

corrosion agents will not sufficiently predict the corrosion state of
reinforcement bars that are positioned near the edge of concrete elements.
The resistivity of concrete at concrete edges exposed to 2D chloride ingress
was observed to be low, thus it did not limit the corrosion rate of the
reinforcement bars located near the concrete edge. The cover depth of
reinforcement bars at edges of severely exposed concrete elements should
be closely monitored during construction to achieve the prescribed cover. A
means of protecting the concrete edges from the ingress of corrosion agents,
delaying the corrosion of reinforcement bars by using cathodic protection,
or more passive reinforcement bars at the orthogonal edges should be
adopted to prevent early corrosion initiation and rapid corrosion
propagation.

Recommendations for further work

Based on this study, the following recommendations are made:

1. The cracked and uncracked concrete specimens should be subjected to

various quantifiable levels of the sustained flexural load to determine the
effect of the load on chloride penetration into the concrete. Knowledge of
the sustained load may yield a relationship with the chloride concentration
at various depths within the concrete.

The effect of the sustained load on the steel-concrete interface should be
determined. Only the cover cracks were considered in this study, however,
a study of the steel-concrete interface may provide additional information
on microcrack formation at the interface which could be related to the steel
corrosion.

The sustained flexural load was kept constant throughout the study while in
field structures, the imposed load is not constant but varies with time. The
sustained load can thus be reduced and then reintroduced to its initial

intensity to ascertain the effect of varying load on the steel corrosion.
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Although a single crack was used in this research, the effect of multiple
cover cracks of various widthsin concrete which is exposed to 1D and 2D
chloride ingress may present a different corrosion characteristic than that
which was observed in this study.

As observed in this study, there was a significant reduction in the corrosion
rate of specimens that had embedded steel reinforcement bars connected to
a stainless-steel bar. The possible generation of a galvanic current may have
caused the reduction in the corrosion rate. The galvanic current can be
measured toascertain its influence of the corrosion of the reinforcement bar.
Inthe 1D exposure in this study, only the surface exposed to chloride ingress
was left unsealed (all other surfaces were sealed). This may have influenced
the sorption of chlorides into the concrete. Although it is assumed that
diffusion is the dominant means of chloride ingress into the concrete, it is
suggested that only the vertical faces of the concrete be epoxy sealed in the
specimens exposed to 1D chloride ingress. This will ascertain if poor
sorption due to exposure of only one surface influenced the results.

An assessment of different cover depthsand its influence on the corrosion
rate of reinforcement bars should be investigated.

Development of a model that accounts for the corrosion rate of
reinforcement bars that are positioned at the edge of concrete elements
exposed to 2D ingress of corrosion agents. A reliable model could not be
developed with the dataobtained in this study dueto limited variables as the
same cover depth to reinforcement, similar crack width, and concrete

quality was used in the experimental design.
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Appendix A: Data analysis
Appendix A. 1: Introduction

This chapter discusses the methods used in analyzing the data collected from the

corrosion monitoring techniques mentioned in Chapter 3. These techniques include;

a. Outlier identification, and
b. Moving average computation.

Appendix A. 2: Outlier identification

An outlier is an observation that is substantially different from the population;
hence it tends not to be representative of the population. In this study, the modified
Thompson Tau’s test was used to identify potential outliers in the collated data. The
method essentially tests one potential outlier at a time using the T-test. The
procedure is repeated until all the identified outliers are deleted from the data set.
This outlier identification technique is suitable for use in datathat range from 3 to
over 5000. The method identifies potential outliers by comparing the deviation of
the data from the data set mean and their standard deviation. The parameter which
is used in identifying the data in the rejection region (Tau (1)) is computed from T
critical values of the student’s T-distribution (Shen & Yang, 2015). The modified
Thompson Tau’s table can be used, or Eqn. A.1 can be used to compute and
subsequently identify data which is in the rejection region.
t.(n-1)

T = Al
Vnvn— 2 + t2

Where n is the number of data points or sample size,
tis the student’s T critical value

Despite the use of this method to identify potential outliers in the measured
corrosion parameters, the result of the outlier identification was interpreted with
caution to avoid deleting data which may be classified as unusual (an outlier) due
to clustering of the outliers. It must be mentioned that in some instances, discretion
was used in retaining data which may have been detected to be an outlier, since

removing such may distort the trend of earlier collected data. Except otherwise
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mentioned, Appendix A. 2:, gives specific details of how the Thompson Tau’s

outlier identification technique was used to analyze the data collected.

Appendix A. 3: Data collation and analysis

Appendix A. 3. 1: Half-cell potential data analysis

In each cycle, a single HCP reading was recorded per specimen after which an
average of the data collated per specimen set (say F1D-C-M1, F1D-C-M2, and
F1D-C-M3) is computed (see Eqgn. A.2).

The HCP data were not subjected to the outlier test since the corrosion potential of
the specimens (per set) did not differ significantly. In a few instances, specimens
which had readings that differed from the mean data in their specimen set were
easily identified and such data eliminated. The corrosion potential per specimen set

was computed from the mean of at least 2 or 3 specimens (see Egn. A.2).

Average monitored data per specimen set = (Al“:l—”%) A2

A1, A2, and As are the data recorded per specimen (e.g. F1D-C-M1, F1D-C-M2, and
F1D-C-M3) in a set, while n is the number of valid readings obtained from the

specimens in a test set.
Appendix A. 3. 2: Resistivity data analysis

The resistivity of the concrete was monitored using both the Wenner probe and the

electrode-disc method.

In the electrode-disc method, the concrete resistivity was obtained after conducting
a single test while with the Wenner probe; an average of three measurements taken
about the center of the specimen was computed and recorded as the specimen
concrete resistivity. In the cracked specimens, the resistivity was measured
transversely across the crack which is located at the middIe of the specimen. Taking
measurements over reinforcement bars and close to the specimen edge was avoided
(Gowers & Millard, 1999). The mean concrete resistivity per specimen set was

computed as shown in Eqgn. A.2.

Unlike the HCP measurements, the outlier test was separately conducted for the

data obtained from specimens exposed to 1D and 2D chloride ingress. This outlier
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detection grouping was adopted based on the assumption that for concrete of the
same mix and chloride exposure (1D and 2D), the concrete resistivity will not vary

significantly.
Appendix A. 3. 3: Corrosion rate data analysis

Three corrosion rate readings were obtained from each specimen; one each for the
three reference electrodes on the Coulostat device (see Figure 3.14). Hence, the
outlier detection data per specimen set consisted of nine (9) measurements (e.g. Cu1
— Cszshownin Table A. 1);

Table A. 1: Number of corrosion rate data recorded per specimen set

Reference Specimens

electrode F1CIA F1C1B re1c
*R1 Cu Co1 Ca1
*R2 Ci2 Co2 Ca»
*Rs Ci3 Cos Cas

Where *Ri-3, are reference electrodes and Ci1 — Csz are the corrosion rate

measurements obtained from the reference electrodes

An average of the datawhich passed the outlier test was computed and utilized as

the corrosion rate of the specimen set being considered.
Appendix A. 4: Data smoothing

After removal of outliers from the measured data, the moving average of the data
is computed and plotted. The moving average method is a datasmoothing technique
which involves the removal of random variations in the data thereby revealing
trends and cyclic components within a given data set. Though the simple moving
average or exponential methods may be used, the simple moving average method
was used in this study since the data did not appear to increase exponentially; the
exponential method is used when the data increases exponentially while the simple
averaging method is used to smooth data plots which appear to increase linearly.
The moving average plots can also be used to forecast trends in the measured data.

This method has been used by various authors in presenting monitored corrosion
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data (Christian, 2013; M. Otieno et al., 2016b; Mike Otieno, 2008; Scott &
Alexander, 2007).

Appendix A. 4. 1: Moving average

In general, the moving average gives an enhanced view of the datadistribution. The
moving average can be computed from two or more data points. In this study, a 3-
point moving average of the datawas computed and subsequently used in the data
plots. The moving average is normally taken from an equal number of dataon either

side and plotted at the central value (see Eqn. A.3)

Xpt Xt X,
Hi+1 = ] A3

Where pi+1is the moving average of the data, xi, Xi+1, and Xi+2
Each datais multiplied by a uniform weight (i.e. 1/3).

All the plots that will be presented in Chapter 4 are moving averages plotted at the
point i+1 with successive data points plotted at increments of i. Hence, the first and

last data points are not plotted.

There are potential pitfalls which may arise when the moving average is used to
process data. They include letting go off a significant amount of signal and the risk
of inversion (e.g. the datamay have a peak while the smoothed dataappears to have
atrough). The plot can also be devoid of being smooth when datawith higher values

are not identified and removed from the data set.
Appendix A. 5: Error bars

The error bars used are obtained from standard deviation of the data that is
considered. A long error bar indicates a wide spread of the dataabout its mean while
a short error bar indicates that most of the datalies close to its mean. The short error
bars also indicate that the results are more reliable since it does not deviate

significantly from the mean.
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Appendix B: Corrosion measurement results

Appendix B. 1: Half-cell potential measurement plots
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Figure B. 1: Half-cell potentials of uncracked PC/FA and PC/SL RC beam

specimens exposed to 1D chloride ingress.
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specimens exposed to 2D chloride ingress.
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exposed to 1D chloride ingress.
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Figure B. 4: Half-cell potentials of cracked PC/FA and PC/SL RC beam specimens
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Appendix B. 2: Corrosion rate measurement plots
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Figure B. 5: Corrosion rate of uncracked PC/FA and PC/SL RC beam specimens
exposed to 1D chloride ingress.
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Figure B. 6: Corrosion rate of uncracked PC/FA and PC/SL RC beam specimens
exposed to 2D chloride ingress.
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Appendix B. 3: Concrete resistivity plots
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Figure B. 12: Concrete resistivity of uncracked PC/FA and PC/SL RC beam

specimens exposed to 1D chloride ingress.
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Figure B. 13: Concrete resistivity of uncracked PC/FA and PC/SL RC beam

specimens exposed to 2D chloride ingress.
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Figure B. 14: Concrete resistivity of cracked PC/FA and PC/SL RC beam

specimens exposed to 1D chloride ingress.
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Appendix C: Visual assessment — Corrosion-induced cracks
Appendix C. 1: Visual assessment - Crack-factors
Table C. 1: Crack width and length of PC/FA specimens exposed to 1D chloride

ingress
Measured Parameters
. Total length of
Specimens Initial Crack corrosion induced Corrosion-induced Crack factor
width (mm) crack (mm) crack width (mm) (mm.sq)

N F1D-C-M1 0.26 118 0.04 4.72
2 F1D-C-M2 0.20 64 0.08 5.12
' F1D-C-M3 0.26 24 0.02 0.48
F1D-C-E1 0.30 226 0.40 90.40
3 F1D-C-E2 0.30 180 0.50 90.00
o= FID-C-E3 0.38 136 0.22 29.92
= F1D-C-ES1 0.28 177 0.24 42.48
E L,:) F1D-C-ES2 0.20 51 0.10 5.10
F1D-C-ES3 0.26 81 0.16 12.96

Table C. 2: Crack width and length of PC/SL specimens exposed to 1D chloride

ingress
Measured Parameters
Specimens N Total length of o
Initial Crack corrosion induced Corrosion-induced Crack factor
width (mm) crack (mm) crack width (mm) (mmlsq)
N G1D-C-M1 0.36 44 0.08 3.52
; G1D-C-M2 0.36 154 0.24 36.96
' G1D-C-M3 0.28 106 0.10 10.60
o G1D-C-E1 0.28 72 0.22 15.84
§ . G1D-C-E2 0.26 240 0.60 144.00
G1D-C-E3 0.26 47 0.06 2.82
s GID-C-ES1 0.22 45 0.01 0.45
2| Glp-c-ES2 0.20 81 0.06 486
G1D-C-ES3 0.26 32 0.12 3.84
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Table C. 3: Crack width and length of PC/FA specimens exposed to 2D chloride

ingress
Measured Parameters
Specimens Total length of
P Initial Crack corrosion induced Corrosion-induced Crack factor

width (mm) crack (mm) crack width (mm) (mm.sq)
Ll F2D-C-M1 0.30 85 0.06 5.10
e F2D-C-M2 0.30 43 0.04 172
B F2D-C-M3 0.38 31 0.04 1.24
e F2D-C-El1 0.30 87 0.1 8.70
= F2D-C-E2 0.28 288 0.1 28.80
) F2D-C-E3 0.16 232 0.72 167.04
N ’HN F2D-C-ES1 0.30 97 0.1 9.70
3 *| F2D-C-ES2 0.18 198 0.1 19.80
F2D-C-ES3 0.16 113 0.06 6.78

Table C. 4: Crack width and length of PC/SL specimens exposed to 2D chloride

ingress
Measured Parameters
Specimens Total length of
P Initial Crack corrosion induced Corrosion-induced Crack factor
width (mm) crack (mm) crack width (mm) (mm.sq)

pan e G2D-C-M1 0.22 67 0.08 5.36
E ° G2D-C-M2 0.20 31 0.04 1.24

G2D-C-M3 0.20 80 0.04 3.20
JRELE G2D-C-E1 0.26 16 0.1 1.60
} ] G2D-C-E2 0.28 312 0.72 224.64

G2D-C-E3 0.40 263 0.42 110.46
LH— G2D-C-ESt 0.20 56 0.08 4.48
2.—"| G2D-C-ES2 0.26 150 0.22 33.00

G2D-C-ES3 0.28 0 0 0.00
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Appendix C. 2: Corrosion-induced crack patterns
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Figure C. 1: Visual defectsin cracked (PC/FA) RC beams exposed to 1D chloride
ingress.
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Figure C. 2: Visual defects in cracked (PC/FA) RC beams exposed to 2D chloride
ingress.
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Figure C. 3: Visual defects in cracked (PC/SL) RC beams exposed to 1D chloride
ingress.
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Figure C. 4: Visual defects in cracked (PC/SL) RC beams exposed to 2D chloride
ingress.
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Appendix C. 3: Summary of visual defects in the RC beam specimens
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Figure C. 5: Summary of visual defects on PC/FA specimens exposed to 1D
chloride ingress
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Figure C. 6: Summary of visual defectson PC/SL specimens exposed to 1D chloride
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Figure C. 7: Summary of corrosion-induced defects on PC/FA specimens exposed

to 2D chloride ingress
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Appendix D: Atmospheric temperature variation during test period
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D. 1: Mean temperature variation during the test period

https://www.accuweather.com/en/za/johann esburg/305448/may-weath er/305448?monyr=5/1/2019

193


https://www.accuweather.com/en/za/johannesburg/305448/may-weather/305448?monyr=5/1/2019

Appendix E: Photographs of corroded bars in concrete

Reinforcement extraction from concrete (Note: the crack widths may appear larger

than the prevailing cracks during the experiment)

Z&r B

= _, G1D-UC-M3

F2D-UC-M3

Figure E. 1: Photographs of corroded reinforcement bars in uncracked concrete
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e g er

Figure E. 2: Photographs of corroded reinforcement bars in cracked PC/FA concrete
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Figure E. 3: Photographs of corroded reinforcement bars in cracked PC/FA concrete
(contd.)
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Figure E. 4: Photographs of corroded reinforcement bars in cracked PC/SL concrete
(contd.)
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- - anA.
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Figure E. 5: Photographs of corroded reinforcement bars in cracked PC/SL

concrete.
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Appendix F: t-test results of durability parameters

OPI

t-Test: Two-Sample Assuming Unequal Variances

Variable 1 ~ Variable 2

Mean 10.8825  10.6075
Variance 0.107425 0.0832917
Observations 4 4
Hypothesized Mean Differenct 0
df 6
t Stat 1.259413562

P(T<=t) one-tail 0.127327911
1.943180281
0.254655822

2.446911851

t Critical one-tail
P(T<=t) two-tail

t Critical two-tail

CcCl

t-Test: Two-Sample Assuming Unequal Variances

Variable 1 Variable 2

Porosity to Chlorides

t-Test: Two-Sample Assuming Unequal Variances

Mean 0.5625 0.1125
Variance 0.010291667 0.000025
Observations 4 4
Hypothesized Mean Differenct 0
df 3
t Stat 8.860797471
P(T<=t) one-tail 0.001515162
t Critical one-tail 2.353363435
P(T<=t) two-tail 0.003030325
t Critical two-tail 3.182446305

Variable 1 Variable 2

WSI
t-Test: Two-Sample Assuming Unequal Variances

Mean 3.715 2.07
Variance 0.0051 0.0285333
Observations 4 4
Hypothesized Mean Differenc 0
df 4
t Stat 17.9395251
P(T<=t) one-tail 2.83749E-05
t Critical one-tail 2.131846786
P(T<=t) two-tail 5.67498E-05
t Critical two-tail 2.776445105

Variable 1 Variable 2

Porosity to water
t-Test: Two-Sample Assuming Unequal Variances

Mean 7.98 6.125
Variance 0.234066667 0.0211667
Observations 4 4
Hypothesized Mean Differenct 0
df 4
t Stat 7.34353575

0.000915445
2.131846786

P(T<=t) two-tail 0.00183089
2.776445105

P(T<=t) one-tail
t Critical one-tail

t Critical two-tail

Variable 1 Variable 2

Mean 9.933333333 7.385
Variance 0.096033333 0.0861667
Observations 3 4
Hypothesized Mean Differenc 0
df 4
t Stat 11.01197543
P(T<=t) one-tail 0.000193265
t Critical one-tail 2.131846786

P(T<=t) two-tail 0.00038653

t Critical two-tail 2.776445105




Appendix G: t-test results of concrete resistivity

F1D-UC-M & F2D-UC-E
t-Test: Two-Sample Assuming Unequal Variances

F1D-C-M & F2D-C-E
t-Test: Two-Sample Assuming Unequal Variances

Variable 1 Variable 2 Variable 1 Variable 2
Mean 11.45893162 10.05440171 Mean 9.021381766 8.656680912
Variance 1.446333717 0.522375178 Variance 0.67659039 0.562628689
Observations 13 13 Observations 13 13
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
df 20 df 24
t Stat 3.609208054 t Stat 1.181229846
P(T<=t) one-tail 0.000875247 P(T<=t) one-tail 0.12454248
t Critical one-tail 1.724718243 t Critical one-tail 1.71088208
P(T<=t) two-tail 0.001750493 P(T<=t) two-tail 0.249084961
t Critical two-tail 2.085963447 t Critical two-tail 2.063898562
G1D-UC-M & G2D-UC-E G1D-C-M & G2D-C-E
t-Test: Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming Unequal Variances

Variable1  Variable 2 Variable 1 Variable 2
Mean 10.80777778 10.09641026 Mean 9.134230769 8.717008547
Variance 0.97786034 0.485221842 Variance 2.234464174 0.602580943
Observations 13 13 Observations 13 13
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
df 22 df 18
t Stat 2.120466171 t Stat 0.893112128
P(T<=t) one-tail 0.022739639 P(T<=t) one-tail 0.191791298
t Critical one-tail 1.717144374 t Critical one-tail 1.734063607
P(T<=t) two-tail 0.045479278 P(T<=t) two-tail 0.383582596
t Critical two-tail 2.073873068 t Critical two-tail 2.10092204

The difference in the concrete resistivity of the uncracked concrete exposed to 1D

and 2D chloride ingress is significant — concrete exposed to 2D chloride ingress has

lower resistivity while the difference in concrete resistivity in the cracked concrete

is not significant.
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Appendix H: Cross section of OP1 and CCI apparatus
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Figure H. 1: Cross section of oxygen permeability apparatus
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Figure H. 2: Cross section of chloride conductivity apparatus

201



