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ABSTRACT

Reinforcement corrosion in concrete remains the most serious cause of premature
deterioration of concrete structures world-wide, and many methods have been
proposed to combat this problem. One method of improving the durability of concrete
in aggressive environments is the use of corrosion inhibitors. In this work the
effectiveness of an organic penetrating corrosion inhibitor in reducing the rate of
corrosion and delaying the onset of corrosion in carbonated concrete is discussed,
with reference to corrosion rates. The effectiveness of the penetrating corrosion
inhibitor in reducing carbonation-induced corrosion rates was determined using a 30
MPa CEM I concrete mix. Some of the specimens were treated with the inhibitor
before the carbonation process and some were treated with the inhibitor after the
carbonation process. Accelerated carbonation of the samples was carried out by
placing the samples in a carbonation chamber where the carbon dioxide levels and
temperature were maintained at 10 % and 30 °C respectively. The carbonation depths
were determined at regular intervals. Once sufficient carbonation depths had occurred
the specimens were removed from the carbonation chamber and corrosion rates were
monitored.

The effectiveness of the inhibitor was also determined on carbonation-induced
corroding site structures. Comparisons were made between corrosion rates on treated
and untreated areas to determine the effectiveness of the inhibitor.

Results of the tests conducted indicate that the penetrating corrosion inhibitor is
capable of reducing corrosion rates and delaying the onset of corrosion under
carbonation conditions in laboratory specimens and site structures.
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1. INTRODUCTION

Reinforced concrete is a versatile, economical and successful construction material,
widely used for many decades. However, sometimes it does not perform adequately as
a result of poor design, poor construction, inadequate materials selection, and a more
severe environment than anticipated, or a combination of these factors. [1]

The corrosion of steel in concrete has in recent decades become one of the main
problems affecting the durability of reinforced concrete structures in mild as well as
severe climatic conditions. Whereas in the past, much concern related directly to the
performance of concrete itself e.g. resistance of concrete to sulphate attack, it seems
that, at present, the most common durability problem is corrosion of steel in concrete

[2].

Corrosion prevention and control must therefore be carefully considered and
addressed in structural concrete. Ever since reinforcing steel has been included in the
production of reinforced concrete, the potential has existed for corrosion to take place.
It has been said that the corrosion of steel reinforcement is the most frequent cause of
failure in reinforced concrete and is therefore of major concern [1].

The implications of damage caused by corrosion of steel in concrete structures are
also large. For example, in the case of bridge decks in the USA, the yearly cost of
repairs is estimated to be between $50 to $200 million [2]. Therefore the economic
loss and damage due to corrosion of reinforcement makes it one of the largest
problems facing infrastructure in developing and industrialised countries. However,
the deterioration of reinforced concrete can be avoided by appropriate planning,
design and execution. It is therefore of importance that the corrosion process is
properly understood so that more durable concrete structures can be designed and
better techniques be developed.

1.1 Objectives

The overall object of this work is to assess the performance of an organic corrosion
inhibitor in reducing carbonation-induced corrosion, both as a preventative measure
and as a repair technique. A number of tests were carried out in the laboratory and on
site to determine the effectiveness of this inhibitor in these different environments.

Objectives included the following:

e To assess the performance of the inhibitor in reducing the onset of carbonation
corrosion under laboratory conditions, and thereby increase the service life of a
structure.

e To assess the performance of the inhibitor in reducing the rate at which
carbonation corrosion takes place in already corroding structural elements under
site and laboratory conditions.

e To determine the rate and depth of penetration of the corrosion inhibitor for
different concrete grades,



1.2 Scope of work

Reinforcement corrosion remains the most serious cause of the premature
deterioration of concrete structures world-wide and many methods have been
proposed to combat this problem. One method of improving the durability of concrete
in aggressive environments is the use of corrosion inhibitors. The effectiveness of a
penetrating corrosion inhibitor in reducing carbonation-induced corrosion rates was
evaluated using a 30 MPa CEM I concrete mix. This penetrating corrosion inhibitor
could be one possible solution to the problem of reinforcement corrosion in concrete
structures, and the problems occurring due to corrosion could be overcome to some
extent if the inhibitor is found to be effective in stifling or slowing down the corrosion
process

The effectiveness of a penetrating organic corrosion inhibitor in reducing carbonation-
induced corrosion was determined by casting a number of reinforced concrete block
specimens at different covers to reinforcement using a 30MPa CEM I 42.5 cement
concrete mix. Six blocks were cast at a cover of 20 mm, and six blocks with 40 mm
cover. Some of the specimens were treated with the inhibitor before the carbonation
process and others were treated with the inhibitor after the carbonation process.
Accelerated carbonation of the samples was carried out by placing the samples in a
carbonation chamber where the carbon dioxide levels and temperature were
maintained at 5 %, and subsequently 10 %, and 30°C respectively. The carbonation
depths were determined at regular intervals. Once sufficient carbonation depths had
been reached the specimens were removed from the carbonation chamber and
corrosion rates were monitored.

Corrosion rates were measured using a commercial instrument, the Gecor. The Gecor
uses a linear polarisation technique to determine corrosion rate values. Values of the
half-cell potential and resistivity were also obtained. The data obtained are analysed
and relationships established. The effectiveness of a migrating corrosion inhibitor was
thereby investigated and discussed with reference to corrosion rates and carbonation
depths. The depth of penetration of the inhibitor was measured by using the
qualitative technique recommended by the manufacturer. Finally, recommendations
are made based on the data that is presented and analysed

1.3 Layout of thesis
This work is presented in seven chapters.

e The first chapter consists of a brief introduction to the topic and objectives of this
work.

e Chapters two and three comprise the literature review. The corrosion process is
discussed in detail and the effects of carbonation and chloride ions on the
corrosion of steel reinforcement in concrete are presented. Analysis of corrosion
damage in the form of condition surveys and various available repair techniques
are discussed to present the reader with an overview of the available repair
methods for corrosion damaged concrete, with special attention paid to the
different types of corrosion inhibitors available. Corrosion inhibitors are addressed



and the mechanisms by which they reduce the corrosion process, their different
types and how they can be used in concrete repair are mentioned. Their effects on
the corrosion process and how they can be used in the prevention of reinforcement
corrosion and in concrete repair are also discussed. The theory behind the various
electrochemical techniques used for monitoring corrosion is also introduced and
discussed.

The fourth chapter describes the experimental procedures used in this work. The
method of the Galvanostatic Linear Polarisation resistance technique in the
measure of corrosion rates, probability of corrosion (half-cell potentials and
resistivity measurements), amount of carbonation and the depth of penetration of
the corrosion inhibitor are discussed in detail Durability Index tests are also
mentioned. Basic descriptions of the test methods and important limitations in
these various test methods are discussed.

The fifth chapter presents and analyses the data obtained in the laboratory work,
~and discusses the effectiveness of the penetrating corrosion inhibitor with
reference to corrosion rates.

Chapter six covers the site-work. It gives a brief overview of the test procedures
used. It also shows and discusses the results obtained at the various test sites

monitored.

The concluding chapter discusses the overall performance of the inhibitor and
recommendations about the use of the inhibitor are made.



2. CORROSION OF REINFORCED CONCRETE STRUCTURES

The problem of corrosion is widespread in all forms of reinforced concrete structures
both in South Africa and overseas. Concrete has to be reinforced with embedded steel
when used to resist tensile and flexural loading, and it is the potential for corrosion of
this embedded steel that is a prime issue in structural deterioration.

Electrochemical corrosion is known to pose the greatest threat to the durability of
reinforced concrete structures [1]. Therefore, in order to improve the durability of
these structures it is firstly essential that the corrosion process be properly understood.
The sections that follow explore the basics of corrosion of steel in concrete such that
durable concrete structures can be constructed and effective repair or corrosion
control procedures be developed.

The purpose of this chapter is to present an overview of the corrosion process, and to
introduce the two main causes of reinforcement corrosion in concrete structures, that
is, chlorides and carbonation, as well as how they affect the corrosion of steel in
reinforced concrete. The different methods of corrosion monitoring are also discussed.

2.1 Electrochemical nature of corrosion

Corrosion can be described as the destructive attack of a metal by an electrochemical
process undergoing a number of oxidation and reduction reactions. It is a process by
which a refined metal reverts back to its natural state by an oxidation reaction with the
environment (e.g. oxygen and water) [1].

In the comrosion process two electrochemical reactions take place simultaneously at
different sites on the steel surface. The two reactions are known as ‘anodic’ and
‘cathodic’ reactions, and the areas on the surface of the corroding metal where the
reactions occur are called the anode and the cathode respectively. At the anode, metal
atoms are ionised and pass into the solution around the metal as positively charged
hydrated ions (anodic oxidation). Electrons are thereby left on the metal surface and
therefore raise its electrical potential. The excess free electrons then flow through the
metal to the cathodic region (lower potential area) of the metal where an electron
acceptor such as dissolved oxygen (water and oxygen) is available to consume them
to form hydroxyl ions (cathodic reduction). The flow of electrons occurs due to a
potential difference that exists between the two electrodes, and as long as such a
potential difference exists, electrons will flow from the anode to the cathode causing
corrosion. The process continues by electro-migration of ions through the aqueous
phase leading to the formation of corrosion products at the anode. If water and oxygen
are not available at the cathodic sites, the corrosion process will be terminated [2].

The reactions taking place at the anode and cathode are shown below (for the
purposes of the equation the metal is steel):

Anodic reaction 2Fe - delectrons —  2Fe** 2.1)
metallic atoms ions dissolved
at steel surface. in solution.




Cathodic reaction 0O, + 2H;0 + 4electrons — 40H 2.2)
dissolved oxygen ions dissolved
molecules. in solution.

2.2 Corrosion of steel in concrete

Corrosion of steel in concrete is a process similar to that described above. A
characteristic feature of the corrosion of steel in concrete is the development of macro
~ cells, that is the coexistence of passive and corroding areas on the rebar forming a

galvanic element with the corroding area as the anode and the passive surface as the
cathode. A corrosion current is therefore driven by a difference in potential between
the anodic and cathodic areas that may exist on the same length of reinforcement. The
potential difference occurs due to local differences in the environment surrounding
the reinforcement or due to differences in the surface condition of the steel
reinforcement [3].

Concrete is alkaline in nature, that is, it contains microscopic pores with high
concentrations of soluble calcium, sodium and potassium hydroxides [1]. The
alkalinity of concrete in pH terms is roughly between 12 and 13. Therefore, when
steel is embedded in concrete it is in contact with highly alkaline pore solutions which
form a tight and stable passivating film of ferric oxide around the steel surface
protecting it against corrosion. This passive layer prevents corrosion by stopping the
dissolution of Fe?* jon into the surrounding pore solution, thereby preventing the flow
of electrons from the anode to the cathode.

However this passivating layer is not always maintained and can be broken down by
aggressive environments, which reduce the alkalinity of the concrete, or by the ingress
of chloride ions. A change in pH of the environment can occur when the process of
carbonation affects the concrete. The ingress of chloride ions also affects the passivity
of steel, since once the chloride threshold concentration is exceeded the passive oxide
layer breaks down. Once depassivation is achieved corrosion may take place. The
chemical reactions are the same regardless of the depassivating medium. The steel
corrodes and dissolves in the pore water and gives up electrons at the anode. The
electrons created at the anode must be consumed somewhere else on the surface of the
steel to preserve electrical neutrality. Therefore in the presence of water and oxygen
the electrons are consumed to produce hydroxyl ions at the cathode.

The corrosion process of steel in concrete is shown schematically in figure 2.1.






























































































































































































































































































































































































































































































































