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Abstract

Premature deterioration of reinforced concrete railway bridges before and after repair is a
serious concern as it is costly and poses a major risk on safety and performance. Reinforced
concrete railway bridges in aggressive environments (near the sea) face the risk of ingress of
corrosion agents (oxygen, moisture and chlorides) into the concrete to the reinforcing steel.
Although, corrosion of the reinforcing steel is not the only cause of structural deficiencies in
railway bridges, it is a significant contributor to deterioration and therefore of major concern.

In order to guide the selection of a suitable repair option, one repair material from each category
(patch repair mortars, barrier systems, electrochemical methods and corrosion inhibitors) was
investigated. The effectiveness of selection was assessed by employing electrochemical
techniques to quantify the performance of each selected repair material in stifling chloride-
induced corrosion in reinforced concrete.

This study focuses on the evaluation of selected repair materials for chloride-induced corrosion
in reinforced concrete using 100 x 100 x 500 mm long beam specimens. The four selected
repairs were applied to the reinforced concrete beams after a period of 200 days after casting.
The beams had a constant concrete cover to reinforcing steel of 20mm. The beam specimens
were casted using admixed chlorides into the mix and were subjected to a cycle of 3 days
wetting (with 5% NaCl solution) and 4 days drying. The beam specimens were monitored for
half-cell potential (Cu/CuSOa), corrosion rate (coulostatic technique) and concrete resistivity
(Wenner probe technique).

Results indicate that the selected repair materials in this study had varied influences on the half-
cell potential and corrosion rate values. The patch repair material replaced the concrete cover
with a more durable material, confirmed from the Durability Index (DI) tests conducted. The
resistivity of the repair mortar was measured to be higher than the concrete. Due to the
replacement of the concrete cover, the corrosion rate values reduced when compared to the
control reinforced beam specimens. However, the half-cell potential values indicated the
probability of corrosion is still high after application.

The barrier method, applied a silane-based sealer on the reinforced concrete beams. The
resistivity of the concrete increased after application of the barrier method. The corrosion rates
after application of the barrier method was lower than the corrosion rates of the control
reinforced concrete beams. The half-cell potential results indicated the corrosion risk is still
high after application of the barrier method.

The electrochemical repair was the only repair material that showed more negative potentials
than the control beams and corrosion rates were significantly higher than all the other repair
methods after application. The reason for this can be attributed to the zinc anode dominating
the potential and corrosion rate values. Therefore, no conclusion can be made on the corrosion
condition of the reinforcing steel. Alternative methods should be employed in determining the
effectiveness of sacrificial anode repairs.



The corrosion inhibitor specimens were similar to the control specimens corrosion rate results
after application but showed less negative values in the half-cell potential readings. However,
the depth of the corrosion inhibitor was not assessed.

This study was effective in ranking a suitable repair method for a period of 110 days after
application, under similar exposure conditions, in order of descending effectiveness: barrier
method, patch repair and corrosion inhibitor.
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Chapter 1 Introduction

1.1 General

Railway bridges are an integral asset to a railway system. Railway bridges provide a means for
trains to traverse over topographical areas that would be impractical by other means. The risk
associated with the collapse of a railway bridge is not only detrimental to railway operations
and may result in loss of life, but the cost in restoring or reconstructing a railway bridge is quite
exorbitant. Therefore the need to maintain and monitor railway bridges is vital in ensuring the
structural integrity of these structures. There are three types of railway bridges found in South
Africa, namely steel; concrete (reinforced and prestressed) and composite (combination of
concrete and steel) bridges.

The maintenance approach for reinforced concrete railway bridges is dependent on the
environment to which the bridge is exposed to, as certain external factors that contribute to the
deterioration of these structures. Railway bridges can be found both inland and along the coast.
Some inland railway concrete bridges undergo deterioration due to carbonation whereas closer
to the coastline the bridges deteriorate due to chloride induced corrosion of the reinforcing
steel. The chlorides from the sea water penetrate the concrete and cause corrosion of the
reinforcing steel. While corrosion of the reinforcing steel is not the only cause of structural
deficiencies in railway bridges in South Africa, it is a significant contributor to deterioration
and therefore of major concern.

1.2 Background

Research into protecting reinforced concrete structures from corrosion has been conducted
since the 1970s (Kepler et al. 2000). Transnet Freight Rail (referred to as ‘Transnet’ hereafter)
is responsible for the maintenance of tens of thousands of kilometres of reinforced concrete
railway bridges in South Africa (Figure 1.1). The inventory for steel corrosion-damaged
bridges (steel and reinforced concrete) is such that rehabilitation or repair intervention is only
done when there is a major risk to the serviceability limit of the bridge. The serviceability limit
of railway bridges is reached when the deflection, as described in the SATS Bridge Code
(1983), is greater than 0.001L, where L is the span length. The reason for the delay in
intervention can be attributed to the prioritisation on the core of the business of Transnet, as
maintenance intervention requires the disruption of train operations, thereby reducing potential
revenue.

Corrosion of steel in concrete may result in premature failure of reinforced concrete structures.
It can also result in the safety and performance of the structure to be negatively affected.
Reinforcement corrosion may have severe implications for the mechanical properties of
reinforced concrete including:-

e loss in load-carrying capacity due to a reduced cross sectional area of reinforcing steel;
e loss in load-carrying capacity due to a loss in bond at the concrete-steel interface; and
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e loss in ductility due to an uneven distribution of cross-sectional area along the length
of the reinforcing bar and stress concentrations associated with the abrupt changes in
geometry. (Palsson and Mirza, 2002 as cited in Otieno, 2008).

Majority of Transnet’s reinforced concrete railway bridges have been in existence since the
1930s as evidence from the as-built drawings. The aim of Transnet is to extend the functional
life of these bridges through proper and timely maintenance and repairs.
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Figure 1.1: Overview of Transnet Freight Rail Network in South Africa

Concrete structures, which were constructed from the 1900-1950, used concrete that was of
inferior quality with respect to the ease of ingress of chloride ions and also provided lesser
concrete cover compared to recent structures (Hartt et al. 2004). The reason for this inferior
quality of cover concrete is that durability design and specification was not a focus area in that
time.

The quality and depth of the concrete cover affects the penetrability of concrete to chlorides;
this is governed by the transport mechanisms of the concrete and will be covered in Chapter 2.
This property has a significant effect on the durability of reinforced concrete railway bridges
located near the coast. Chloride induced steel corrosion in the bridges has resulted in
delamination and spalling mainly in the soffits and piers of the bridges (Figure 1.2).
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Figure 1.2: Chloride Induced Corrosion of Reinforced Concrete Railway Bridges in
Kwa-Zulu Natal Province, South Coast (Photograph courtesy of M. Jogiat)

Corrosion of steel in concrete may result in premature deterioration of these reinforced concrete
railway bridges hence compromising their safety and performance. Assessment, maintenance
and repair of these reinforced railway bridges are usually overlooked while focusing on the
associated economic impact i.e. the potential loss in revenue if train operations are halted.

Transnet Freight Rail has numerous cases of deterioration due to chloride ingress along the
coastal regions of South Africa. Patch repair and barrier repair materials have in the past been
applied to specific bridges along the coast. These interventions performed well in the initial
stages (1 -3 years) i.e. the bridges showed no visual signs of steel corrosion. However, this was
not the case after 3 years when the bridges showed visible signs of steel corrosion such as
brownish-orange streaks of steel corrosion appearing on the concrete surface, delamination and
spalling (Figure 1.3). As a result, questions have been asked on whether the repair materials
were ineffective or the application method(s) were poor. The failure of these repairs has had
huge cost implications on Transnet’s budget. It is therefore necessary to try and obtain answers
to these questions for future planning on the maintenance and repair of these bridges.

Figure 1.3: Failure of patch and barrier repair material in Kwa-Zulu Natal Province,
South Coast (Photograph courtesy of M. Jogiat)
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1.3 Problem Statement

Premature deterioration of reinforced concrete railway bridges before and after repair is a
serious concern as it is costly and poses a major risk on safety and performance. In the past,
Transnet has, with little success, repaired a number of its railway bridges along the coast using
different repair materials with the aim of preventing or stifling the initiation or propagation of
chloride induced steel corrosion. As already mentioned, most of the repair interventions are
short-lived (only up to 3 years) in terms of their effectiveness. Alternative repair options
therefore need to be explored. This is the impetus of this study.

There are a number of commercially available repair materials (patch repair mortars, barrier
systems, electrochemical methods and corrosion inhibitors) for which the suppliers claim to be
effective in suppressing the penetration of chloride ions into concrete. Since it is difficult to
choose which repair option to use on the bridges, there is an urgent need to investigate their
performance with respect to mitigating chloride-induced steel corrosion.

In order to guide the selection of a suitable repair option, one repair material from each category
(patch repair mortars, barrier systems, electrochemical methods and corrosion inhibitors) will
be investigated. The effectiveness of a repair option will be assessed by measuring the steel
corrosion half-cell potentials and corrosion rates before and after application of a repair
material.

1.4 Aim and objectives
The aim of this study is to assess the effectiveness of selected repair options to mitigating
chloride-induced steel corrosion in reinforced concrete.

The objectives of this study are to:-

e Critically review the available repair options (patch repair mortars, barrier systems,
electrochemical methods and corrosion inhibitors) and select one repair method from
each category for laboratory investigations with the aim of assessing its effectiveness
to mitigating chloride-induced corrosion.

e Assess the performance of the selected repair methods in the laboratory by subjecting
reinforced concrete beam specimens to chloride-induced corrosion and comparing steel
half-cell potential, corrosion rate measurements and resistivity.

1.5 Research Significance

There are few studies (Elsener, 2001, Xi et al 2004, Kepler et al 2000) on the effectiveness of
the repair materials which will be a focus in this study viz patch repair mortars, barrier systems,
electrochemical methods and corrosion inhibitors. In a study by Xi et al. (2004) to determine a
singular repair solution to effectively prevent chloride induced corrosion in reinforced concrete
structures, a field study was conducted on nine bridges which had different corrosion protection
materials. The bridges were monitored visually for the degree of chloride contamination and
steel corrosion-induced damages. The corrosion repair materials used were waterproof
membranes, electrochemical chloride extraction, cathodic protection (impressed-current and
sacrificial anode cathodic protection systems) and mixed corrosion inhibitors. Patch repairs,

16



which will be used in this study, were not used by Xi et al. (2004). The following conclusions
were made from the study:

e From the inspections of the two different types of cathodic protection methods namely
impressed-current and sacrificial anode systems, no conclusive results were obtained
on the comparison of performance.

e Bridges which applied corrosion inhibitors, generally showed no signs of corrosion for
up to nine years of service after application.

e The bridges in which barrier membranes were used showed severe signs of concrete
cracking and steel corrosion.

The results from Xi et al.’s study (2004) were inconclusive, and led to a recommendation to
use of a combination of repair materials to achieve the desired corrosion performance in
bridges. This study can be critiqued for using only visual assessment to assess the performance
of the various repair options. The time to observing of the reported corrosion-related damages
was also not reported in all cases.

This study looked into the quantitative assessment of the performance of each repair material
(using half-cell potential and corrosion rate measurements) with respect to mitigating chloride-
induced steel corrosion. Combinations of different repair options was not investigated in this
study.

1.6 Repair materials

Corrosion of steel in concrete occurs when it is exposed to aggressive environments. While
exposed steel corrodes in most natural environments, the relative high pH of concrete helps to
form and maintain the protective oxide film that is formed on the perimeter of the steel surface
(Broomfield 1997). This passive film helps to protect the reinforcement by preventing
corrosion and therefore relatively low maintenance of structures is required. The problem lies
when this protective passive film breaks or is damaged which initiates corrosion of the
reinforcement (Allen et al 1993). The products of the corrosion process results in the expansion
of the embedded reinforced concrete steel bars, when considering the relatively low tensile
capacity of concrete, results in cracking, spalling, and delamination.

Repair materials and systems are designed to prevent or slow down the corrosion process by
enhancing the durability of the concrete or stifling corrosion in concrete structures. The
categories of the repair materials in this study are namely (Kepler et al 2000):

i.  Patch repair mortars — protect the embedded steel by providing a less penetrable
concrete or equivalent replacement of the cover concrete layer.

ii.  Barrier methods — prevent water, oxygen and chloride ions to penetrate the cover
concrete layer from reaching the reinforcement.

iii.  Electrochemical materials — use the potential difference of materials and current to stifle
the corrosion process even in cases where the concrete has a significant amount of
chloride ions.

iv.  Corrosion inhibitors — protect the embedded steel by raising the threshold chloride
concentration and/or by reducing the penetrability of the concrete.
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1.7 Scope of research

A critical literature review looked into various studies that have investigated the effectiveness
of various repair options. The review assisted in identifying one repair material from each of
the four categories of common repair materials (i.e. patch repair mortars, barrier methods,
electrochemical and corrosion inhibitor).

A laboratory investigation was conducted to assess the performance of the selected repair
options. Reinforced concrete beam specimens were made using plain Portland cement (PC)
and exposed to accelerated chloride-induced steel corrosion. The beam specimens were
monitored for steel corrosion using half-cell potential and corrosion rate measurements. Once
a steady state of corrosion is attained in the beam specimens, the selected repair options were
applied and monitored afterwards for corrosion rate and half-cell potential.

1.8 Limitations of Study

e Time constraints limited the scope of experimental work carried out in this study.

e Only chloride induced reinforcement corrosion is considered, the effect of carbonation
is ignored.

e The repair materials were chosen based on commercial availability.

e Concrete mix ingredients and proportions used to make the beam specimens were
selected to result in relatively poor quality concrete so as to ensure measurable steel
corrosion parameters can be achieved

1.9 Structure of Dissertation

Chapter 1 will give an introduction and purpose to the study. Chapter 2 will focus on the
literature review and also a critical literature review of the various commercially available
repair materials for chloride induced corrosion of reinforced concrete. Chapter 3 will present
the details of the experiment. Results and detailed interpretations from the laboratory
experiments will be presented in Chapter 4. Chapter 5 will present the conclusions and
recommendations based on the study outcomes.
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Chapter 2 Literature Review

2.1. Introduction

This chapter will discuss the fundamentals of corrosion which entail the corrosion process,
corrosion of steel in concrete and the transport mechanisms. It will also discuss the factors that
affect corrosion, focussing mainly on chloride induced corrosion of steel in concrete structures.
Understanding the causes and the contributing factors of corrosion can provide valuable
information into the methods of testing and evaluating the performance of commercially
available repair solutions. Commonly used repair materials aim at preventing or slowing down
the corrosion process. These common repair materials are categorised into four groups, namely
patch repairs, barrier materials, electrochemical methods and corrosion inhibitors.

In this chapter, the four categories of repair materials will be under review to obtain a suitable
repair material in each category for the protection against chloride induced corrosion in
reinforced concrete structures. This chapter looks into the various studies that have assessed
the performance and effectiveness of different repair materials. A suitable repair material will
be chosen based on the recorded visual observations (signs of corrosion, spalling and
delamination) after application and the recommendations on repair solutions made by studies.
Also, the advantages and disadvantages on the different application methods are considered as
criteria to determine a suitable repair material.

2.2. Background

Corrosion of reinforcement in concrete is an inevitable process when it is exposed to aggressive
environments (water, oxygen, aggressive ions, pH, relative humidity and temperatures)
(Mackechnie and Alexander, 2001). While exposed steel corrodes in most natural
environments, the relative high pH of concrete helps to form and maintain the protective oxide
film. This passive film helps to protect the reinforcement and therefore, relatively low
maintenance of structures is required (Allen et al 1993). Ingress of deleterious substances can
result in the attack of this passive layer and can lead to local breakdown of this protective
passive film which accelerates the rate of corrosion (Angst, 2011). The volume of the steel
increases due to the formation of hydrated oxides. The formation of the corrosion products
result in stresses in the concrete surrounding the reinforcement (Heckroodt, 2002). Considering
concrete’s low tensile capacity, concrete cracking, delamination and spalling can be a
consequential result. The ingress of chloride ions through the concrete cover breaks down the
passive layer of the reinforcement, which results in chloride-induced reinforcement corrosion
in railway bridge structures. The rate of deterioration of these reinforced concrete structures is
mainly dependent on the external factors, the intrinsic factors of the concrete and also the stage
of the corrosion process of the steel.

2.3. Transport mechanisms
The ease with which chloride ions or fluids move through the concrete is dependent on the
transport properties of the concrete materials (Otieno et al., 2010). Chloride ingress is

19



influenced by the penetrability of the concrete cover. Penetrability is defined as the degree to
which concrete permits gases, liquids or ionic species through its pore structure (Perrie, 2009).
There are four types of concepts that permits these substances through the concrete cover,
namely absorption, convection, diffusion, permeation and migration. These concepts have
underlying mechanisms that involve capillary action, flow under pressure and flow under a
concentration gradient which are called transport mechanisms (Perrie, 2009). There are five
types of transport properties that have a major role in the ingress of chloride ions in concrete,
namely absorption, convection, diffusion, permeation and wick action (Perrie, 2009).

2.3.1. Absorption

Absorption is the ability of the concrete surface to draw water or chlorides into a porous,
unsaturated material (concrete) by capillary suction. Since the capillary suction depth is quite
minimal to the depth of the reinforcement cover, more focus will be on other transport
mechanisms for chloride induced corrosion (Hartt et al., 2004).

2.3.2. Convection

Convection is the penetration of ions and fluids through the surface of the concrete by the
wetting and drying cycles of the surface (Perrie, 2009). This transport mechanism is found
below the surface of the cover concrete (Figure 2.1). The concentration of ions and fluids
decrease from a higher concentration at the surface of the cover concrete towards the
reinforcing steel. Thereafter, the diffusion mechanism transports these ions and fluids to reach
the reinforcing steel.

2.3.3. Diffusion

Diffusion is the movement of gases or ions, due to a concentration gradient formed on either
ends of the path of movement. The direction of the movement is from a higher concentration
of gases or ions to that of a lower concentration.

Diffusion contributes to chloride transport in concrete under most exposure conditions. By
diffusion, chloride ions move through the concrete pore solution to the reinforcing steel under
the action of a concentration gradient (Perrie, 2009).

The transport of oxygen to the reinforcing steel is mainly due to the diffusion process.
Therefore, the depth of cover of the reinforcing steel and the quality of the concrete has a
significant ability in preventing the ingress of chloride ions.

2.3.4. Permeation

Permeation is the process of movement of fluids or ions through the pore structure or solution
by externally applied pressure or the presence of an electric field (Perrie, 2009 and Otieno et
al., 2010). It is dependent on the quality and also the moisture condition of the concrete
surrounding the reinforcing steel. Since there is no externally applied pressure or electric field
present in reinforced concrete railway bridges, this study will not focus on permeation.
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Figure 2.1: Zone depths for the three types of transport mechanisms for chloride ingress
(Perrie 2009)

2.3.5. Wick action

Wick action is the movement of water and ions from a surface in contact with water/salt
solution to a drying surface (Figure 2.2). The wetting and drying of railway bridges from the
chloride ions on the surface from the sea spray can be a reason for wick action to occur. It
results in a build-up of chlorides in the concrete, especially at the drying face (Beunfeld et al.,
1997 as cited in Otieno, 2008).

Wet face in . Dry face
contactwith [+ & O &1 b O & Jexposed

salt solution .O.:t;’c'ohcrete ~ o - JRH<100%

Salt solution =) i o ST ﬁo 3
absorption L .‘O.:A.: 0 3\ O.::;.: 0 3

Penetration depthI » Water vapour
(x) | diffusion

Figure 2.2: A schematic illustration of wick action in concrete (Otieno, 2008)

2.3.6 Effect of concrete aging on transport mechanisms

Transport properties of concrete change over time due to hydration of the cement. As a result
of the hydration continuing, the porosity of the concrete decreases. Cement paste in concrete
has a constituent tricalcium aluminate (C3A), a complex aluminium salt, which reacts with free
chlorides to form chloroaluminates (Broomfield, 1997). The free chlorides continue to bind to
the concrete during this time (Otieno, 2008). This is of considerable importance when repair
materials are assessed in laboratory experiments on young concrete specimens to provide
comparison to the achieved outcome of aged reinforced concrete structures.

Most aging infrastructure has some degree of cracking whether it be structural or durability-
related cracks of the cover concrete. The presence of cracked concrete accelerates the transport
mechanisms. With respect to transport properties, the number and degree of cracks can be more
critical in cracked concrete than the properties of the concrete itself (Perrie, 2009). Crack
parameters such as crack width, density/frequency and degree of connectivity are difficult to
quantify therefore this study is focused more on uncracked concrete and the predominant
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transport mechanism as each bridge varies quite considerably with the parameters for cracked
concrete.

2.4 Fundamentals of steel corrosion in concrete

2.4.1 Corrosion process

Corrosion is a set of electrochemical reactions where two types of electrodes are formed. The
one electrode is known as the anode, which is where corrosion occurs due to the flow of ions
and electrons from chemical reactions between an unstable metal and an electrolyte. Therefore,
electrochemical reactions are required: which involves the movement of electrons from anode
to cathode. There is an electric current between the anode and the other electrode (the cathode).
Electrons are released at the reactions at the anode and consumed in the reactions at the cathode.
The cathode is where electrons flow from, through a medium, which is known as an electrolyte.
The cathode is capable of conducting an electric current. To complete the entire
electrochemical process, there must be a metallic path which allows the current return by
connecting the anode and the cathode (Angst, 2011).

The reactions are shown below:
Anodic reactions:
F, - E?* + 2e~ S ¢ §)

Cathodic reactions:
Hy0 +-0; + 2e” —20H™ ... )

The corrosion process of embedded steel involves four components that are critical to ensure
its propagation. For an electrochemical process (corrosion) to take place there must be an:-

e Anode (Steel):- a reactive metal that will oxidise anodically to form soluble ions, where
electrons flow from.
e Cathode (Steel):- a reducible metal that provides the cathodic reactant (hydroxyl ions),
where electrons flow to.
e A connection (Steel): to complete the circuit
e A conducting solution (pore solution):- an electrolyte that facilitates ionic movement.
The availability of oxygen and moisture are two other factors that play a role in the corrosion
process.

2.4.2 Corrosion of steel in concrete

A simplified explanation of corrosion in reinforced concrete is a steel bar embedded in
concrete; the concrete pore solution contains electrolytes which are basically dissolved ions.
Due to the high pH (pH>12.5) of the concrete pore solution, the formation of a thin ferrous
oxide film is formed which passivates the steel reinforcement (Hartt et al., 2004). This passive
film helps to protect the rebar from corrosion. The passive ferric oxide film can be destroyed
by the presence of chloride ions or by carbonation. Once this passive film is destroyed and there
is sufficient oxygen and moisture available, the corrosion process will begin.
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The corrosion process involves a three stage damage model (Heckroodt, 2002) which is based
on the levels of damage to the concrete as corrosion develops provided the reactive corrosive
environments are present (Figure 2.3). The penetration of chloride ions into concrete causes
the steel to become thermodynamically unstable and therefore susceptible to corrode
(Alexander et al., 2012).

The initiation period is the stage before corrosion begins. This is where harmful substances
such as chlorides ingress into the concrete to reach the reinforcing steel and depassivates the
steel to cause reinforcement corrosion. The rate of ingress is dependent on the quality of the
concrete, cover depth and contributing environmental conditions (Alexander et al., 2012).

Propagation phase occurs after the initiation period: in which expansive corrosion products are
generated, resulting in the concrete cover to crack. This is due to the corrosive elements
(oxygen, carbon dioxide, moisture and chlorides) being present at the areas of corrosion, once
corrosion initiation has taken place (Heckroodt, 2002). Corrosion propagation is also known
as active corrosion since the rate of corrosion is much greater than the initiation phase and the
damage to the cover concrete can be physically observed. The rate of corrosion of 0.1pA/cm?
and above, for reinforcing steel, is an indication that the corrosion is in the active corrosion
state (Otieno, 2008).

The acceleration phase is when the corrosion rate increases due to extensive cracking and
damage to concrete cover which allows easy access to oxygen, moisture and chlorides
(Alexander et al., 2012). During acceleration phase, the corrosion increases due to the ease of
accessibility of oxygen, moisture and aggressive agents through cracks and spalls (Alexander
et al., 2012). Since this study is not focussing on cracked concrete, the attention will be more
on the first two phases of the corrosion damage model.

Initiation period <. Propagation period“ " Accelerated Q
1
! -
! /
% 1
5 Mo evidence i /!
1
én of damage | /
° :
€ ! r
= Corrosion with 1
w minor damage [
1
1
Corrosion initiated by = | Widespread cracking
chlorides or carbonation . - ! and spalling of cover
.- - i
~— - :
0 15 30

Age of structure (years)

Figure 2.3: Three stage corrosion development model (Heckroodt. 2002)

Pitting corrosion, also known as macro cell corrosion, mainly occurs in chloride induced
corrosion. It is well known (Angst, 2011, Broomfield, 1997 and Alexander et al., 2012) that
only free chlorides attacks the passive layer and can lead to local breakdown of the protective
oxide film known as localised corrosion. In macrocell corrosion, there is a relatively small
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anode with a large cathode separated in different areas along the steel bar (Figure 2.4). If
oxygen diffusion is slower than its depletion through the cathodic reaction, oxygen reduction
is confined to surfaces adjacent to the pit; while inside the cavity, chloride induced
reinforcement corrosion in concrete anodic iron dissolution can take place (Angst, 2011).
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Figure 2.4: Corrosion process in concrete (Alexander et al., 2012)

2.5 Factors affecting corrosion of steel in concrete

There are two types of factors that influence the ingress of chloride ions, the rate of the transport
mechanisms (discussed in section 2.3) and the entire corrosion process. Firstly, intrinsic factors
which includes the material properties of the concrete. The quality of the pore structure (water:
cement ratio and binder type) influences the ability of corrosion causing agents to permeate
through the concrete. Second is the extrinsic factors which are the depth of cover, temperature,
relative humidity and cracks (Perrie, 2009). These factors play an important role in determining
the length of time before the initiation of corrosion commences. This section will mainly deal
with the factors affecting the corrosion propagation phase of steel in concrete, as most aged
railway reinforced concrete bridges are already showing signs of cracks, spalling and
delamination.

2.5.1 Water: cement ratio

Over time, the transport properties of concrete are most likely to be modified. This is mainly
due to the ongoing hydration of the cementitious material, but can also be due to concrete
deterioration. As a result, the porosity as well as the continuity of the capillary porosity may
change with time. This is of considerable importance when transport parameters are assessed
in laboratory experiments on young concrete specimens (Mackechnie, 1994).

The old reinforced concrete railway bridges have adequate structural strength, yet are
deteriorating due to durability issues. According to Mirza (2018), the reason for a large number
of cases of durability issues of bridges, is due to the design and construction issues. Poor
compaction and curing allows the concrete to be more penetrable to chlorides and other harmful
substances. Neville (1995) noted that even good quality concrete that are correctly specified,
mixed and placed could perform poorly because of poor conceptual design and detailing.
Concrete resists aggressive environments by its dense microstructure and complex pore system,
thereby immobilising agents such as chloride ions and slowing their ingress into the concrete
(Perrie, 2009). A study conducted by Mangat and Molloy (1994) as cited in Otieno (2008)
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showed clearly the effect higher water cement ratios have on the corrosion rates of reinforced
concrete specimens. As shown in Table 2.1 below, it is clear that the higher the water cement
ratios, the higher the corrosion activity (icorr) of the reinforcing steel.

Table 2.1: Relationship between water: cement ratios and corrosion rates (Otieno, 2008)

w/b | Cement content (kg/m3) | icorr (nA/cm?)
0.45 430 0.13
0.58 430 0.65
0.58 330 0.62
0.58 530 0.52
0.76 430 2.16

Therefore this study will be looking into using high water: cement ratios to allow the easy
ingress of chloride ions, moisture and oxygen to achieve corrosion propagation early.

2.5.2 Temperature and relative humidity

As stated previously (see 2.4.1), corrosion is a set of chemical reactions. The rate of the
oxidation reaction (anodic reaction) is influenced by the amount of heat energy available
(Broomfield, 1997). Therefore, the higher the temperature, the higher the rate of steel
corrosion. However, according to Zivica (2003), the corrosion has an inhibiting effect beyond
40 degrees Celsius as the concrete tends to dry out and there is a decrease of oxygen solubility
in the pore solution.

Similarly corrosion cannot occur in concrete that is too dry since the pore solution no longer
serves the purpose of an electrolyte; whereas if it is too wet (saturated), the ability of oxygen
ingress is deterred (Alexander et al., 2012). According to Richardson (2002), corrosion rate in
steel is at its peak when the relative humidity is above 80%.

2.5.3 Cover depth

The cover depth influences corrosion of steel by having an effect on the ingress of chlorides
and oxygen diffusion into the concrete. If the relative humidity is constant, an increase in the
cover depth results in reduced diffusivity of oxygen (Figure 2.5) (Bentur et al., 1997), which
in turn reduces the corrosion rate.

Concrete cover therefore affects the corrosion rate mainly by governing the travel path of the
corrosion agents (oxygen, moisture, chlorides) (Alexander et al., 2012). However the quality
of the concrete cover also plays a role in influencing the corrosion rate as shown by Alexander
et al. (2012) which showed that the type of binder has a significant effect on the rate of
corrosion. Lack of sufficient cover in structures is the predominant reason for premature
corrosion in reinforced concrete structures.
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This study will be using cover depth of 20mm, to minimise the path for the ingress of oxygen,
moisture and chlorides, thereby reducing the time for corrosion. This will make the reinforced
beams reach corrosion similar to the structures that have insufficient cover.
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Figure 2.5: Effect of concrete cover on the diffusion of oxygen (Bentur et al., 1997)

2.6 Corrosion Potential

The corrosion potential of the reinforcement in concrete is the combination of potentials from
the oxidation of the metal and the reduction of the dissolved oxygen in the concrete (Medeiros
etal., 2017). According to Song and Saraswarhy (2007) as cited in Medeiros et al. (2017), the
aqueous solution contained in the network of pores in the concrete acts as an electrolyte. The
steel develops an electric potential that varies along the reinforcement as a function of
discontinuities that may be generated in the reinforced concreted structure such as: carbonation,
chloride contamination, variations in porosity and moisture. Assouli et al. (2008) as cited in
Medeiros et al. (2017) also corroborates the effect of these sources of discontinuities in the
readings of the corrosion potential of concrete reinforcements.

Electrochemical techniques are used to evaluate the behaviour of reinforcing steel in concrete
as it is important to determine the degree and rate of corrosion. Other methods require
destructive ways to evaluate the condition of the reinforcing steel. Different potentials along
the surface of the steel within the concrete can be great enough to drive corrosion and can be
found in areas of residual stress and bar defects (Kepler et al., 2000). Corrosion potential is
the easiest electrochemical technique for monitoring corrosion in a structure (Bentur et al.,
1997).

2.6.1 Half-cell potential measurements

Non-destructive testing of the corrosion potential of steel is widely used for reinforced concrete
and is known as half-cell potential measurements. Half-cell potential measurements are
recommended to be used to locate and assess the condition of corroding reinforcement, define
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areas for further destructive analysis (chloride analysis etc.) and to evaluate the corrosion state
of reinforcement after repair work. The advantage of this method is that the structure or
specimen is not altered in any way that can affect the overall properties of the concrete or the
steel. Also, it is inexpensive, simple to perform and analysis of the data is simple. Half-cell
measurements compare the potential of the reinforcement with that of a reference electrode
exposed to the same environment. Reference electrodes are made out of materials with
behaviour that are basically independent of the surrounding environment (Bentur et al., 1997)

Rebar potentials are usually measured using a reference electrode connected to a handheld
voltmeter, with an external attachment to the reinforcing steel (Figure 2.6). In the field, half-
cell measurements are usually taken using a copper-copper sulphate electrode (CSE) and are
fairly accurate when proper pre-wetting of the concrete is used (ACI 222, 1996).
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Figure 2.6: Half-cell potential measurement setup (Alexander et al., 2012)

Table 2.2: Criteria for corrosion of steel in concrete (ASTM C876-91, 1999)

Cu/CuSQ, electrode Ag/AgCL electrode Likely corrosion condition
>-200mV >-106 mV Low (10% risk of corrosion)
-200to -350 mV -106to-256 mV Intermediate corrosion of risk
<-350mV <-256mV High (>90% risk of corrosion)
<-500mV <-406 mV Severe corrosion

With a half-cell potential measurement of more negative than -0.350 volts (CSE), there is a
very high probability that active corrosion is present as shown in Table 2.2. At a half-cell
potential measurement of more positive than -0.200 volts (CSE), there is a very high probability

that corrosion is not occurring. In the range of -0.200 to -0.350 volts (CSE), the degree of
corrosion is uncertain (ACI 222 1996).

Cover depth has an influence on the potential values. Increasing cover depth results in lower
potential difference between anode and cathode. Therefore, the location of a small corroding
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spot becomes more difficult with high cover depth (RILEM, 2003). A study by Medeiros et al.
(2017), investigated the relationship between the cover thickness and half-cell potential
measurement values. Medeiros et al. (2017) observed the greater the cover depth, the less
negative values are recorded. However, the study also showed that the values of standard
deviation for greater cover thickness is larger than values with lesser cover. This is because the
greater the cover thickness, the worse the conditions of electric contact between the work
electrode (steel reinforcement) and the reference electrode.

Since this research looks at evaluating repair materials on the prevention of chloride induced
corrosion, observing the potential risk of corrosion after application of repair materials is
sufficient.

A study by Otieno (2008) investigated the effects of corrosion propagation in cracked and
uncracked concrete. He observed the corrosion rate and half-cell potential measurements of
cracked and uncracked concrete specimens, and compared the results. The comparison between
half-cell potential results and corrosion rates can be seen in Figure 2.7. A corrosion rate of
greater than 0.1 uA/cm? is an indication of active corrosion. It can be seen that the uncracked
specimens that show a half-cell potential value of less than -350mv (SCE) is an indication that
there is 90% probability of active corrosion. Therefore, the onset of corrosion propagation can
be inferred using half-cell potential measurements; provided the readings are less than -350mV
for Ag/AgCI electrode and -425mV for Cu/CuSO4 electrode.
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Figure 2.7: Corrosion rate vs half-cell potentials (Otieno, 2008)

2.6.2 Corrosion rate measurements

Corrosion rate is a measure of the rate of electron transfer between anode and cathode (icorr).
This is one of the only reliable means of accessing corrosion activity in reinforced concrete.
Corrosion rate (units of pA/cm?) can be measured using a linear polarisation technique (LPR)
or a coulostatic technique. This method works with a small charge being applied to the steel
and the relaxation of the potential monitored over a short period of time, to determine the
polarisation resistance Rp (Glass et al. 1993 & Hassanien et al. 1998).
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The small charge is applied to the embedded steel reinforcement through the counter electrode
while the reference electrode is used to measure the change in potential due to applied current
or potential over a short period of time (one minute) to determine the polarisation resistance
Rp (Alexander et al., 2012). The Stern-Geary relationship is used to convert the polarisation
resistance to a corrosion rate by the following equation:-

leorr =B/Ry, ...l (3) (Rodriguez and Gonzalez, 1994 cited in Alexander et al., 2012).

where B is Stern-Geary constant value of 26 mV for active corrosion areas and recommended
for field corrosion rate tests (RILEM, 2004) and 52mV for passive corrosion areas (Andrade
and Alonso, 1996 cited in Alexander et al., 2012).

The lcorr value is further divided by the polarized steel surface area (diameter of the steel
multiplied by the length of the polarized area) to determine the corrosion rate in terms of current
density per given steel surface area (Otieno, 2008).

2.6.3. Concrete resistivity

Concrete resistivity is the ratio between applied voltage and resulting current in a unit cell that
is of a specific geometry, independent of the material property (Rilem 2000). This ratio
represents the electrical resistance. The opposite of resistivity is conductivity.

2.6.3.1. Four-probe (Wenner) resistivity measurement technique

The four-probe (Wenner) method is one of the techniques used for measurement of concrete
resistivity. The apparatus consists of four electrodes equally spaced (Figure 2.8). A small
current of low frequency is applied between the outer probes and potential drop measured
between the inner probes (Millard et al., 1990). This approach eliminates any effects due to
surface contact resistances.
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Figure 2.8: Schematic drawing of four probe (Wenner) method resistivity measurement
(Otieno et al. 2010)

An advantage of this technique over the two-probe arrangement is that it measures the
resistivity of the concrete area between the inner probes. The influence of aggregate can
therefore be avoided when the spacing between the inner electrodes exceeds the maximum size
of the aggregate particles. A spacing of 50 mm is sufficient to give relatively accurate resistivity
readings for most concrete structures (Millard, 1990).
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Table 2.3: Relationship between resistivity and corrosion risk

Resistivity (kohm.cm) | Corrosion risk
Feliu et al.1996
>10-20 Negligible corrosion: concrete is too dry
5-10 Low corrosion rate
1-5 Moderate to high corrosion rate when steel is active
<1 Resistivity does not control corrosion rate

According to Table 2.3, Feliu et al. 1996 indicate that if the resistivity measurements is between
10 and 20 kohm.cm, the corrosion risk is negligible. However the corrosion risk is moderate
to high if the resistivity measurements are between 1 -5 kohm.cm.

2.7 Accelerated corrosion methods for steel in concrete

The achievement of accelerated corrosion is done using several techniques such as Impressed
Current (IC), admixed chlorides, cyclic wetting and drying regime. Most studies uses
acceleration corrosion methods in the laboratory, for which there are no standard test methods.
This is mainly due to the natural process of corrosion being slow and also the urgency in
providing solutions to the corrosion problems in reinforced concrete structures (Otieno et al.,
2016).

2.7.1 Impressed Current (I1C)

The impressed current technique is used in studies to accelerate corrosion. Corrosion is induced
by applying an electrochemical potential between the reinforcing steel (anode) and a cathode.
This electrochemical potential is applied to achieve a constant applied current density (units in
nA/cm?). Previous studies have applied current densities typically ranging from 200 to 3000
nA/cm? (Almusallam et al. 1996)

El Maaddawy and Soudki (2003) showed the impressed current technique was effective in
inducing corrosion of the steel reinforcement in concrete by using current densities between
100 — 500 pA/cm?. The increase of corrosion current density does however have an effect on
the time for induced corrosion i.e. the higher the corrosion current density, the faster corrosion
is induced (Table 2.4). It is not recommended to use different current density levels ~above
200 mA/cm2 for the same time period to induce different degrees of corrosion. Varying the
current density level to get different degrees of corrosion may have other effects; which may
mislead the interpretation of test results.

30



Table 2.4: Time for induced corrosion for different levels of current density (El
Maaddawy and Soudki, 2003)

Group Dimension  Steel Level of impressed current density Time for induced corrosion ~ Predicted degrees of corrosion
reinforcement (nA/cm?) (h) (Faraday’s law) (% mass loss)
A 150x250x300  2-M10 100 815 4
B 150x250x300  2-M10 200 766 7.15
C 150x250x300  2-M10 350 380 6.32
D 150x250%300  2-M10 500 305 7.27

2.7.2 Admixed chlorides

The use of admixed chlorides is useful in reducing the time for the transport processes to take
effect in the ingress of chlorides through the concrete cover to the reinforcing steel. It
accelerates the depassivation of the steel which surpasses the corrosion initiation stage and
therefore decreases the time for corrosion. Many studies have used admixed chlorides as their
studies were not focused on the corrosion initiation stages (EI Maaddawy and Soudki, 2003;
Mangat and Elgarf, 1999).

2.7.3 Cyclic wetting and drying

Cyclic wetting and drying can accelerate corrosion rates by concentrating chloride ions in the
surface zone of the concrete cover due to continuous movement through concrete pores.
Numerous studies have used the cyclic wetting and drying regime in their experimental
laboratory studies to aid in the acceleration of corrosion (Cairns et al.; 2008, Cabrera 1996 &
Otieno et al., 2015).

This is very useful in aiding in the ingress of chloride ions through the concrete surface which
results in the acceleration of the corrosion phases. The wetting and drying cycle regime varies
per study but the underlying effect of reducing time to corrosion is produced. A study was
conducted by Hong and Hooten (1999) which subjected concrete sample to two different
wetting and drying regimes i.e 1 day and 3 day cycle periods in a 1.0 M NaCl solution for 120
days. The results showed that both the studies increase the chloride percentage to concrete mass
as the frequency of cycles increases. However, the 3 day wetting and drying cycle showed a
higher chloride concentration than the 1 day cycle. The regiment and frequency should remain
constant throughout the entire experimental phase and for each specimen to produce acceptable
and reproducible results.

2.8 Repair Methods

2.8.1 Principles of repair

The principles of repair focuses on the cause and extent of deterioration. These are seven types
of methods that are applicable to evaluate the damage caused by chloride-induced corrosion of
reinforced structures, as indicated in the ensuing sub-sections 2.8.1.1 — 2.8.1.7.

2.8.1.1. Visual Assessment

A visual survey which looks into the detrimental effects of corrosion. The survey assesses the
location, appearance and cause of the damage observed. Type of defects are cracks, joint
deficiencies, surface damage, changes in member shape and textural features (Mackechnie and
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Alexander, 2001). Visual assessments can be subjective as it is based on the individual’s
knowledge and expertise. Also, by the time deterioration of the bridge due to corrosion can be
seen, it is too late and costly for effective repairs.

2.8.1.2. Delamination survey

The Delamination survey method uses a light hammer to tap against the areas of concern to
determine areas of delamination. Hollow areas will make a deeper sound and can be marked
and recorded (Mackechnie and Alexander, 2001). It is a basic test and cannot be deterministic
of the degree of defects in the structure.

2.8.1.3. Cover surveys

Cover surveys are mainly to determine the position of reinforcing bars and to determine its
distance from the exposed face of a concrete structure. Covermeters use an alternating
magnetic field to locate steel and any other magnetic material in concrete (Mackechnie and
Alexander, 2001). Verification should be done by exposing the steel to determine the cover
depth measured by the covermeter.

2.8.1.4. Chloride testing

Chloride ions are one of the main corrosive agents for chloride-induced corrosion. The reason
being is that the reinforcing steel has a chloride threshold which depassivates steel. Chloride
threshold is the amount of chloride ions that will break down the passive layer of the
reinforcement. Chlorides exist in concrete as both bound and free ions but the free ions are
responsible for causing corrosion (Mackechnie and Alexander, 2001). Therefore, chloride
sampling is used to determine the chloride concentration present at the steel-concrete interface.
The corrosion threshold is dependent on several factors including concrete quality, cover depth
and saturation level of the concrete.

2.8.1.5. Electro-potentials of reinforcing steel

Chloride-induced corrosion is the electro-chemical reactions at the anode and cathode at the
reinforcing steel, which result in a potential difference forming (Mackechnie and Alexander,
2001). It is possible to measure these potential differences. However, the problem is that it
provides a probabilistic corrosion occurrence rather than the rate or degree of corrosion
directly. This is known as half-cell potential measurements.

2.8.1.6 Resistivity

Resistivity is a measure of the resisting ability of a specified material to the flow of an electric
current. Concrete resistivity is the ratio between the applied voltage and resulting current in a
unit cell, which describes the electrical resistance (RILEM, 2000). Concrete resistivity is
dependent on the moisture content, permeability and concentration of ions in solution in the
concrete (Mackechnie and Alexander, 2001). Measurements can be done with devices by
measuring potential difference after passing an alternating current.

2.8.1.7. Corrosion rate measurements
Corrosion rate measurements can provide a clear indication to the corrosion state of the
reinforcement. This method measures the polarization resistance of the reinforcing steel by
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measuring the response from an external applied charge over a period of time (Mackechnie and
Alexander, 2001).

2.8.2 Patch Repairs

The ingress of chloride ions in poor quality surface concrete is greater than in good quality
surface concrete and the risk of the breakdown of the passive layer of the reinforcing steel in
low cover depth is high. Therefore, the need for the isolation of the reinforcement is needed to
prevent further formation of distinct anode and cathodic sites (Rowan, 2007). The
recommended solution is to remove all the chloride-contaminated concrete from that affected
location and replace it with a patch repair (Mackechnie and Alexander, 2001).

Repair materials can be quite expensive; thus the decisions to conduct localised patch repairs
are made but have limited success. The success of patch repairs are dependent on the quality
of the workmanship in placing, compacting and curing of these materials. The danger is that,
due to the aggressive nature and rate of chloride induced corrosion, there is a possibility of no
visible symptoms of corrosion present but can be still acting over a large area of reinforcement.
Mackechnie & Alexander (2001) state that the formation of incipient anodes adjacent to the
patch repair is caused by the localised patch area itself, as the surrounding concrete may still
be chloride-contaminated. Mackechnie & Alexander (2001) strongly recommend that to
prevent this, all concrete that is chloride contaminated must be removed near the reinforcement.

All patch repairs applied to railway bridge soffits are only as effective as the bond between the
substrate and the repair material. Therefore, surface preparation of the substrate is of vital
importance. Various mechanical methods for the preparation of the substrate are used today.
Morgan (1996) states if these methods are not followed up by sandblasting or high pressure
water blasting, then a “bruised layer” forms at the exposed surface. This layer consists of micro-
fractured aggregate and crushed mortar. According to Morgan (1996), this layer results in a
plane of weakness just below the bond interface.

Other substrate surface preparation methods have a direct impact on the durability of the
concrete as indicated in the study of Parbhoo et al. (2012). Their study distinctly identified wire
brushed surface preparation giving the best durability performance; however, Morgan (1996)
states that wire brushing has short term bond strength and compromises the long term durability
due to the inadequacy of roughness of the substrate surface.

Three types of concrete repair materials and two types of repair mortars will be discussed.
These materials will be critically evaluated based on its literature for the use as patch repairs
in repairing reinforced concrete structures from chloride-induced corrosion.

2.8.2.1 General Purpose Mortar

The general purpose repair mortar consists of ordinary Portland cementitious material and
crystalline-free silica. It is used mainly as a patch repair to increase the durability of the surface
of the concrete and not for any structural use. Substrate surface should be roughened and
thoroughly soaked in water before applying, to avoid ravelling (Parbhoo et al. 2012).
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According to Parbhoo et al. (2012), the general purpose as a patch repair has shown good
resistance to permeation of oxygen using the Oxygen Permeability Index (OPI) test but
moisture ingress has proven not to perform well due to capillary suction for the Sorptivity Index
(SI) test. However, it is further concluded that the use of the sorptivity test is questioned in
relation to the suitability for repair materials. The reason for this is that the capillary suction
depth is minimal compared to the depth of reinforcement and does not consider the change
permeability properties from repair materials to substrate. In addition, these patch repairs have
relative short service life as they do not focus on the corrosion of the reinforcing steel but the
symptoms (Weyers et al., 1993).

2.8.2.2 Low slump concrete (dense concrete)

Low slump concrete is achieved by increasing the content of cement and using water cement
ratio of below 0.35 (Xi et al., 2004). Workability is limited and thus the ability to place and
consolidate with ease will be achieved using a plasticiser in the mix as an admixture. This
improves the dispersion of the particles and reduces the cohesiveness of each cement particle
(Perrie, 2009). Low slump concrete provides a low permeable concrete and assists in reducing
the transport mechanisms of permeation and diffusion.

This method is mainly used for its relatively low cost in repair of large areas of concrete
removed for rehabilitation. Low w/c ratio reduces the permeability of the concrete to assist in
reducing the ingress of chloride ions but has found to be very difficult to place due to the limited
workability (Xi et al., 2004). It performed poorer than the latex modified concrete.

2.8.2.3 Latex-modified concrete

The latex-modified concrete is also made of a low water cement ratio of 0.35 but includes the
addition of liquid styrene-butadiene latex into the conventional concrete mix (Xi et al 2004).
The addition of latex modifies the properties of concrete by improving the pore structure with
regard to the permeability (Xi et al 2004). Latex-modified concrete provides a low permeable
concrete and assists in reducing the transport mechanisms of permeation and diffusion. Work
by Isenberg and Vanderhoff (1974) indicates that when a polymer latex is incorporated in a
cementitious mortar, it forms a network of polymer strands inter-penetrating the cement matrix.
When a polymer latex is incorporated, the water/cement ratio is lower and hence shrinkage is
lower; so that the microcracks are less wide (1-2 um). In addition, the polymer forms ‘elastic
bands’ across these microcracks; increasing tensile and flexural strengths and further reducing
permeability of the mortar.

The performance of latex-modified concrete is much better than other repair materials tested
due to modification of the pore structure of concrete (Xi et al., 2004). However, the flaw lies
in the serviceability over a period of time as the latex solutions tends to form cracks resulting
in accelerated ingress of chloride ions, moisture and air (Xi et al., 2004).

2.8.2.4 Silica fumed concrete

Silica fume is a very fine material (with more than 95% of the particles less than 1um) that is
used as an extender in concrete as pozzolanic cement extender (Holland, 2005). In concrete,
the silica fume reacts with calcium hydroxide (CH) during the hydration of Portland cement to
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form calcium silicate hydrates (CSH) (Xi et al., 2004). The greater the content of CSH formed,
the greater the significant decrease in the permeability of the concrete mix. This type of
concrete mix also uses a water cement ratio of less than 0.4 (Xi et al., 2004). The use of
plasticisers is needed to increase better placement and consolidation (Perrie, 2009).

Silica fume used as a cement extender in concrete mix, helps to increase hydration due to the
fineness of the material. Increased hydration result in reduced permeability, which is helpful in
preventing the ingress of deleterious substance into the concrete surface (Perrie, 2009).
However, according to Xi et al., (2004), silica-fumed concrete has shown significant amount
of cracking due to plastic shrinkage.

2.8.2.5. Polymer modified cementitious systems

Polymers are added to cementitious mortars to assist the challenges faced in unmodified
mortars as a concrete repair material. Unmodified mortars tend to crack due to plastic
shrinkage as explained by using silica-fume concrete. Cracking of the concrete counteracts the
aim of patch repair as it allows the ingress of chloride ions, moisture and oxygen. Polymer-
modified mortars have the same result as conventional cementitious materials by protecting the
steel by alkaline passivity (Broomfield, 1997). It functions as a water-reducing plasticizer,
producing a mortar with good workability and lower shrinkage at lower water/cement ratios. It
improves the bond between the repair mortar and the concrete being repaired and it reduces the
permeability of the repair mortar to water, carbon dioxide and oils and also increases its
resistance to some chemicals (Allen et al., 1993).

Polymer-modified cementitious mortars are mainly used for the repair of reinforced concrete
where the cover to be replaced is more than 12 mm in thickness. In some instances, they are
used in conjunction with a protective coating in lower cover situations (down to approx. 6 mm).

2.8.3. Barrier Materials

Barrier material is basically a repair solution to prevent the ingress of chloride ions, air and
moisture from penetrating the concrete. (Kepler et al., 2000). This type of corrosion protection
material is distinguishable as some prevent chloride ions whilst others reduce the movement of
air and moisture into the concrete to retard the corrosion process. There are two types of barrier
materials that will be discussed, namely waterproof membranes and concrete sealers.

2.8.3.1 Waterproof Membranes

Waterproof membranes are applied to the surface of reinforced concrete to prevent the ingress
of moisture and oxygen from penetrating the concrete. There are three types of waterproof
membranes: namely preformed sheets, liquid membranes and built-up systems.

Preformed sheet membranes require laps at each edge and are difficult to install on a curved or
rough concrete structure. The thickness and quality is controlled by the manufacturing plant
(Kepler et al., 2000).

Liguid membranes such as the hot-applied rubberized asphalt can be applied by spraying on
the concrete surface. It is easier to apply as the liquid membrane is less vulnerable to poor
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workmanship. It will not have the same consistency with regard to the thickness and quality as
preformed sheets (Kilareski, 1977 as cited in Kepler et al., 2000).

Preformed systems have proven to be more effective than liquid systems. The study of Van Til
et al. (1976) as cited in Kepler et al. (2000) involved the performance comparison of five
waterproof membranes systems, three different types of preformed sheets and two types of
liquid membranes. The materials were tested in a laboratory environment concluding that the
preformed sheets are more effective than the liquid membrane. Phase Il of the project did
highlight that the preformed sheets were labour intensive but Manning (1995) has found that
there is an improvement in the method of installation of preformed sheets as they are produced
as a self-adhesive reinforced polymer sheet. Built-up systems are often not used because they
are generally labour intensive and expensive (Manning, 1995).

2.8.3.2 Concrete Sealers

A sealer is a solvent or water-based liquid applied to a prepared concrete surface. Concrete
sealers are quite versatile as they can be used to protect concrete surfaces of all reinforced-
concrete structures including bridge decks, substructure and the soffits (Zemajtis and Weyers,
1996). Sealers are produced to prevent water and chloride ions from penetrating the concrete
surface by preventing capillary action at the surface, which reduces the corrosion of the
reinforcement. Sealers can either be pore blockers, forming an impermeable layer on concrete
surface, or they can penetrate the surface and act as hydrophobic agents (Zemajtis and Weyers,
1996).

Careful consideration must be taken in the selection of a suitable concrete sealer as a repair
solution as the performance of these type of products vary quite significantly (Al-Qadi et al.,
1992; Whiting et al., 1993; Whiting et al., 1999 as cited in Xi et al., 2004). It should also be
noted that the effectiveness of sealers decreases over time and must be reapplied after a certain
period. The length of this period is dependent on the performance of the membrane with regard
to abrasion resistance and ability of the sealer to prevent the ingress aggressive elements
(Mackechnie and Alexander, 2001).

As stated before, concrete sealers can either act as pore blockers or penetrate the concrete to
form a hydrophobic layer to prevent the ingress of air and moisture within the concrete.
Sherman et al (1993) stated that the majority of pore blocker types have a weak wear resistance
to any abrasive attack on the concrete surface and are not appropriate. They further stated that
although the sealer prevents the ingress of moisture into the concrete, which is beneficial, it
has a negative effect as it prevents moisture from leaving the concrete as well. This results in
high vapour pressures within the concrete which could cause the sealer to blister and peal
(Sherman et al., 1993).

2.8.3.3 Linseed oil

Linseed oil, as a sealer, is used to prevent water and chloride ions from penetrating the concrete
whilst allowing water vapour to escape (Kepler et al., 2000). The use of Linseed oil as a
corrosive preventative material is quite common, as it serves as a relatively cheap protection
repair material and this product has been in use for a number of decades. Sherman et al (1993)
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has shown that Linseed oil needs to be applied every 2 to 5 years, as the effectiveness tends to
decrease. The validation of whether Linseed oil is a suitable repair material for corrosion is still
in question as Pfeifer and Scali (1981) as cited in Kepler et al. (2000) has conducted a test
which indicated that a durable and effective coating of Linseed oil requires a significant amount
of sunlight exposure.

2.8.3.4 Epoxy

Epoxies can be used as a coating on the surface of the concrete. The ability of epoxy to bond
effectively to the substrate and the resistance to chemicals and weather is the reason why epoxy
is selected as sealer for protection against corrosion (McCaskil et al., 1970). Epoxy coatings
are pure pore blocker type of concrete sealers. They have proven to be quite effective as shown
in a resin mortar for patch repair (Parbhoo et al., 2012) and also as a sealer with regard to the
ingress of moisture in laboratory tests and conditions. However a study conducted on a number
of Kansas bridge decks in 1970 found that the epoxy coatings after a period of time were full
of pinholes, blisters and debonded from the deck (McCaskill et al., 1970). The reason for this
is the high vapour pressure forming within the concrete and damaging the epoxy coat, thereby
resulting in an ineffective corrosion protection material.

2.8.3.5 Silane and Siloxane

The distinguishing factor of silanes and siloxanes sealers is that they allow water vapour to
egress the concrete but repels the ingress of the chloride ions and water into the concrete
surface. These silica-based materials react chemically with the surface of the concrete to form
a hydrophobic layer which gives it this significant property (Pfeifer and Scali, 1981 as cited in
Kepler at al., 2000). Figure 2.9 shows the application of a silane product on a railway bridge
located 10 m from the coast line.

BEFORE

AFTER

Figure 2.9: Silane product sealer coating applied to repaired chloride-induced
reinforced concrete structure in Kwa-Zulu Natal Province, South Coast (Photograph
courtesy of M. Jogiat)
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Silane and Siloxane products are used as concrete sealers as they do not function as a pore
blocker but they penetrate the surface of the concrete to form a hydrophobic layer which allows
moisture to escape (Pfeifer and Scali, 1981 as cited in Kepler et al., 2000). Silanes impregnate
the pores of the concrete and, in the presence of moisture, chemically bond with silicon-based
molecules on the inner surfaces. The active part of the molecule is the hydrophobic residue
which lines the inner surfaces of the pores after application. The surface of the concrete then
becomes resistant against impregnation by water at low pressure and subsequent attack from
dissolved gases such as carbon and sulphur dioxides (Allen et al., 1993).

Siloxanes are silicon-based impregnates with a higher molecular weight than silanes.
Consequently, they cannot achieve the same extent of penetration. Their use is recommended
on older concrete structures where surface laitances are weathered and offer less resistance
against impregnation. Siloxanes are also significantly cheaper than silanes and offer a similar
degree of protection when used under the correct circumstances (Allen et al., 1993).

Sherman et al. (1993) emphasized the importance of surface preparation of this material as
they found a significant decrease in performance of resistance to water absorption of an
untreated surface. The disadvantage is that it requires re-application every 5 years to achieve
optimal effectiveness but not to be removed before reapplication (Sherman et al., 1993). During
this research no studies have shown a distinct disadvantage for the use as a concrete sealer on
reinforced concrete structure apart from the strict adherence to good quality surface
preparations.

2.8.4. Electrochemical methods

Electrochemical methods have the ability to stop corrosion in chloride contaminated concrete.
It is most often used as a rehabilitation method in reinforced concrete structures as cathodic
protection or as electrochemical chloride extraction (Kepler et al. 2000). The previous materials
in this research focused on the transport mechanisms of the concrete to prevent or reduce the
corrosion process by improving the concrete cover and the concrete surrounding the
reinforcement. Electrochemical repair works regardless of the quality and depth of concrete
surrounding the reinforcement as it focuses on the electrochemical reaction that creates anodic
and cathodic regions, provided there is an electrical medium to transfer electrons (i.e. not in
cracked and spalled concrete) (Hartt et al., 2004). The disadvantage with this system is that
propagation and acceleration of reinforcing steel is solely dependent on the electrochemical
method and can be detrimental to the reinforced concrete structure if not effective or if it stops
functioning. Electrochemical methods include Cathodic Protection and electrochemical
chloride extraction. The purpose of these methods is to stop corrosion in chloride contaminated
concrete.

2.8.4.1 Cathodic Protection

Cathodic protection is an electrochemical method that is permanent as it is a continuous repair
method through the remaining lifecycle of the reinforced concrete structure. This method is
designed to reduce the corrosive effects of chloride induced corrosion by reducing the potential
of the steel to a more electronegative state (Government of India Ministry of Railways, 2008).
The intention is to convert the entire steel reinforcement into a large cathode since no corrosive
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expansive products are formed at the cathode. For this to be achieved, a small direct current
between the external anode material and the reinforcement must be applied. Since no
production of electrons at the steel reinforcement forces electrons into the steel and thus stifles
the electrochemical process of corrosion. There are two types of cathodic protection systems,
one that requires an external supply of direct current (active) and the other that provides its
own direct current (passive) namely impressed current systems and sacrificial anode systems
respectively (Puller Strecker, 2002 as cited in Rowan, 2007).

The use of cathodic protection on reinforced concrete only started in 1973 as it was first used
to protect concrete bridge decks (Stratfall, 1974 as cited in Kepler et al., 2000). The methods
have improved significantly to date but the fundamentals and principles of cathodic protection
have remained the same. Advantages of this protection method are that minimal amount of
rehabilitation of concrete cover is needed only in the case of spalls and detached concrete as
the method prevents further corrosion and has the potential of reducing the concentration of
chlorides (Polder, 1998). Polder (1998) further stated that there must be strict adherence to the
following for optimal results:-

e Electrical continuity of the structure to ensure uniform current.
e The electrical resistivity of repair materials must be similar to the electrical resistivity
of the concrete.
e Method needs to be monitored on a regular basis to ensure polarization is in the desired
range.
According to Puller-Strecker (2000) as cited in Kepler et al. (2000) and Mackechnie and
Alexander (2001), the sacrificial anode systems are ineffective in high resistance concrete and
require a system with an external power source. However, the risk of de-bonding from
hydrogen embrittlement is much lower using the sacrificial anode system as the driving voltage
is low and decreases with time (Government of India Ministry of Railways, 2008). Therefore,
careful monitoring of impressed-current systems is crucial. Table 2.5 below is a comparison of
the two cathodic protection methods.

Table 2.5: Comparison of Characteristics of Cathodic Protection Methods (Virmani and
Clemena, 1998)

Impressed-Current Sacrificial Anode

External power required Requires no external power
Driving voltage can be varied Fixed driving voltage
Current can be varied Limited current

Can be designed for almost any current | Usually used where current requirements are small
requirement

Can be used in any level of resistivity | Usually used in low-resistivity electrolytes
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2.8.4.1.1 Impressed Current System

To ensure that active cathodic protection is achieved, an external power source is applied to
the system. In remote areas where availability of external power source is quite scarce, wind
and solar energy can be used as an alternative (Virmani & Clemena, 1988). It comprises of the
steel reinforcement as the cathode, the anode which placed on the surface of the concrete and
transformer-rectifier to supply the continuous direct current (Figure 2.10). The applied voltage
forces the steel reinforcement to a cathodic state by reducing the steel to a more electronegative
state. This reduces the corrosion process as the reinforcing steel is a cathode and therefore no
expansive products are deposited. There are different types of impressed current systems,
namely slotted anode, conductive polymer and grid anode systems. Mackechnie and Alexander
(2001) stipulate a service life of 20 years but predict it to be more in the range of 50 years if
installed correctly.

DC power__ [

source
] +J
Monitoring

and
control unit
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Reinforcement Concrete
(cathode)

Figure 2.10: Typical impressed cathodic protection system setup (Cathodic, 1998)

Since impressed current is the external supply of current into the system, there is a risk of over
protection if not carefully monitored which can result in the excessive current to lower bond
strength between reinforcement and concrete (Nash et al., 1994 as cited in Kepler et al., 2000).
The cathodic protection is sensitive to properties of the chosen zone of installation of the
structure, such as the variation in moisture and chloride contents, and the continuity of
reinforcement in different areas (Government of India Ministry of Railways, 2008).

Slotted anode systems are light and do not require a thick layer to be effective (Virmani and
Clemena, 1998). The disadvantage is that the slotted system requires a lot more effort in
forming the slots and there are related costs associated with doing so. Field systems have shown
that slotted anode system resulted in the grout covering the slots to debond and there were signs
of delaminations. The delaminations were probably attributed to the supply of the direct current
being insufficient to completely stop the corrosion process (Kepler et al., 2000)

The method of installation of the conductive polymer systems is less labour intensive and was
designed as an improvement of the slotted anode system to prevent acid attack and improve
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the distribution of current (ELTECH, 1993). However, Swait and Rog (1987) as cited in Kepler
et al., 2000 found that with several installations there were cracks directly above the system
which reduced the effectiveness of the cathodic protection system.

Grid anodes using only titanium mesh anodes have shown much better performance than
copper due to corrosion and acid attack (Virmani and Clemena, 1998). Titanium mesh anodes
can distribute current more uniformly. According to Wenzlick (2000) as cited in Kepler et al.
(2000) the titanium anode system has an expected service life of 20 years.

2.8.4.1.2 Sacrificial Anode System

Sacrificial anode is the supply of current by an anode that is made of a material that has a higher
potential in the galvanic series than the reinforcing steel. Preferably zinc, magnesium or
aluminium is coupled to the reinforcing steel which galvanically corrodes by giving up
electrons to protect the steel (Virmani & Clemena, 1998). Since there is no external power
source, it is regarded as a passive cathodic protection system. The higher the anodic alloy is
situated in the electorochemical series from steel, the greater the electrical potential of
transferring electrons to the cathodic steel surface. There are different types of sacrificial anode
systems namely zinc patch, sprayed alloy, zinc mesh pile jacket anode systems. The success of
all these systems are dependent on the potential of the galvanic anodes (Kepler et al., 2000).

According to Xi et al., (2004) chloride-induced corrosion structures have become more cost-
effective as the systems are more technologically advanced which has resulted in the
application of these systems to be simpler and more mature. However, sacrificial anode systems
need to be maintained quite frequently as their protection current decreases with time which
gives them a relatively short service life (Virmani and Clemena, 1998).

A sacrificial anode system that has proven to be efficient in the protection of substructure
members in marine or inland environments is the zinc anode system (Kepler et al., 2000). It
uses a conductive hydrogel adhesive to deliver galvanic current to a cathodic protection system
for bridge substructure members (Bennet & Shue, 1996). It is regarded as easy to install and
provides good adhesion, provided that it is not in direct contact with water. According to Xi et
al., (2004) aluminium-zinc alloy provides a higher current than the zinc anode, much lighter
but relatively more expensive. The benefit of using zinc anode systems is that there is less risk
of hydrogen embrittlement from over protection as the driving voltage ranges from 0.9 to 1.1
volts (Government of India Ministry of Railways, 2008).

The zinc mesh pile jacket anode system performs well with relatively low maintenance only in
the submerged and splash area of the reinforced concrete structure pilings (Lasa, 2000 as cited
in Kepler et al., 2000). Therefore, the limitation of the system is that it only functions in areas
where there is continuous wetting for it to function and cannot be used as a singular repair
material for chloride induced corrosion.

A study involving the testing of fifteen different available sprayed alloy anodic materials:
consisting of zinc, aluminium, magnesium and combinations thereof, on its corrosion
performance (Funahashi and Young, 1997 as cited in Kepler et al., 2000). The result showed
that none of the materials showed promising results of current output and potentials especially

41



in concrete with pH of less than 12. The aluminium and zinc alloys did not produce enough
current to protect the reinforcing steel. However Virmani and Clemena, (1998) improved on
the study and developed an aluminium-zinc-indium alloy which produced much better results.

2.8.4.2 Electrochemical Chloride Extraction

Electrochemical chloride removal involves the application of a direct current between the
reinforcement and an electrode that is placed on the surface of the concrete. The current creates
an electric field which results in negatively charged ions in the concrete to move from the
reinforcement to the anode (surface electrode). This method decreases the rebar potential,
increases hydroxyl ion concentration and decreases chloride ions in the concrete; thereby
increasing its pH and restores the passive oxide film on the reinforcement (Mackechnie &
Alexander, 2001). This is a temporary process to reduce or remove the chloride content in the
concrete. The length of the process depends on the chloride concentration and the degree of
existing corrosion in the structure (Rowan, 2007).

Electrochemical chloride extraction is a temporary process and can be used in a maintenance
plan of reinforced concrete structures. The reason for this is that it depends on a number of
factors to determine the cyclic nature of its use as this method electro migrates chlorides away
from the embedded steel cathode (Hartt, 2004). The concrete that contains chlorides can diffuse
or permeate to the area of extracted chlorides, which results in corrosion initiating (Wang et al
2001; Li and Page 2000). Therefore, the need for subsequent extraction of chlorides is
necessary due to the chlorides having reached the threshold concentration.

This method is quite labour intensive as partial replacement of concrete is required to replace
the chloride contaminated concrete. This can result in changes of structural strength and
potential differences in reinforcement which has a negative effect on the rate of corrosion
(Kepler et al., 2000).

2.8.5 Corrosion Inhibitors

Corrosion inhibitors are defined as “a chemical substance that reduces the corrosion of metals
without a reduction in the concentration of corrosive agents” (Mackechnie & Alexander 2001:
20). Most inhibitors act by chemically stabilising the steel surface and some act to reduce the
permeability of the concrete. There are three known types of corrosion inhibitors:-

e Anodic inhibitors — minimises the anodic part of the corrosion reaction
e Cathodic inhibitor — forms an insoluble film on the cathodic surface of the steel (less
effective than anodic inhibitors)
e Mixed inhibitors — retards both the anodic and cathodic reaction on the entire surface
of the metal (Virmani & Clemena, 1998).
Studies have shown varying results regarding the effectiveness of corrosion inhibitors in the
use of protecting reinforced structures from chloride induced corrosion. Virmani and Clemena
(1998), recommended the use of corrosion inhibitors however other studies have shown that
some corrosion inhibitors have the effect of reducing the concrete strength of concrete.
Majority of corrosion inhibitors are introduced in the mix design for new construction but
according to Virmani and Clemena (1998) they can be used as a repair solution as patches,
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sprayed or painted onto the surface of the concrete. During a field study by Rylands (1999) as
cited in Rowan (2007), it was found that corrosion inhibitors do not work in cases when the
corrosion of the steel reinforcement is too advanced and also when the chloride concentration
in the concrete near the steel surface is above 1% by mass of cement.

2.8.5.1 Anodic Inhibitors

Anodic inhibitors act by creating a protective film on the anodic surface of the reinforcing steel.
Careful consideration must be taken in the use of anodic inhibitors as they must be applied in
large dosages to prevent the pitting corrosion as the treatment might not reach all the anodic
surfaces of the reinforcing causing accelerated corrosion at those locations (Ormellese et al.
2008). Calcium nitrite is used as an admixture in concrete mix and therefore for existing
structures, removal of the existing concrete until rebar exposure is required (Berke and
Rosenberg, 1989 as cited in Kepler et al., 2000).

2.8.5.2 Cathodic Inhibitors

The function of cathodic inhibitors is to prevent corrosion of reinforcing steel by preventing
the reaction at the cathode with oxygen. This is done similar to anodic inhibitors but by forming
a layer on the cathode (Xi et al., 2004). As previously mentioned, the reactions at both the
anode and cathode are required for the corrosion process. There are different types of corrosion
inhibitors that prevents corrosion in this manner namely zinc, magnesium and nickel.

2.8.5.3 Mixed Inhibitors

The significance of mixed inhibitors is that they “inhibit” reactions both at the cathode and
anodic surfaces of the reinforcing steel by forming protective films (Virmani and Clemena,
1998). According to Xi et al. (2004) mixed inhibitors works well in cracked concrete as the
functionality of the protective film is not affected by the ingress of chloride ions through the
cracks. Test have shown that they can function as pore blockers to reduce the permeability of
concrete (Nmai et al., 1992).

Anodic inhibitors can have a negative effect of increasing the rate of corrosion if not used in
large enough quantities whereas the cathodic inhibitors do not work as well as anodic inhibitors
in preventing corrosion of reinforcing steel (Ormellese et al., 2008). Virmani and Clemena
(1998) concluded that the use of mixed inhibitors is the best performing since they prevent both
the anodic and cathodic reactions on the surface of the metal. In addition, a 10 year study on
testing different commercially available corrosion inhibitors with two mixed inhibitors was
conducted in a laboratory to compare their performance on corrosion (Ormellese et al. 2008).
The outcome of the two mix inhibitors outperformed the other commercially available
inhibitors by delaying the time to corrosion as the rate of chlorides decreased and the threshold
for chloride concentration increased as well. However careful consideration must be taken in
selecting the appropriate organic corrosion inhibitor as shown in the study by Zemajatis et al.
(1999) as cited in Xi et al. (2004) of the effectiveness of three organic corrosion inhibitors
which resulted in all showing no sign of decrease in the rate of ingress of chlorides into the
concrete and only one organic inhibitor increased the chloride threshold concentration to
prevent the initiation of corrosion.
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2.9 Chapter summary

Chloride induced corrosion of steel in concrete structures is dependent on external factors
(temperature, humidity, oxygen and chlorides), intrinsic factors of the concrete (quality and
depth of the concrete cover) and the stage of corrosion of the steel (initiation, propagation or
acceleration). External factors are impractical to manipulate, therefore the intrinsic factors are
generally modified to resist the ingress of harmful substances into the concrete. Modifying
concrete properties disrupts the transport mechanisms with the aim of stifling chloride induced
corrosion. Concrete railway bridges are in existence for many years and due to the continuous
exposure to the sea spray, some bridges are in the propagation and accelerated phase of
corrosion due to the deterioration observed.

The focus of this study is on the propagation phase, and the use of half-cell potential, corrosion
rate and resistivity measurements to quantify corrosion propagation in reinforced concrete.
Also these non-destructives methods can assess the condition of corroding reinforcement and
can be used to evaluate the corrosion state of the reinforcement after application of repairs. To
achieve corrosion propagation, cyclic wetting and drying and admixed chlorides were used to
accelerate the corrosion initiation phase.

Localised patched repairs have limited success due to the importance of removing all chloride
contaminated concrete affecting its performance. Surface preparation is vital to ensure an
effective patch repair as the effects of debonding and formation of the “bruised layer” has a
major effect on the durability of the material (Morgan, 1996). Parbhoo et al. (2012)
recommended the use of wire brushing. After reviewing the five patch repair methods
discussed in this research, it can be noted that the general purpose mortar and low slump
concrete is relatively cheaper and has good resistance to permeation but has relatively short
service life (Weyers et al., 1993). Latex and silica-fume concrete indicated positive results
regarding the prevention of the ingress of chloride ions and other deleterious substances.
However, latex and silica-fumed concrete showed signs of cracking and plastic shrinkage
cracking respectively after a period in service. This is not suitable as an effective repair material
as cracks increase the rate of ingress of harmful substances. Polymer-modified cementitious
mortar is the most suitable but further research should be conducted on its economic viability.

Research into the types of barrier methods showed more positive results than the patch repairs.
A waterproof membrane such as preformed sheets was the best performing type of membrane
in preventing the ingress of deleterious substances (Kepler et al., 2000). However intensive
labour practices of preformed sheets are brought into question as a suitable choice of repair
method. Review of the common sealers mentioned the silane and siloxane as the best
performing since they did not record any major disadvantages except sensitivity to surface
preparation methods (Sherman et al., 1993). Linseed oil and epoxy sealers were regarded less
effective as significant amount of exposure to sunlight is required and they tend to blister and
debond after a period of time respectively (Kepler et al., 2000 and McCaskil et al., 1970).

Electrochemical methods are favoured in structures which have large areas of chloride induced
corrosion as it will be too costly to remove all the chloride contaminated concrete. The danger
with this method is that the corrosion propagation and acceleration is solely dependent on its
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effectiveness. It was found that the sacrificial anode systems in high resistant concrete were
ineffective (Puller-Strecker, 2000 as cited in Kepler et al., 2000 and Mackechnie and
Alexander, 2001). Therefore the impressed-current system especially the grid anode system
using only titanium mesh anode performs best provided a careful monitoring system is setup
to prevent over-protection (Nash et al. 1994 as cited in Kepler et al., 2000). Over-protection
will result in hydrogen embrittlement of reinforcement. Chloride extraction requires removal
of chloride-contaminated concrete in order to function effectively which can be detrimental to
the strength of the structure (Kepler et al., 2000).

There is great variation in the studies of performance and effectiveness of corrosion inhibitors
in chloride-induced corrosion reinforced concrete structures. Each type of corrosion inhibitor
method has a flaw, as anodic inhibitors are not effective if not used in large quantities and
cathodic inhibitors do not work as well as the anodic inhibitors (Ormellese, 2008). According
to Ormellese (2008) mixed inhibitors outperformed other type of inhibitors. However,
choosing the suitable mixed inhibitors must be done with caution. Reason for this is that all
tested mixed inhibitors showed a decrease in the rate of ingress of chloride ions but not all
prevented the initiation of corrosion except one (Zemajatis et al., 1999 as cited in Xi et al.,
2004).

A study by Xi et al (2004) tried comparing the four common repair methods for chloride
induced corrosion in reinforced concrete bridges. The results were inconclusive in determining
a single suitable repair solution. This study will look into the actual comparison of the
performance and effectiveness of these four common repair materials in preventing chloride-
induced corrosion in reinforced concrete structures.
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Chapter 3 Experimental Details

3.1 Introduction

An experimental program was developed to assess the effectiveness of repair materials on
reinforced concrete beams against chloride induced reinforcement corrosion. The basis of the
assessment was to observe the half-cell potential, corrosion rate and resistivity measurements
before and after application of the repair materials. This chapter presents the details of the
experiments performed during the study.

Four commercially available repair materials was applied to the reinforced concrete specimens
made in the laboratory and was exposed to accelerated corrosion. The reinforced concrete
specimens were measured for the corrosion potential and corrosion rates. A comparative
analysis of the change of corrosion potential and corrosion rates, was done to determine the
effect the four commercially available repair materials have on reinforced concrete. This in
turn, can be used to evaluate the effectiveness of using these repair materials on reinforced
concrete railway bridges to prevent or stifle chloride-induced corrosion.

3.2 Materials

3.2.1 Concrete Materials

The materials used for the concrete specimens was the conventional concrete mix of water,
cement, sand and stone. The concrete was vibrated and was made using a 6.7 mm stone since
the cover (20 mm) chosen for the experimental was quite minimal for larger stone aggregate.
The cement or binder type used was CEM 1 52.5 R (Ordinary Portland Cement). Admixtures
were invented during the period reinforced railway bridges in South Africa were in existence
but were not commercially available (Newman and Choo, 2003). Therefore, the use of
admixtures will not be used in this study. The stone used was an Andesite rock 6.7mm in size.
The sand used was an andesite crusher rock. The water: cement ratio (w:c) was 0.8 to achieve
a permeable concrete thus allowing the easy ingress of moisture, oxygen and chlorides to
accelerate the corrosion process. The water content was adjusted to compensate for the stone
size to 240 I/m? (Perrie 2009).

Table 3.1: Mix Design of concrete (see Appendix B.4 for calculations of quantities)

Materials Quantity
Ordinary Portland cement content (kg/m?®) 300

Water (I) 240

Fine aggregate — andesite crusher sand (kg/m?®) 1118
Coarse aggregate -andesite stone 6.7 mm (kg/m?®) 806
Sodium chloride 5% NaCl solution

3.2.2 Steel for reinforcement

The steel used for reinforcement was a ribbed steel bar according to SANS 920:2011. The
diameter of the steel reinforcement was 10 mm. The bars were wire brushed to remove mill
scale and degreased using acetone prior to casting.



3.2.3. Admixed chlorides and solution

Sodium chloride (NaCl) was admixed in casting of the specimens to accelerate the corrosion
process of the reinforcing steel. Five percent of the water mass used in the mix design was used
as the admixed chlorides. A 5% NaCl solution was used to simulate the marine environment.

3.2.4 Repair materials
From the literature review, various repair materials and methods were discussed and evaluated
based on their advantages and disadvantages in reducing the corrosion process of chloride
induced corrosion. From the four categories namely patch, barrier, electrochemical and
corrosion inhibitor materials, one material from each category was selected and used in the
laboratory experiment.

3.2.4.1 Patch Repair

The product that was used in this study as a patch material was a cementitious, polymer
modified mortar containing silica fume and synthetic fibre reinforcement. The polymer used
to modify the mortar is a styrene butadiene acrylic with modified acrylic latexes. It is grey in
colour, and is of powder consistency that needs to be mixed with water before application. It
was designed as a high early strength repair and reprofiling system for concrete substrates. It
functions as a water-reducing plasticizer, producing a mortar with good workability and lower
shrinkage at lower water:cement ratios. It is suitable for application on overhead and vertical
surfaces using either a wet spray method or by hand (Appendix A).

3.2.4.2 Barrier material

The product that was used in this study as a barrier material was a low viscous, solvent free,
reactive impregnation for concrete and cementitious substrates based on silane. Silane is a
silicon based product which has a low molecular weight than siloxanes. It is used as water
repellant impregnation (hydrophobic treatment) for absorbent substrates such as concrete in
structures which are subjected to heavy stress due to freeze —thaw cycles and for chloride attack
in marine environments (Appendix A).

3.2.4.3 Electrochemical method

The product used in this study is a discrete sacrificial anode applied to patch repairs on
reinforced concrete structures which are corroding as a result of chloride ingress or concrete
carbonation. The zinc anode patch was placed within the parent concrete and was connected to
the reinforcing steel to ensure electrical continuity. This was done to provide a protective
current delivered directly to the steel outside the patch which is at greatest corrosion risk as
opposed to clean steel within the patch repair.

3.2.4.4 Corrosion Inhibitor

The product that was used in this study as a corrosion inhibitor was a surface applied mixed
corrosion inhibitor, designed to use as an impregnation of steel reinforced concrete. It is an
alkanol-amine based corrosion inhibitor which penetrates the concrete and upon contact with
reinforcing steel, the inhibitor’s molecules form a monomolecular protective layer which
reduces corrosion by protecting the anodic as well as the cathodic areas of the rebars (Batis et
al. 2003).
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3.3 Reinforced concrete specimens and preparation

3.3.1. Design of specimens

Fifteen reinforced concrete beams were prepared using the concrete formulated in section 3.2.1
and all made from the same mix and casted. Three reinforced concrete beams were casted for
each repair material and three additional reinforced concrete beams were casted as a control.
The dimensions of the concrete specimens was 500 mm in length, 100 mm in depth and 100
mm in width (Figure 3.1). The dimensions were chosen based on practicality of handling of
specimens in the laboratory. A single reinforcing bar was cast in each concrete beam as shown
in Figure 3.1. The cover to reinforcement at each specimen will be 20mm to the bottom face
of the concrete specimen to reduce the travel path for deleterious substances. The length of
the reinforcing bar is 500mm. Wooden spacers were used to provide the cover depth of 20mm
in the moulds to support the ends of the reinforcing steel bar. There is approximately 50mm
on each end of the reinforcing bar that has no cover due to assembly of the casting moulds. The
ends were isolated by epoxy coat from the exposure of moisture, oxygen and chlorides.
Therefore an area of approximately 126cm? of steel will be exposed to chloride solution. At
the end of each of the reinforcing bars, an electrically conductive copper wire was threaded, by
drilling a 3mm hole through the reinforcing bar, and extended out of the concrete specimen.
Three cube samples were casted for compressive strength tests for each ages of 7, 14, 28 and
90 day strengths. Four cubes were also casted for durability index testing of discs cored from
the cubes. An additional thirteen cubes was casted out of the patch repair material and used for
concrete cube tests and durability index tests.

Conductive
10 mm wire
Diameter
rod

k‘\j;oo\mm 20 mm cover

Direction
of
Casting

80 mm
100 mm

500 mm S0mm ! 50 mm

Figure 3.1: Concrete specimen and cross sectional view

3.3.2 Casting of beams and cubes

The beams were casted in wooden moulds with a wooden space block at the bottom at each
end to provide the required cover depth. The direction of casting was done with the steel
reinforcement bar at the bottom supported by two wooden space blocks to provide a concrete
cover of 20mm as shown in Figure 3.1. The 100mm cubes was casted in rigid plastic moulds
for the concrete and the patch repair mortar. The compaction of the concrete and mortar was
done by using a vibrating table for ten seconds immediately after placing. The slump of the
concrete recorded was 67mm.

3.3.3 Curing of beams
The beams were covered with a plastic sheet under laboratory conditions for 24 hours, then
demolded and water-cured for 28 days. The reinforced concrete beams were kept for 28 days
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in water before exposure to accelerated corrosion. The cubes were covered with a plastic sheet
under laboratory conditions for 24 hours, and then de-moulded and water-cured for 7, 14, 28
and 90 days.

3.4 Exposure conditions

3.4.1 Wetting and drying regime

Beams were fully submerged in a 5 percent sodium chloride solution for 3 days and removed
for 4 days to complete one wet-dry cycle. The continuing of the wet-dry cycle accelerates the
ingress of chloride ions. The 5 percent sodium chloride solution was prepared by mixing 5
parts by mass sodium chloride with 95 parts, by mass tap water. The drying of the samples
were air dried at room temperature (25 °C).

3.5 Application of repair materials

Repair materials were only applied once all the reinforced concrete beams reached the
corrosion propagation phase; when all the half-cell potential measurements taken after the
drying cycle showed a result of more negative than -425mV for three consecutive drying
cycles. As stated in Chapter 2, this was taken that active corrosion had been achieved. The
repair materials were applied according to the specifications from the supplier data sheets as
shown in Appendix A and as shown in Figure 3.2.

Eeamoval of B Surfar_f_'
Chiorid reparation
Contaminated
Concrate
Paolymer modified .
Cmuﬁ-‘-"”'—‘_" Silane Siloxans
Pztch Bepair hlembrane

Barrier
Patch Repair Aethod
Zinc Sacrificial Burface
|~ Anode Patch Pregaration
+— Corrosion
. Inhikitar
Patch Fepair

Electrochemical Corrosion Inhibiter
Method

Figure 3.2: Application of repair materials

The nomenclature used to label the beam specimens is shown in Table 3.2. The initial letters
represent the acronyms for the type of repair material applied and the subsequent number
represents the number of the reinforced concrete beam.
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Type of repair Mumber of reinforced
T~ - concrete beam

material P R 1

Table 3.2: Table indicating the nomenclature used to identify the reinforced concrete

beams
Nomenclature Type of repair Number of reinforced
material concrete beam
PR 1 Patch Repair 1
PR 2 Patch Repair 2
PR 3 Patch Repair 3
BM 1 Barrier Method 1
BM 2 Barrier Method 2
BM3 Barrier Method 3
ECR1 Electrochemical Repair 1
ECR 2 Electrochemical Repair 2
ECR 3 Electrochemical Repair 3
Cl1 Corrosion Inhibitor 1
Cl2 Corrosion Inhibitor 2
Cl3 Corrosion Inhibitor 3
Cl Control 1
Cc?2 Control 2
C3 Control 3

3.5.1 Polymer modified cementitious mortar with silica fume

The substrate of three reinforced concrete specimens was prepared by removing the concrete
cover (20 mm), as well as equivalent cover depth beyond the reinforcing steel. Therefore, a
total of 50 mm of concrete was removed (Figure 3.3). The mechanical method for removing
the concrete was used: this method involves the use of a hammer and a chisel. All loose
concrete was removed. To prevent cement laitance, the substrate surface was wire brushed to
achieve a rough open textured surface.

Figure 3.3: Removal of cover concrete of concrete beams

The substrate was further prepared by spraying with clean water by using a spray bottle until
the substrate had a saturated surface. The process of soaking was to ensure the entire substrate
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surface was exposed to water by the wet spray method until the substrate surface could not
absorb any more water. The reinforcing steel bar was wire brushed to remove all traces of rust
and contamination.

The mix ratio of the Sika ® MonoTop ® - 612 patch repair powder to water is 5:1 (i.e. 1 litre
of water per 5kg of powder). The repair material was mixed by using a slow speed concrete
mixer, fitted with clean, rust free, mixing paddles (Figure 3.4). The mixing procedure was to
pour the water into a mixing vessel and then the product was added whilst mixing slowly for a
minimum of 3 minutes to prevent air entrainment.

Figure 3.4: Mixing repair material in a slow speed concrete mixer

The Sika ® MonoTop ® - 610 bonding slurry was applied to the pre-saturated concrete
substrate using a paint brush (Figure 3.5). The freshly mixed patch repair was applied
immediately after applying the bonding material (i.e. the bonding material has not dried on the
substrate surface) by using a spatula. This is regarded as a wet on wet application. Sika ®
MonoTop ® - 612 patch repair can only be applied at a maximum depth of 30mm per layer.
The first layer of mixed patch repair material was applied 25mm thick. The reinforcing steel
was embedded half way into the first layer of the applied repair material. The first layer was
cured for 24 hours by placing a plastic sheet over the reinforced concrete specimen.

Figure 3.5: Application of the first layer of bonding slurry and patch repair
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After the 24 hours curing period has elapsed, the surface of the first layers surface was given
an open texture by rubbing with a plastic float. The next layer of 25mm of patch repair material
was applied according to the same procedure of the bonding slurry and the wet on wet
application, as explained above.

Figure 3.6: Application of the second layer of bonding slurry and patch repair

The first and second layer was cured for 7 days by placing a plastic sheet over the reinforced
concrete beam and taped down securely to the sides of the beam.

3.5.2 Silane based coating

The surface of three reinforced concrete specimens was thoroughly cleaned using water and a
detergent to ensure the quality of the substrate was free from dust, dirt or other contaminants
(Figure 3.7). The application of the repair material was only done once the substrate was dry,
absorbent and had no damp patches.

Figure 3.7: Surface of concrete beams cleaned using water and detergents

The Sikagard ® - 703W coating was applied using a paint brush in a single pass and the product
was not allowed to run (Figure 3.8). Three coats were applied wet on wet. No ponding on the
surface was allowed.
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Figure 3.8: Application of barrier method on reinforced concrete beams

This product does not require any curing methods but the three reinforced concrete specimens
were placed away from sunshine or water for more than three hours under laboratory
conditions. The reason for no exposure to water is that ingress of water will increase the
moisture content of the specimen and decrease the impregnation for the silane based coating.

3.5.3 Zinc sacrificial anode patch

The location of the Sika ® FerroGard ® Patch, on three reinforced concrete specimens, was
marked on the surface of the cover concrete at the end of the reinforcing beam (Figure 3.9). It
was placed on the opposite end from the connected wire for half-cell measurements so that
there is no interference with the electrical connection of the wire to the reinforcing bar.

Figure 3.9: Spot marked on reinforced concrete beams to mark the position of the
electrochemical repair

The parent concrete was removed to place the anode patch to prevent direct corrosion of the
zinc anode patch. Therefore 20mm concrete cover including 20 mm beyond the reinforcement
was removed to wire brush the steel reinforcement.

The method used for removing the concrete was by mechanical means using a hammer and
chisel (Figure 3.10). The exposed steel was wire brushed thoroughly to ensure electrical
connection of the anode patch to the steel. The number and spacing of the anode patches is
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dependent on the steel density ratio. The steel density ratio is the calculation of the surface area
of the steel to the area of the repair. The steel density ratio is calculated as

7 x bar diameter x length

= ratio .......... 3

Area of repair

The bar diameter is 10mm, exposed length is 400mm and the area of repair is 400mm x 100mm
(exposed surface area of reinforced concrete beam). Therefore the ratio is 0.314.

Table 3.3: Maximum anode spacing (mm) per steel density ratio (Sika®)

Steel density ratio (steel surface Maximum grid dimensions* (mm)
areafconcretesurface area)

= 0.2 700

0.21-0.4 600

0.41 - 0.54 S00

0.55 - 0.67 450

0.68 - 0.80 400

0.81-0.94 380

0.95-1.07 355

1.08-1.2 335

According to Table 3.3 from the suppliers, the maximum anode spacing with a steel density
ratio of 0.314 is 600mm. The requirement of only a single anode patch is needed as the exposed
length of the reinforcing bar is 400mm.

Figure 3.10: Removal of the concrete around the reinforcement bar.

A 30mm hole was drilled to a depth of 50mm, using a high speed drill with a masonry bit, into
the parent concrete, on the side of the removed concrete area but away from the reinforcing
steel. The drilled hole was soaked with water for 15 minutes by spraying into the hole using a
spray bottle (Figure 3.11). Excess water was then removed, at the bottom of the hole, by
absorbing it using a paper towel.
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Figure 3.11: Drilled hole soaked with water using a spray bottle

Firstly the Sika ® FerroGard® - 500 Crete mortar is placed to completely fill the drilled holes
and thereafter the Sika ® FerroGard ® Patch units was pushed into the hole (Figure 3.12). The
entire surface of the anode was covered with the mortar.

Figure 3.12: Mortar placed to completely fill the drilled holes and zinc anode patch
squeezed into hole.

The titanium wire extending from the patch was attached to the wire brushed steel by winding
it twice around the steel and checked for continuity using a multi-meter (Figure 3.13a and b).
Once continuity was confirmed, the anode wire was secured using a cable tie. A check was
done to see if the resistance between the anode patch and the reinforcing steel was less than 1
ohm. If the resistance was more than 1 ohm, the anode wire was removed and the reinforcing
steel was wire brushed until the resistance achieved was less than 1 ohm. The reason for this
check is that electricity follows the path of least resistance, the resistance between the concrete
and reinforcement is above 1 ohm, therefore the resistance between the reinforcing steel and
the zinc anode patch must be less than 1 ohm to ensure effectiveness of the patch repair. The
Sika ® FerroGard® - 500 Crete mortar was placed to patch the area of the removed concrete
around the steel and the cover concrete (Figure 3.13 c).
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a.) b.) c.)

Figure 3.13: a.) Electrical continuity by tying titanium wire to reinforcement b.)
Electrical continuity check using a multimeter c.) Mortar used to patch the concrete
beams

No water curing methods are recommended for this type of repair material. The repaired
reinforced concrete beams was placed under laboratory conditions (temperature is 25°C and
relative humidity of 50%).

3.5.4 Mixed corrosion inhibitor

The surface of three reinforced concrete specimens was thoroughly cleaned using water and a
detergent to ensure that the quality of the substrate was free from dust, dirt or other
contaminants. The application of the repair material was only done once the substrate was dry,
absorbent and had no damp patches.

The Sika ® FerroGard ® - 903 Plus was applied using a paint brush until the surface of the
reinforced concrete beams were saturated (Figure 3.14). The coats were applied wet on wet.
No ponding on the surface was allowed. After application of the last coat, as the surface became
matt, low pressure water cleaning was done using a water hose to remove any contaminants
that might have attached to the concrete surface.

Figure 3.14: Application of the corrosion inhibitor using a paint brush
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This corrosion inhibitor product does not require any water curing methods but was placed
under laboratory conditions for 24 hours. Thereafter, the three reinforced concrete specimens
were cleaned by pressure washing with water to remove any traces of soluble salts (Figure
3.15).The recorded penetration depth of the corrosion inhibitor is between 25 -40mm
depending on the water: cement ratio of the concrete (Appendix A).

Figure 3.15: Pressure washing of reinforced concrete beams

3.6 Test Procedure and data analysis

The test procedure used in this study prioritized the importance on the schedule of the
undertaking of electrochemical measurements as consistently as possible. The two types of
electrochemical measurements were half-cell potential and corrosion rate measurements.
Measurements initialised 1 month after casting the reinforced concrete specimens.

The schedule for electrochemical measurements was conducted weekly. The measurements
were taken at the end of the dry cycle (4 days). The repair materials were applied once
stabilization of the corrosion rate in the propagation phase was achieved. Stabilization of the
propagation phase is when the corrosion rate measurements have stabilized at a value greater
than 0.1 pA/cm? and when the half-cell potential measurements is more negative than -425mV
CSE (Otieno, 2008). Electrochemical measurements occurred only after curing of the applied
repair materials was complete.

3.6.1 Half-cell potential measurements

Before taking measurements of potential using the half-cell technique, the concrete surface was
pre-wetted using a spray bottle on the surface and a damp cloth placed on the surface of the
cover concrete. The side of the concrete specimen that has the 20mm cover to reinforcement is
the surface that must be pre-wetted and this is where measurements were taken. To test if pre-
wetting is necessary, the half-cell measurements fluctuates in time (5min £ 20mV) at the same
position.

The corrosion potential Ecorr (half-cell rebar / concrete) was measured as potential difference
(or voltage) against a reference electrode (half-cell). The value of potential difference between
the steel and reference electrode depends on the type of reference electrode and corrosion
condition of the steel. The reference electrode used was a copper/copper sulphate electrode
(CSE).
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A major influence on the potential readings is the condition of the surface layer of the concrete
(wet or dry) (Elsener 2001). The potential values tend to be more negative in wetted areas
(Vassie, 1978 as cited in RILEM, 2003) and undetectable in very dry concrete (Elsener 2001).
Therefore, the measurements were conducted weekly at the end of the dry cycle. Recorded
measurements were averaged over three consecutive measurements taken at the end of the dry
cycle to provide a three point average (see Appendix B3.1, for definition).

3.6.2 Corrosion rate measurements

Half-cell potential mapping does not give information regarding corrosion rate. Corrosion rate
data was obtained by means of a coulostatic technique whereby a small charge was applied to
the steel and the relaxation of potential was monitored over a short period of time, typically
one minute, to determine the polarization resistance Rp (Glass et al. 1993). The polarization
resistance was converted into a corrosion rate (icorr) by means of the Stern-Geary relationship
(Rodriguez and Gonzalez, 1994)

Rp is related to the corrosion rate Icorr by means of the Stern Geary Coefficient B

Leorr = B/Rp cvvovvoeeeien (4)

where: B is Stern-Geary constant value of 26 mV for active corrosion areas and
recommended for field corrosion rate tests (RILEM, 2004) and 52 mV for passive
corrosion areas (Andrade and Alonso, 1996 cited in Alexander et al., 2012).

Corrosion current density is then expressed as

Lcorr = Loorr /A woreeeeeeeeeeeeeei, (5)

where A is the exposed steel surface area of approximately 63 cm?

A corrosion rate of 0.1 uA/cm? is conventionally taken to denote the transition from passive
(initiation) to active (propagation) corrosion (Alonso et al., 2002, Stansbury and Buchanan,
2000). Recorded measurements were averaged over three consecutive measurements taken at
the end of the dry cycle to provide a three point average (see Appendix B3.1, for definition).

3.6.3 Resistivity measurements

The four point Wenner probe was used used in this study to measure the concrete resistivity of
the reinforced concrete beams. The probe spacing was 50mm. The aggregate size in this study
was 6.7mm therefore the probe spacing was greater than the size of the maximum aggregate.
The Wenner probes were placed on the concrete cover, 30mm away and parallel from the
reinforcing steel bar. Recorded measurements were averaged over three consecutive
measurements taken at the end of the dry cycle to provide a three point average (see Appendix
B3.1, for definition).

3.6.4 Durability Index (DI) tests

Four cubes were casted using the patch repair material and another four cubes were casted for
the existing concrete as according to SANS5861-3 to be used to measure durability
characteristics of the repair material. The preparation of the test specimens was strictly adhered
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to using SANS 3001-C03-1:2015. From this 8 specimens were obtained. Four of the specimens
were used in the Oxygen Permeability Index (OPI) test and the Water Sorptivity tests, whereas,
the other four specimens were used in the Chloride Conductivity Index (CCI) test. The OPI
and CClI tests were conducted with strict adherence to SANS 3001-C03-2:2015 and SANS
3001-CO3-3:2015 respectively. The Water Sorptivity Index (WSI) was conducted in
accordance with the Durability Index (2018) testing procedure manual.

3.6.4.1 Chloride conductivity index (CCI) test

Chloride conductivity test is an intrinsic diffusion test, where concrete is exposed to high and
low concentrations of the diffusing species on opposite faces to measure the coefficient of
diffusion. An applied potential difference is used to accelerate the diffusion test. The test
apparatus consists of a two-cell conduction rig in which concrete core samples are exposed on
either side to a 5M NaCl chloride solution. The core samples are preconditioned before testing
(oven dried at 50 degrees Celsius followed by 24 hours vacuum saturation in a 5M NaCl
chloride solution). There is movement of chloride ions due to the application of a 10V potential
difference. The chloride conductivity is determined by measuring the current flowing through
the concrete specimen. The apparatus allows for rapid testing under controlled laboratory
conditions and gives instantaneous readings (Perrie, 2009).

To determine the chloride conductivity of each specimen, the following formula was applied:

where: o is the chloride conductivity of the specimen (mS/cm)
i is the electric current (mA)
d is the average thickness of specimen (cm)
V is the voltage difference (V)
A is the cross-sectional area of the specimen (cm?)
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Figure 3.16: Chloride Conductivity Test (SANS 3001-C03-3:2015)
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3.6.4.2 Oxygen permeability index (OPI) test

The specimens with the applied patch repair were tested using the oxygen permeability test.
This will assist to determine the permeability of the three repair materials and compare against
the control to interpret the results obtained from the half —cell potential measurements.

The Oxygen Permeability Index (OPI) test method consists of measuring the pressure decay of
oxygen passed through a 70 + 2 mm diameter concrete disc with a thickness of 30 + 2 mm of
concrete or mortar placed in a falling head permeameter. The oxygen permeability index is
defined as the negative log of the coefficient of permeability. Therefore, the concrete and
mortar cubes will be cored to 70mm depths at mid span to conduct the oxygen permeability
tests (Perrie, 2009).

The permeability of specimens was achieved by determining the D’Arcy coefficient of
permeability using the equation:

k=wVgdzRAT ............... (7

where: k is the coefficient of permeability of the test specimen in metres per second
(m/s);
o is the molecular mass of oxygen (i.e., 0.032 kg/mol), in kilograms per mole
(kg/mol);
V is the volume of the permeability cell, recorded to the nearest 0.01 litre or
0.00001 m3. The volume of the permeability cell includes the volume of the
cell up to the lower face of the specimen. The volume of the permeability cell
was measured as 5 litres.
g is the gravitational acceleration (i.e., 9.81 m/s?), in metres per second
squared (m/s?);
d is the average specimen thickness, to the nearest 0.02 mm, in metres (m);
z is the slope of the linear regression line forced through the (0,0) point, in
reciprocal seconds (s-1);
R is the universal gas constant (8.313 Nm/Kmol), in newton metres per Kelvin
mole (Nm/Kmol);
A is the cross-sectional area of the specimen, in square meters (m?);
T is the absolute temperature in Kelvin (K).

The oxygen permeability index (OPI) is then calculated by taking the negative log of the k

value calculated as
OPI = _loglo(k) ................ (8)
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Figure 3.17: Oxygen Permeability Index Test (SANS 3001-C0O3-2:2015)

3.6.4.2 Water sorptivity index (WSI) test

The specimens with the applied patch repair will be tested using the oxygen permeability test.
This will assist to determine the absorption of the repair materials and compare against the
control to interpret the results obtained from the half —cell potential measurements.

The water sorptivity tests concrete samples which are preconditioned at 50 degrees Celcius at
the start of the test. The specimens are sealed on the sides and exposed to a few millimeters of
water. At regular time intervals the specimens are removed and weighed to determine the mass
of water absorbed. A linear relationship is observed when the mass of the water is plotted
against the square root of time, and the sorptivity of the concrete is determined from the slope
of the straight line.

The water sorptivity of the specimen (S), in mm/vh, is given by:

S = Fd/(MsV M) (9)

where: F is the slope of the best fit line, in grams per square root of hour
d is the average specimen thickness to the nearest 0,02 mm, in mm
Msy is the vacuum saturated mass to the nearest 0,01 g of the specimen, in
grams
Mso is the mass to the nearest 0,01 g of the specimen at the initial time (to), in
grams.
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Chapter 4 Results and Discussion

4.1 Introduction

This chapter presents the results, analysis and discussion of the various corrosion assessment
outlined in Chapter 3. These include corrosion rate, half-cell potential, concrete resistivity and
visual assessment. The durability index test results are also discussed.

The following notation is used in this chapter:

- PR: refers to beam specimens in which patch repair was used

- BM: refers to beam specimens in which a barrier repair method was used

- CI: refers to beam specimens in which corrosion inhibitor was used

- ECR: refers to beam specimens in which the electrochemical repair method was used
C: refers to the control specimens in which no repair was carried out

4.2 General observations

4.2.1 Half-cell potential measurements

Figure 4.1 show 3 point moving average (see Appendix B3.1, for definition) half-cell potential
measurements for the reinforced concrete beam specimens with the four different applied repair
materials. The results were taken only at 29 days after casting of the reinforced concrete beams
(day zero), to allow curing of the concrete beams (1 day to set and 28 days curing). The half-
cell potential measurements taken with the Cu/CuSQg electrode is used in the analysis.

Half-cell potential measurements (3 point average) (dry cycle)
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Figure 4.1: 3 point moving average half-cell potential measurements of reinforced
concrete beams taken at the end of the dry cycle using Cu/CuSOs electrode
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Measurements were taken a day after the wet cycle and at the end of the dry cycle as can be
seen in Appendix B 3.2 - Figure B.1 to Figure B.4. The half-cell potential measurements taken
at the end of the dry cycle is used in the analysis (Figure 4.1) due to the influence moisture has
on the results. The reason is because the recorded measurements taken a day after the wetting
cycle show more negative values than the recorded measurements taken at the end of the drying
cycle (see Appendix B.3.5 — Figure B.10 to Figure B.13). A study conducted by Medeiros et
al. (2017) confirmed this behavior, as the greater the moisture content inside the test specimens
the more negative the corrosion potential measured. The trend of the corrosion potential value
becoming more negative as the concrete becomes more humid is substantiated in the increasing
of the electric potential of the concrete, facilitating the electrical contact between the reference
electrode and the steel bar, which is the focus of the corrosion state measurement.

It is evident from Figure 4.1, the half-cell potential measurement (up to the 50" day) values
varied for all the reinforced concrete beam specimens. This was expected due to the variable
nature of corrosion before a thermodynamically stable state is reached. However, at the 100"
day the half-cell measurements began to show correlation between each beam as expected.

The first few recorded measurements (up to 50" day) of the reinforced beams were between —
150 and —350mV, which from the criteria in Chapter 2 -Table 2.2 indicates a low to
intermediate corrosion risk. This is because of the admixed chlorides during the casting of the
reinforced concrete beams. Due to the high water cement ratio of 0.8 of the reinforced concrete
beams and the accelerated corrosion of wetting and drying cycle, the half-cell potential
measurements show a decline to more negative results (Figure 4.1) up until the 150" day. This
can be attributed to after depassivation of the reinforcing steel, the potential drops to very
negative values (approximately —450 mV CSE as shown in Figure 4.1) (Elsener, 2001). A
half-cell potential value of more negative than —350 mV (CSE) is where there is a probability
of 90% of corrosion activity (RILEM, 2003).

Beyond 150 days of continued wetting and drying the reinforced concrete beams, the half-cell
potential values tend to stabilise (average readings of —425mV (CSE)). This indicates the
probability of corrosion is high to severe in the reinforced concrete beams. The reason for the
stabilization of the half-cell potential measurements can be attributed to the stabilization of
steel corrosion rate for the exposure conditions (temperature and relative humidity) in the
laboratory, and the thermodynamic conditions at the steel-concrete interface.

As mentioned in Chapter 2, the study by Otieno (2010), indicated that the values of half-cell
potential measurements for reinforced concrete using OPC that are more negative than —
425mV (CSE), the reinforcing steel has reached active corrosion (propagation phase). The
half-cell potential values in Figure 4.1 may indicate that the reinforced concrete beams have
reached the corrosion propagation phase but will be confirmed by the corrosion rate
measurements.

Before the point of application of the repair materials (200" day), the trend of the half-cell
potential measurements of the reinforced concrete beams were similar. This could be due to
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the variability of steel corrosion micro-climate conditions in the concrete which is
heterogeneous.

After the application of repair material (200" day), the half-cell potential measurements of the
reinforced concrete beams in Figure 4.1 show the disparity in the results tend but are less
negative from the control (C) as expected. Sixty days after application of repair (260" day),
the half-cell potential measurements started to show the ability of the repair materials to stifle
chloride induced steel corrosion. The interpretation of the half-cell potential measurements
after application of repair material will be covered in more detail in section 4.2.4.

4.2.2 Corrosion rate measurements

Figure 4.2 show 3 point moving average (see Appendix B3.1, for definition) corrosion rate
measurements of the reinforced concrete beam specimens with the four different applied repair
materials. The measurements were taken only 190 days after casting of the reinforced concrete
beams due to the unavailability of the coulostat device. Figure 4.2 shows the measurements
taken at end of the dry cycle.

Corrosion rate measurements (3 point average) (dry cycle)
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Figure 4.2: 3 point moving average corrosion rate measurements of reinforced concrete
beams taken at the end of the dry cycle

Corrosion rate measurements were taken with the coulostat device, to determine the corrosion
rate of the reinforced concrete beams, before and after application of the repair material. From
Figure 4.2, it can be seen that the period (190" -200" day) before the application of the repair
materials (200" day), the average corrosion rate was 4 uA/cm? (standard deviation of + 0.586).
The reason for the achievement of stabilized corrosion rate values is due to the stage of the
corrosion process the reinforced concrete beam has reached. During the propagation phase,
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the chemical reactions of corrosion are dependent on the availability of moisture and oxygen
rather than the exposure of the chlorides. The reason is because the chloride threshold has been
reached and the ingress of moisture and oxygen is dependent on the rate of the transport
mechanisms. Since the transport mechanisms are dependent on the quality of the cover concrete
therefore the rate of corrosion will be stable. Also the rate of corrosion for all the reinforced
concrete beams were above 0.1pA/cm?, providing an indication that propagation phase has
been achieved (Otieno, 2008).

With this indication of propagation phase, the repair materials were applied to the reinforced
concrete beams from the 200" day. During the first two weeks (14 days) after application of
the repair materials the corrosion rate measurements were similar to the rates of corrosion
before application of the repair materials. This delay in response is due to the unavailability of
moisture and oxygen after application of the repairs. The interpretation of the corrosion rate
measurements after application of the repair materials will be discussed in more detail in
section 4.2.4.

4.2.3 Resistivity measurements

Figure 4.3 show 3 point moving average (see Appendix B3.1, for definition) resistivity
measurements for the reinforced concrete beam specimens with the four different applied repair
materials. Figure 4.3 show measurements using the four point Wenner probe device. The
resistivity measurements taken using the four point Wenner probe is used in the analysis.
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Figure 4.3: 3 point moving average resistivity measurements of reinforced concrete
beams using the 4 point Wenner probe

It is notable from Figure 4.3 that the resistivity measurements are below 5 kQ-cm before the
application of repair materials. The average resistivity of 3.24 kQ-cm (standard deviation of +
0.145) was recorded for the repair materials, between day 36 and day 200. From the criteria
used in Chapter 2, Table 2.3, a resistivity value of between 1 and 5 kQ-cm, indicates a
probability of high corrosion rate.
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After the application of the repair materials, the reinforced concrete beams resistivity
measurements using the four point Wenner probe show a difference with the beams that applied
the patch repair and barrier method. This was expected as the patch repair replaced the cover
concrete completely whereas the barrier method applied a waterproof membrane over the cover
concrete. The interpretation of the corrosion rate measurements after application of repair
material will be discussed in more detail in section 4.2.4.

4.2.4 Effect of applied material on half-cell potential, corrosion rate and resistivity
measurements

The repair materials applied to the reinforced concrete beams after 170 days of exposure to
accelerated corrosion has an influence on the half-cell potential measurements, as can be seen
in Figure 4.1. According to Elsener (2001), the success of a patch repair can be determined
using half-cell potential measurements before and after application of the repair. However,
Elsener (2001) recommended half-cell potential measurements should only be performed when
the reinforcing steel has achieved a steady-state in the new environment. For the first 25 days
after application, the half- cell potential measurements began to show less negative slightly in
the electrochemical repair then more negative. For the first 40 days, the half-cell potential
measurements for the patch repair show less negative than more negative, whereas, the half-
cell potential values for the barrier method and corrosion inhibitor showed little variability.
The patch and electrochemical repair can be attributed to the patch material (in both repairs)
which disrupted the corrosion potential immediately after application, whereas the barrier
method and corrosion inhibitor had no effect to the results. After the 50 days of application,
the half-cell potential show the achievement of the steady state as the values were relatively
similar.

The corrosion rate measurements in Figure 4.2, was influenced after the application of the
repair materials. The expectation for the corrosion rate measurements of the reinforced
concrete beams after application of the repair materials, is to show a reduction in the results as
it provides an indication that the repair material is effective in reducing the corrosion rate as a
result of chloride induced corrosion. The corrosion rate results, for the first thirty days after
application of the repair materials, did not show any signs of reduction in the patch repair and
corrosion inhibitor. The delay in response of the patch repair can be attributed to the remaining
oxygen and moisture in the concrete after application and of the corrosion inhibitor can be due
to the time taken for the corrosion inhibitor to penetrate the cover concrete and reach the
reinforcing steel. However, the barrier method showed a decrease in corrosion rate values and
the electrochemical repair showed an increase in corrosion rate values. Since the corrosion
rate is based on measuring the polarization resistance (Rp), therefore the influence on the
polarization resistance, immediately after application, is only in the electrochemical repair and
the barrier method. Beyond day 230, the corrosion rate values were less than the control
reinforced concrete beams except in the beams that had the electrochemical repair materials.

The resistivity measurements in Figure 4.3, show an influence after the application of the patch
repair and barrier method as expected. The reason for the expected influence of these two
repair materials is because the patch repair replaced the cover concrete and the barrier method
altered the quality of the cover concrete. This is confirmed by the resistivity measurements
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taken using the coulostat device as can be seen in Appendix B Figure B.8 and Figure B.9 for
these two repair materials. This can be attributed to the patch repair replacing the entire
concrete cover with higher resistance material (Table 4.1) and the barrier repair material used
in this study forms a water repellant surface to prevent further ingress of deleterious substances.
The corrosion inhibitor and electrochemical repair has no influence on the resistivity
measurements of the cover concrete.

Criteria for assessing the effectiveness of a repair method

The performance of the repair materials was assessed by comparing the half-cell potential and
corrosion rate measurements after their application in the beam specimens with the half-cell
potential and corrosion rate measurements in the control specimens. This criterion gives a more
objective comparison across all the repair methods used in this study than comparing only with
the corresponding half-cell potential and corrosion rate values for the respective specimens
before the application of the repair materials.

4.2.4.1 Patch Repair

The patch repair replaced the concrete cover including the concrete below the reinforcement
equivalent to the depth of the concrete cover, with a polymer modified cementitious material.
The quality of the replaced concrete was compared to the patch repaired material using the
Durability Index test methods as explained in Chapter 3. The comparative results can be seen
in Table 4.1 below.

Table 4.1: Durability index test results (see Appendix B.2 for detail results)

DI Test Age (days) 100% OPC (0.8 w:c) Patch Repair
OPI (log scale) 28 9.69 9.97
WSI (mm/hr®®) 28 8.43 2.56
CCIl(mS/cm) 28 1.78 1.35
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Figure 4.4: Graphical representation of the OPI values of the concrete and patch repair
at 28 days
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The oxygen permeability test at 28 days measures the permeability of the concrete or mortar,
by measuring the time for oxygen to pass through the sample, k (m/s). A poor quality concrete
with high porosity or connectivity of pores will indicate a low OPI value. Whereas, a high OPI
value will indicate that the concrete sample has a higher resistance to the movement of gases
through the concrete. Therefore, a higher OPI value will result in an expected reduction of
corrosion activity due to the resistance of the material to the ingress of oxygen to access the
reinforcing steel. From the results in Table 4.1, it is notable that the mean OPI value for the
patch repair mortar is greater than the mean OPI value of the concrete. Figure 4.4, show a
graphical representation for the comparison between the OPI value of the concrete and the OPI
value of the repair mortar. The error bars indicates the variability of the two data sets
exclusively by plotting the positive and negative standard deviation relative to the mean of the
four OPI values. Figure 4.4 show the standard deviation of the two samples exclusively by
these error bars. The length of the error bar of the OPI for concrete is less than the length of
the error bar for the OPI results for the patch repair mortar. This indicates that the patch repair
OPI data has a larger spread than the concrete OPI data. Due to the high variability of the patch
repair OPI values there is an overlap of the two error bars of approximately 0.2 which indicates
that there is not a significant difference between the OPI of the concrete to the OPI of the patch
repair.
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Figure 4.5: Graphical representation of the WSI values of the concrete and patch repair

The water sorptivity test is a measure of the rate of movement of water through a material under
capillary suction (Otieno, 2008). The higher the WSI value, the higher the susceptibility of the
material to allow the ingress of moisture. The results indicate the patch repair has a lesser
sorptivity value than the concrete, therefore the patch repair has a greater ability to impede the
moisture to reach the reinforcing steel. Figure 4.5, shows a graphical representation for the
comparison between the WSI value of the concrete and the WSI value of the repair mortar. The
bar graph is an average of four WSI values. Figure 4.5 shows the standard deviation of the two
samples exclusively by these error bars. The length of the error bar of the WSI for concrete is
less than the length of the error bar for the WSI results for the patch repair mortar. This indicates
that the patch repair WSI data has a larger spread than the concrete WSI data. Although the
patch repair OPI values has a high variability, there is no overlap of the two error bars. This
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indicates that there is a significant difference between the WSI of the concrete to the WSI of
the patch repair.
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Figure 4.6: Graphical representation of the CCI values of the concrete and patch repair

The chloride conductivity tests measures the susceptibility of the concrete sample to the
movement of chlorides. The lower the CCI value the greater the ability the concrete has in
resisting the ingress of chloride ions and the less conductive the concrete is to ion movement.
The results show the patch repair material has a lower CCI value therefore indicating a higher
resistance to chloride conductivity. Figure 4.6, show a graphical representation for the
comparison between the CCI value of the concrete and the CCI value of the repair mortar. The
two lines indicates the variability of the two data sets exclusively as the bar graph is an average
of four CClI values. Figure 4.6 show the standard deviation of the two samples exclusively by
these error bars. The length of the error bar of the CCI for concrete (0.48) is greater than the
length of the error bar for the CCI results for the patch repair mortar (0.36). This indicates that
the patch repair CCI data has a lesser spread than the concrete CCI data. Due to the low
variability of the patch repair OPI values there is no overlap of the two error bars. This indicates
that there is a significant difference between the CCI of the concrete to the CClI of the patch
repair.

The durability index results show that the patch repair material is of a higher quality in
resisting the deleterious substances (oxygen, moisture and chlorides) to reach the reinforcing
steel. Therefore, it is justified to expect, that the patch repair material half-cell and corrosion
rate measurements will be affected after application. The resistivity measurements, from
Figure 4.3, confirms the durability index test results, by showing the increase of resistivity
values after the application of the repair material. From the results in Figure 4.1 and Figure 4.2,
the results for the half-cell potential and corrosion rate measurements show a change after the
application of the patch repair.

Figure 4.7a to c, show the half-cell potential, corrosion rate and resistivity measurements of
the reinforced concrete beams, 50 days before application and 110 days after application of the
patch repair. The correlation between the half-cell potential, corrosion rate and resistivity can
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be ascertained by observing the results from Figure 4.7a to c. Considering the recommendation
from Elsener (2001), that measurements should only be taken and analysed once the values
have reached a steady state, therefore the analysis will focus only on the last sixty days (250"
— 309" day) of recorded measurements. The half-cell potential measurements show an average
of —469 mV (CSE), which comparatively is less negative than the control reinforced concrete
beams (—486 mV CSE) (Figure 4.8a). This still indicates that the corrosion risk is high
according to RILEM (2003). Similarly the corrosion rate measurements show an average of
4.7 pAlcm?, which comparatively is less than the control reinforced concrete beams (7.1
uA/lcm?) (Figure 4.7b). The resistivity measurements show an average of 6.5 kQ-cm, which
comparatively is greater than the control reinforced concrete beams (2.97 kQ-cm) (Figure
4.7c).

It can be seen from Figure 4.7a to Figure 4.7c, that the less negative the half-cell potential value
several days after application (50 days), the lower the corrosion rate and the higher the
resistivity values are expected for patch repair materials.
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Resistivity (3 point average) (4 point Wenner probe)
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Figure 4.7: 3 point moving average half-cell potential, corrosion rate and resistivity
measurements of the reinforced concrete beams with the applied patch repair and control

4.2.4.2 Barrier method

Figure 4.8a to c, show the half-cell potential, corrosion rate and resistivity measurements of
the reinforced concrete beams, 50 days before application and 110 days after application of the
barrier method. The correlation between the half-cell potential, corrosion rate and resistivity
can be ascertained by observing the results from Figure 4.8a to c.

The half-cell potential measurements of the barrier method show an average of —456 mV
(CSE), which comparatively is less negative than the control reinforced concrete beams (—
486 mV CSE) (Figure 4.8a). This still indicates that the corrosion risk is high according to
RILEM (2003). Similarly the corrosion rate measurements of the barrier method show an
average of 4.1 pA/cm?, which comparatively is less than the control reinforced concrete beams
(7.07 pAlcm?) (Figure 4.8b). The resistivity measurements of the barrier method show an
average of 5.6 kQ-cm, which comparatively is greater than the control reinforced concrete
beams (2.9 kQ-cm) (Figure 4.8c). This indicates the barrier method used in this study did affect
the quality of the concrete cover as it was applied on the surface of the concrete to penetrate to
form a water repellant surface. This is done to reduce the amount of moisture ingress through
the cover concrete to the reinforcing steel.

It can be seen from Figure 4.8a to c, that the less negative the half-cell potential value several
days after application (50 days), the lower the corrosion rate and the higher the resistivity values
are expected for barrier methods.
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Half-cell potential measurements (3 point average) (dry cycle)
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Figure 4.8: 3 point moving average half-cell potential, corrosion rate and resistivity
measurements of the reinforced concrete beams with the applied barrier method and
control
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4.2.4.3 Electrochemical repair

Figure 4.9a to c, show the half-cell potential, corrosion rate and resistivity measurements of
the reinforced concrete beams, 50 days before application and 110 days after application of the
electrochemical repair. The correlation between the half-cell potential, corrosion rate and
resistivity can be ascertained by observing the results from Figure 4.9a to c.

The half-cell potential measurements of the electrochemical repair show an average of —521
mV (CSE), which comparatively is more negative than the control reinforced concrete beams
(—486 mV CSE) (Figure 4.9a). This still indicates that the corrosion risk is severe according
to RILEM (2003). A study conducted by Christodoulou et al. 2014, applied galvanic patch
anodes on a reinforced concrete bridge near the sea and monitored its effectiveness using half-
cell potential measurements (silver chloride electrode). The study observed the half-cell
potential measurements taken before application and about 110 days after application. The
results of this study showed that the application of the zinc anodes results in more negative
half-cell potential measurements recorded. This confirms the results shown in Figure 4.9a.

Similarly the corrosion rate measurements of the electrochemical repair show an average of
33.6 pA/cm?, which comparatively is greater than the control reinforced concrete beams (7.1
nA/cm?) (Figure 4.9b). This can be attributed to the zinc anode being at a higher potential than
steel on the galvanic series (Chess, 1998). Therefore the zinc anode protects the steel by
transferring electrons to the cathodic steel surface (Virmani & Clemena, 1998). Introduction
of the zinc anode into the concrete, results in a higher potential difference, thereby forcing the
corrosion process to the zinc anode rather than the steel. The recorded values may be measuring
the corrosion rate of the zinc anode rather than the reinforcing steel. The resistivity
measurements taken of the reinforced concrete beams with applied electrochemical repair show
an average of 2.95 kQ-cm, which comparatively is similar to the control reinforced concrete
beams (2.97 kQ-cm) (Figure 4.9¢). This indicates the electrochemical repair used in this study
does not affect the quality of the concrete cover.

It can be seen from Figure 4.9a to c, that the more negative the half-cell potential values several
days after application (50 days) of the electrochemical repair, the higher the corrosion rate
values. The resistivity values before and after application of the electrochemical repair, remain
the same.
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Corrosion rate measurements (3 point average) (dry cycle)
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Figure 4.9: 3 point moving average half-cell potential, corrosion rate and resistivity
measurements of the reinforced concrete beams with the applied electrochemical repair
and control

4.2.4.4 Corrosion Inhibitor

Figure 4.10a to c, show the half-cell potential, corrosion rate and resistivity measurements of
the reinforced concrete beams, 50 days before application and 110 days after application of the
corrosion inhibitor. The correlation between the half-cell potential, corrosion rate and
resistivity can be ascertained by observing the results from Figure 4.10a to c.

The half-cell potential measurements of the corrosion inhibitor show an average of —474 mV
(CSE), which comparatively is less negative than the control reinforced concrete beams (—
486 mV CSE) (Figure 4.10a). This indicates that the corrosion risk is high according to RILEM
(2003). The corrosion rate measurements of the corrosion inhibitor show an average of 6.9
A/cm?, which comparatively is similar to the control reinforced concrete beams (7.1 pA/cm?)
(Figure 4.10b). This can be attributed to the corrosion inhibitor having not penetrated the
concrete cover to the reinforcing steel effectively. The penetration depth of the corrosion
inhibitor was not assessed in this study. This limits the interpretation of the half-cell potential
results to evaluate the effectiveness of the corrosion inhibitor to stifle chloride-induced
corrosion. It is recommended that in future similar studies, the depth of penetration of the
corrosion inhibitor is measured using appropriate method(s). The resistivity measurements of
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the corrosion inhibitor show an average of 3 kQ-cm, which comparatively is similar to the
control reinforced concrete beams (2.97 kQ-cm) (Figure 4.10c). This indicates the corrosion
inhibitor used in this study did not affect the quality of the cover concrete.
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Figure 4.10: 3 point moving average half-cell potential, corrosion rate and resistivity
measurements of the reinforced concrete beams with the applied corrosion inhibitor and

control
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4.3 Comparison of repair materials using the half-cell potential and
corrosion rate measurements

4.3.1 Half-cell potential measurements

Figure 4.11 show the comparison of the average values of the half-cell potential measurements

of reinforced concrete beams after the application of the patch repair, barrier method,
electrochemical repair and the corrosion inhibitor.

Average half-cell potential measurements (CSE) before and

after application of repair materials
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Note: No repair material was applied to the control reinforced concrete specimens, but is shown
to compare the results with the average periods before and after the point of application.

Figure 4.11: Graphical comparison of the average half-cell potential measurements
before (day 150 to day 200) and after application of the repair materials (day 250 to day
310)

Considering the patch repair half-cell potential results in Figure 4.11, the mean values before
application is less negative than the mean values after application. The length of the error bar
before application is similar to the length of the error bar after application. This indicates the
variability in the two sets of data are similar. There is no overlap of the error bars, indicating
there is a significant difference between the half-cell potential readings before and after
application.

The barrier method half-cell potential results in Figure 4.11 show the mean values before and
after application is different. The length of the error bars before application is greater than the
length of the error bar after application. This indicates the variability in the data recorded before
application has a greater spread than the data recorded after application of the repair material.
There is no overlap of the error bars, indicating there is a significant difference between the
half-cell potential readings before and after application. A study conducted by Wittmann et al.
(2009), used the silane based repair material (similar to the barrier method used in this study)
on reinforced concrete specimens in contact with a 3% NaCl solution and measured the half-
cell potential (copper sulphate electrode) and corrosion rate measurements over time. The

76



results can be seen in Figure 4.12, which show the half-cell potential measurements of the
reinforced concrete specimens with silane based material, applied a month after casting, and
were less negative than the half-cell potential measurements of the reinforced concrete
specimens without the repair over time. This correlates with the data shown in Figure 4.11, as
the barrier method has a lesser negative value than the control reinforced concrete beams after
application of the repair.
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Figure 4.12: Half-cell potential measurements on concrete specimens with applied silane
based repair material in contact with 3% NacCl solution (Wittmann et al., 2009)
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Figure 4.13: Graphical comparison of the average half-cell potential measurements
before (day 150 to day 200) and after application of the electrochemical repair (day 250
to day 310)

The electrochemical repair half-cell potential results in Figure 4.13 show the mean values
before is less negative than after application. The reason the corrosion rate measurements for
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the applied electrochemical repair is shown separately is mainly for clarity with respect to y-
axis — for visual clarity. The length of the error bars before application is slightly greater than
the length of the error bar after application. This indicates the variability in the data recorded
before application has a slightly greater spread than the data recorded after application of the
repair material. There is no overlap of the error bars, indicating there is a significant difference
between the half-cell potential readings before and after application. This significant difference
can be attributed to the potential measured of the influence the zinc anode patch has on the
reinforced concrete beams. Figure 4.14 show the half-cell potential measurements taken 45
days after application galvanized zinc anodes in a reinforced concrete structure from a study
conducted by Christodoulou et al. (2014). The results show the half-cell potential
measurements (silver chloride electrode) taken before application and 30 days after application.
It can be seen from Figure 4.14, that the half-cell potential values are more negative than after
application. This confirms the results obtained in Figure 4.13 for the electrochemical repair
half-cell potential results in this study.
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Figure 4.14: Surface potential mapping with galvanised zinc anode patch a.) before
application and b.) after application (Christodoulou et al., 2014)
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The corrosion inhibitor half-cell potential results in Figure 4.11 show the mean values before
and after application is different. The length of the error bars before application is greater than
the length of the error bar after application. This indicates the variability in the data recorded
before application has a greater spread than the data recorded after application of the repair
material. There is no overlap of the error bars, indicating there is a significant difference
between the half-cell potential readings before and after application. The corrosion inhibitor is
not effective against chloride-induced corrosion 110 days after application. Elsener (2001) also
confirmed the decrease in half-cell potential values of reinforced concrete after applying
alkanolamine-based inhibitor. He attributed it to the change in pH of the concrete which has an
influence on half-cell potential results (Elsener, 2001).

4.3.2 Corrosion rate measurements
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Note: No repair material was applied to the control reinforced concrete specimens, but is shown
to compare the results with the average periods before and after the point of application.

Figure 4.15: Graphical comparison of the average corrosion rate measurements before
(day 150 to day 200) and after (day 250 to day 310) application of the repair materials

Figure 4.15 shows the comparison of the average values of the corrosion rate measurements of
reinforced concrete beams after the application of the patch repair, barrier method,
electrochemical repair and the corrosion inhibitor.

Considering the patch repair corrosion rate results in Figure 4.15, the mean values before
application is less than the mean values after application. Although, the patch repair replaced
the cover concrete and the concrete surrounding the reinforcing steel, the corrosion rate was
not less than before application. The reason for this can be due to incipient anodes formed at
the interface between the patch repair and substrate on the steel surface (Eldho et al. 2016).
The length of the error bars before application is greater than the length of the error bar after
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application. This indicates the variability in the data recorded before application has a greater
spread than the data recorded after application of the repair material. There is no overlap of the
error bars, indicating there is a significant difference between the mean corrosion rate values
before and after application. The patch repair is not effective in reducing the corrosion rate
after application. However, the average corrosion rate value after application of the repair
material is significantly lower than the corrosion rate values of the control reinforced concrete
beams, as there is no overlap of error bars. This indicates that the patch repair has the ability to
stifle chloride induced corrosion.

The barrier method corrosion rate results in Figure 4.15, show the mean values before
application is less than the mean values after application. The length of the error bars before
and after application is similar. This indicates the variability in the data recorded before and
after application of the repair material is the same. There is an overlap of the error bars,
indicating there is a not a significant difference between the mean corrosion rate values before
and after application. The barrier method cannot be determined for effectively reducing the
corrosion rate after application to the corrosion rate before application. However, the average
corrosion rate value after application of the repair material is significantly lower than the
corrosion rate values of the control reinforced concrete beams, as there is no overlap of error
bars. This indicates that the barrier method has the ability in stifling chloride induced corrosion.
From the study conducted by Wittmann et al. (2009), the results of the corrosion measurements
can be seen in Figure 4.16. The results show that the reinforced concrete specimens with the
applied silane based repair material show less corrosion rate values to the reinforced concrete
specimens without the repair. This confirms the results in Figure 4.15, that the barrier method
in this study does have the ability to stifle chloride induced corrosion.
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Figure 4.16: Corrosion rate measurements on concrete specimens with applied silane
based repair material in contact with 3% NacCl solution (Wittmann et al., 2009)

The corrosion inhibitor corrosion rate results in Figure 4.15, show the mean values before
application of the repair material is less than the mean values after application of the repair

80



material. The length of the error bars before application of the repair materials is lesser than
the length of the error bar after application of the repair material. This indicates the variability
in the data recorded before application of the repair material is less than the data after
application of the repair material. There is no overlap of the error bars, indicating there is a
significant difference between the mean corrosion rate values before and after application. The
corrosion inhibitor is not effective in reducing the corrosion rate after application. However,
the average corrosion rate value after application of the repair material is not significantly
different from the corrosion rate values of the control reinforced concrete beams, as there is an
overlap of error bars. No conclusive results can be ascertained regarding the ability of
corrosion inhibitors in stifling chloride induced corrosion.

The electrochemical repair corrosion rate results in Figure 4.17 show the mean values before
application is less than the mean values after application of the repair material. The reason the
corrosion rate measurements for the applied electrochemical repair is shown separately is
mainly for clarity with respect to y-axis — for visual clarity. The length of the error bars before
application is lesser than the length of the error bar after application. This indicates the
variability in the data recorded before application has a lesser spread than the data recorded
after application of the repair material. There is no overlap of the error bars, indicating there is
a significant difference between the half-cell potential readings before and after application.
The reason for this significant difference is due to the zinc anode dominating the influence of
the steel potentials. This dominant characteristic of the electrochemical repair used in this study
also influenced the corrosion rate measurements. However, no conclusion can be made
regarding the effectiveness of the repair material on stifling chloride induced corrosion of steel
in reinforced concrete, as the half-cell potential measurement and corrosion rate of the
reinforcing steel could not be measured after application of the repair. The reason is because
the polarization effect of sacrificial anode in reinforced concrete can reach to a distance of 500
mm away from the anode (Christodoulou et al. 2014). Due to the size of the specimens used in
this study, measuring potentials at any point on the concrete cover along the reinforcing bar
would output results influenced by the zinc anode patch.
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Figure 4.17: Graphical comparison of the average corrosion rate measurements before
(day 150 to day 200) and after (day 250 to day 310) application of the electrochemical
repair

81



4.4 Discussion

The repair materials applied on the reinforced concrete beams in this study show the effect it
has on the ability to stifle chloride induced corrosion of steel in reinforce concrete. The
evaluation was based on the observation of half-cell potential, corrosion rate and resistivity
measurements taken at the end of the dry cycle. These tests were used as an approach in
determining the effectiveness of repair materials against chloride induced corrosion of steel in
reinforced concrete. The reason is that the half-cell potential looks into the probability of
corrosion and corrosion rate measurements provide results which indicate the corrosion activity
of the embedded steel. The resistivity results indicate the ability of the concrete cover to resist
moisture, ions and gases rather than an indication of the corrosive state of the reinforcing steel.
When steady-state of the results were reached before application and after application, the
results were compared and analysed.

The patch repair replaces the concrete cover and the concrete surrounding the reinforcing steel
with a polymer modified cementitious material. The application of the patch repair material
has been noted to have an influence on the half-cell potential measurements, corrosion rate and
resistivity measurements. The average half-cell potential values before application was less
negative than after application of the repair material. However, the values still indicates high
risk of corrosion. Using the criteria by Elsener (2001) and RILEM (2003), the patch repair is
not effective against chloride-induced corrosion. From the corrosion rate results, it is noted
that the mean values before application is less than the mean values after application, the patch
repair is not effective in reducing the corrosion rate after application. However, the average
corrosion rate value after application of the repair material is significantly lower than the
corrosion rate values of the control reinforced concrete beams. This indicates that the patch
repair has the ability to stifle chloride induced corrosion. The average resistivity measurements
of the patch repair is greater than the control reinforced concrete beams after application of the
repair material. The durability index results show that the patch repair material is of a higher
quality in resisting the deleterious substances (oxygen, moisture and chlorides) to reach the
reinforcing steel. Although, the patch repair replaced the cover concrete and the concrete
surrounding the reinforcing steel, the corrosion rate was not less than before application. The
reason for this can be due to incipient anodes formed at the interface between the patch repair
and substrate at on the steel surface (Eldho et al. 2016). These new corrosion sites are due to
the electrochemical potential difference between the repair material and the substrate concrete.
This explains why the corrosion rate value after application was greater than before application.

The barrier method provided a water repellant layer within the cover concrete by the
application of silane based coat on the surface of the reinforced concrete beams. The average
half-cell potential values before application was less negative than after application of the
repair material. However, the values still indicates high risk of corrosion. Using the criteria by
Elsener (2001) and RILEM (2003), the barrier method is not effective against chloride-induced
corrosion. However, the average corrosion rate value after application of the repair material is
significantly lower than the corrosion rate values of the control reinforced concrete beams.
This indicates that the barrier method has the ability to stifle chloride induced corrosion. The
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average resistivity measurements of the barrier method is greater than the control reinforced
concrete beams after application of the repair material.

The electrochemical repair method used a zinc anode patch as a sacrificial anode, by forcing
electron transfer from the zinc rather than the reinforcing steel to the cathode, due to the higher
potential of zinc on the galvanic series. The average half-cell potential values before
application was more negative than after application of the repair material. The values indicate
a severe risk of corrosion. This is confirmed as the average measured corrosion rate value after
application of the repair material is significantly higher than the corrosion rate values of the
control reinforced concrete beams. However, the reason for this result can be attributed to the
coulostat measuring the rate of corrosion of the zinc anode patch rather than the actual
reinforcing steel. The measurements of the half-cell potential and corrosion rates indicated the
influence of the zinc anode on reinforced concrete rather than the reinforcing steel after
application. Therefore, no conclusion can be made regarding the corrosion condition of the
steel after applying the repair. The corrosion condition of the steel in the two specimens can be
compared by inspection, by extracting the steel from the reinforced concrete beams. This can
be a method to assess the effect the electrochemical repair has on the stifling of chloride-
induced corrosion after application. However, this was not conducted as it is not a quantifiable
method for comparison. The average resistivity measurements of the electrochemical repair is
the same as the control reinforced concrete beams after application of the repair material. The
application of the electrochemical repair has no influence on the resistivity of the cover
concrete, except at the point of installation.

The corrosion inhibitor was applied to the surfaces of the reinforced corrosion inhibitor to
reduce the corrosion activity of the reinforcing steel. Corrosion inhibitors are meant to delay
the corrosion activity but in the corrosion propagation phase is meant to inhibit further
corrosion of the steel in the reinforced concrete. The average half-cell potential values before
application was less negative than after application of the repair material. However, the values
still indicates high risk of corrosion. The average corrosion rate value after application of the
repair material is not significantly different from the corrosion rate values of the control
reinforced concrete beams. No conclusive results can be ascertained regarding the ability of
corrosion inhibitors in stifling chloride induced corrosion. This can be attributed to the time of
the corrosion inhibitor to penetrate the concrete cover and reach the reinforcing steel. No
assessment was conducted on the penetration depth achieved into the cover concrete of the
reinforced concrete beams, therefore the results are limited in evaluating its effectiveness. The
application of the corrosion inhibitor has no influence on the resistivity of the cover concrete.

83



Chapter 5 Conclusions and Recommendations

5.1 Conclusions

The objective of this study was to evaluate the performance of four commercially available
repair materials for chloride induced corrosion of steel in reinforced concrete railway bridges.
Four categories of commercially available repair options were critically reviewed and one
repair method from each category was selected and used for laboratory investigations. The
four categories of repair options evaluated in this study were patch repair, barrier methods,
electrochemical repair and corrosion inhibitors. The four selected repair materials in each of
these categories were polymer modified cementitious mortar, silane based sealer, sacrificial
zinc anode patch and an alkanol-amine based mixed corrosion inhibitor respectively. The
basis of evaluating performance of the repair materials in the laboratory investigations was
the comparison of the half-cell potential, corrosion rate and resistivity measurements. The
results indicate that all four selected repair materials have dissimilar corrosion activity after
application. The comparison of the results from Chapter 4 will be critically evaluated in this
chapter. This will guide the selection of the type of repair material to use for chloride induced
corrosion of steel in reinforced concrete bridges.

5.1.1 Repair materials from literature review

The literature review focused on the various studies that have assessed the performance and
effectiveness of different repair materials. Repair materials were chosen based on the recorded
visual observations (signs of corrosion, spalling and delamination) after application and the
recommendations on repair solutions made by studies. Also, the advantages and disadvantages
on the different application methods were considered as criteria to determine a suitable repair
material.

After reviewing the five patch repair methods, the polymer modified cementitious mortars was
selected as the most suitable patch repair material. The reason for this selection is that
unmodified mortars using silica-fume concrete tend to crack due to plastic shrinkage (Xi et al.
2004). It protects the steel by alkaline passivity which is a similar result as conventional
cementitious materials (Broomfield, 1997). The main advantages of this mortar for filed
applications is the high degree of workability and has a solid bond between repair mortar and
concrete being repaired, especially for overhead surfaces namely bridge soffits (Allen et al.,
1993). Polymer-modified cementitious mortar is the most suitable but further research should
be conducted on its economic viability.

Research into the types of barrier methods showed more positive results than the patch repairs.
Silane and siloxane sealers were chosen as the selected barrier repair method, due to the
distinguishing factor it poses. Silane and siloxane sealers allow water vapour to egress but
repels the ingress of chloride ions into concrete surface. Silane and siloxanes function by
penetrating the surface of the concrete to form a hydrophobic layer which allows moisture to
escape (Pfeifer and Scali, 1981 as cited in Kepler et al., 2000). Their use is recommended in
older concrete structures where surface laitance is weathered and offer less resistance against
impregnation. This is suitable for reinforced concrete railway bridges. Studies did not report
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any major disadvantages except sensitivity to surface preparation methods (Sherman et al.,
1993).

Electrochemical methods are favoured in structures which have large areas of chloride induced
corrosion as it will be too costly to remove all the chloride contaminated concrete. The danger
with this method is that the corrosion propagation and acceleration is solely dependent on its
effectiveness. Sacrificial anode systems require no external power source, however needs to be
maintained frequently as their protection current decreases with time (Virmani and Clemena,
1998). The zinc anode patch was the electrochemical repair used in this study.

There is a significant variation in the results of studies on the performance and effectiveness of
corrosion inhibitors in chloride-induced corrosion reinforced concrete structures. Each type of
corrosion inhibitor method had a flaw. According to Ormellese (2008) mixed inhibitors
outperformed other types of inhibitors.

5.1.2 Evaluation of repair materials using half-cell potential, corrosion rate and
resistivity measurements

The results show that all the repair materials had varied influence on the half-cell potential,
corrosion rate and resistivity measurements. The criteria used to assess the performance of the
repair materials was comparing the half-cell potential and corrosion rate measurements after
their application in the beam specimens with the half-cell potential and corrosion rate
measurements in the control specimens. This criterion gives a more objective comparison
across all the repair methods used in this study than comparing only with the corresponding
half-cell potential and corrosion rate values for the respective specimens before the application
of the repair materials.

The corrosion rates of the reinforced concrete beams, with the applied patch repair and barrier
method after application, compared to the reinforced concrete beams used as a control, was
less. The electrochemical repair was the only repair material that showed higher corrosion rate
results as compared to the reinforced concrete beams as a control. The reason for the significant
increase in corrosion rate of the applied electrochemical repair is that the coulostat measured
the polarization resistance of the sacrificial zinc anode patch rather than the reinforcing steel.
The corrosion rates of the specimens with the applied corrosion inhibitor as compared to the
control specimens was similar. The effectiveness of the corrosion inhibitor could not be
evaluated as the penetrated depth of the corrosion inhibitor into the cover concrete was not
assessed. However, it can be stated that the corrosion inhibitor does not stifle chloride-induced
corrosion for a certain period (110 days in this study) after application. The only conclusion
that can be made from the corrosion rate results, is that the patch repair and barrier method
have the ability to stifle chloride-induced corrosion by reducing the rate of corrosion in
reinforced concrete structures.

5.1.2 General conclusions

This aim of this study was to determine a suitable repair methods using a quantifiable approach
by measuring the half-cell potential and corrosion rate of reinforced concrete beams before and
after application. The results from this study can be used as a guide to the selection of repair

85



materials for chloride-induced corrosion for reinforced concrete railway bridges. However,
careful consideration must be taken to assess the current condition (for cracks, spalling and
delamination), corrosion stage (initiation, propagation, acceleration) and the practical
application of the reinforced concrete railway bridge before choosing a suitable repair material.
This study focused on the application of repair materials on uncracked, reinforced concrete
specimens in the propagation phase of the corrosion process. Further studies are needed to
determine the effectiveness of these repair materials in different conditions of railway
reinforced concrete bridges. The following general conclusions can therefore be drawn from
this study:

1.

Research on the performance of various repair materials (patch, barrier and corrosion
inhibitor) for chloride-induced corrosion on reinforced concrete railway bridges should be
assessed rather on quantifiable methods (half-cell potential, corrosion rate and resistivity
measurements) rather than reported recommendations from experience of application.
However, tests should be conducted to determine the actual depth for penetrating repairs
before using these methods.

The ranking of the repair materials based on the methods to test effectiveness of stifling
chloride—induced corrosion of steel in reinforced concrete can be determined for the patch
repair, barrier method and corrosion inhibitor 110 days after application by comparing the
recorded results against the control reinforced concrete beams. In order of descending
effectiveness: barrier method, patch repair and corrosion inhibitor. The electrochemical
repair could not be ranked as its effect on the reinforcing steel could not be quantified.

5.2 Recommendations
The following recommendations are based on this study:

Further studies can be conducted to evaluate the performance results of the same repair
materials chosen in this study by using different water-cement ratios, cement extenders
and cover depths.

An investigation on the effects of combining patch repair and barrier materials for
chloride induced corrosion of steel in reinforced concrete using half-cell potential and
corrosion rate measurements.

Alternative test methods to quantify the effectiveness of the corrosion activity for the
application of sacrificial zinc anode patch repairs and alkanolamine mixed corrosion
inhibitors in reinforced concrete.

Conduct a cost benefit analysis on the use of the selected repair materials in this study on
reinforced concrete railway bridges.

A service life prediction model for corrosion propagation of the selected repair materials
on reinforced concrete beams with chloride-induced corrosion.
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Appendix A: Repair materials data sheets

Al Patch Repair
A.1.1 Bonding Slurry

Sika® MonoTop®-610

Bonding slurry and anti-corrosion reinforcement primer

Product e - . i ;
Descri pti-::-n Sika Munmgp -61.[!l isa Pernenu'ugus..pc.rf!'ner modified one cun.\p-::nentlbond!ng
slurmmy and primer with active corrosion inhibitors, used for protection of reinforcing
steal
Uses B Cormrosion protection for steel reinforcement in concrete repair
B Bonding slurry on prepared concrete and mortar for Sika®™ MuncT-::pa repair
mortars
Characteristics / B Only requires mixing with water
Advantages B Easy, user friendly application
B Excellent adhesion to concrete and steel
B Good resistance to water and chloride penetration
B Meeis ZTV-SIB reguirements for comosion protection
B Moisture insensitive
B  Good mechanical properties
B Sprayable by wet spray method
B Adjustable consistency
Tests
Approval ! Standards
Product Data
Form
Appearance | Colour Powder Grey
Packaging 25kg bags.
Storage
Storage Conditions / & Months in orginal, unopened packaging. Store in a dry area between 5°C and
Shelf-Life 30°C. Protect from direct sunlight and moisture.
Technical Data
Chemical Base Cement and Crystalline free Silica aggregate.
Density Approx. 1,80 kgflire density of fresh mortar.

Layer Thickness 0.5-2mm




Mechanical Properties

Compressive Strengths

(28 days, 23°C/50% RH) 30 - 35 N/mm?

Adhesive Tensile

1,5-25Nmm® (concrete failure)

Application Details

Consumption / Dosage

Bonding Slurry: 1,5 - 2,0 kg/m’ Anti-corrosion Primer: 4 kg/m? @ 2mm thick

Substrate Quality

The concrete substrate must be sound and of sufficient compressive strength
(Min.20 N/mm?# (MPa) with a minimum pull off strength of 1.5 N/mm? (MPa).

The surface must be dry and free of all contaminants such as oils, grease, coatings
and surface treatments etc.

The substrate must be prepared mechanically to remove cement laitance and
achieve a profile open textured surface.

Weak concrete should be removed and surface defects such as honeycombed
areas; blowholes and voids must be fully exposed.

Repairs to substrate, filling of blowholes/voids and surface levelling should be
carried out using appropriate from the Sikafloor®, SikaDur® and SikaGard® range of
materials.

Substrate Preparation /
Priming

Precise and efficient surface preparation is essential to achieve the high
adhesive qualities of Sika® MonoTop®.

All caoncrete, mortar and stone substrates must be sound, clean and free from oils,
grease or surface contaminants. All loose materials and surface laitance must be
removed by high pressure water jet blasting or similar mechanical means. Small
areas and ‘spot’ repairs should be mechanically prepared by needle gunning, bush
hammering or similar means.

The prepared substrate should be thoroughly soaked with clean water until
unifermly saturated, leaving no standing water.

Steel reinforcement should be grit blasted to a bright steel condition to remove all
traces of rust and contamination prior to applying Si ka® MonoTop'E-m 0 corrosion
protection.

Application
Condition /
Limitations

Substrate Temperature

Min. 5°C Max.30°C

Ambient Temperature

Min. 5°C Max. 35° C

Substrate Humidity

<10 %

Application
Instructions

Mixing (Ratie/Dosage)

5,0 - 5,5 litres water per 25kg powder

Add the Sika® MonoTop®-610 slowly while mixing continuously. To avoid entraining
too much air use a slow speed mixer (max. 500 rpm). By gradually adding the
powder in portions, the desired application consistency can be obtained. Sika®
MonoTop®-610 must be mixed to a brushable, almost non-drip consistency.

Application Method /
Tools

As a reinforcement
primer

As a bonding bridge

Apply two coats of approximately 1 mm thickness each, using a stiff brush or
suitable spray equipment, onto the cleaned reinforcement. Allow to reach initial set
(‘thumb-nail’ hard) - up to 5 hours between coats depending on conditions. Allow at
least 24 hours curing after second coat if repair mortar is to be spray applied.

Apply onto the pre-saturated concrete substrate a coat of Sika® MonoTop®-610 not
less than 0,5mm thick by brush, roller or suitable spraying equipment. To achieve a
good bond with the substrate, and ensure that the whole area is fully coated, work
the bonding slurry well into the substrate. Repair mortars must be applied wet on
wet to the bonding slurry.
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Cleaning of Tools

Application and mixing tools should be deaned with water immediately after use.
Hardened material must be removed mechanically.

Pot life (max. open life)

Approx. 80 — 120 minutes

Motes on Application /
Limits

Allow the mixed Sika® MonoTop®-610 to stand for approximately 10 minutes before
applying.

Concrete should be a minimum of 28 days old.
The nommal precautions pertaining to dew point should be ohserved.

Local Restrictions

Please note that as a result of specific local regulations the performances of this
product may vary from country to country. Please consult the local Product Data
Sheet for the exact description of the application fields.

Health and Safety
Information

Protective Measures

Cement containing material may cause skin irntation. Wear gloves and gogales or
apply barmier cream to hands while working with the mortar.

Ecology

Transportation Class

Important Notes Residues of material must be removed according to local regulations. Fully cured
material can he disposed of as household waste under agreement with the
responsible local authorities.
Detailed health and safety information as well as detailed precautionary measures
e.g. physical, toxicological and ecological data can be obtained from the Material
Safety Data Sheet.

Toxicity

Legal Notes

The information, and, in particular, the recommendations relating to the application
and end-use of Sika products, are given in good faith based on Sika's current
knowledge and experience of the products when property stored, handled and
applied under normal condifions in accordance with Sika’s recommendations. In
practice, the differences in materials, substrates and actual site conditions are such
that no warranty in respect of merchantahility or of fiiness for a parficular purpose,
nar any liability arising out of any legal relationship whatsoever, can be inferred
gither from this information, or from any written recommendations, or from any other
advice offered. The user of the product must test the product’s suitability for the
intended application and purpose. Sika reserves the right to change the properties
of its products. The proprietary rights of third parties must be observed. All orders
are accepted subject to our current terms of sale and delivery. Users must always
refer to the most recent issue of the local Product Data Sheet for the product
concemed, copies of which will be supplied on request or accessad on the Intemet
under waww.sika.co.za.
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A.1.2 Patch Repair

Product Data Sheet
Edition 21/02/2012
Identification no:
010302040010000004
Sikz® MonoTop8-612

Sika® MonoTop®-612

Wet sprayed/hand placed fibre reinforced repair mortar

Product

DESCFiptiDI’I Sika®™ MonoTop®-812 is a cementifious, polymer modified, low permeability, high
strengtih mortar containing silica fume and synthetic: fibre reinforcement.

Uses Sika™ anTup'—ﬁ12 is designed as a high stremgth repair and reprofiling system
for concrete substrates. It is paricularty suitable for application on overhead and
vertical surfaces using the wet spray method and can also be placed by hand.

Characteristics | B Excellent workability characteristics

Advanta

antages B Adjustable consistency

B Excellent slump resistance
B Sprayable by the wet spray method
B Good mechanical strength
B Easily sprayed in layer thickness up to 30mm
B Good resistance o water and chloride penetration
B Synthetic fibre reinforced

Tests

Approval | Standards

Product Data

Form

Appearance | Colour Powder Grey when mixed

Packaging 25kg bags

Storage

Storage Conditions / G montihs in onginal, unopened packaging. Store in a dry area betwesn +5°C and
Shelf-Life +30°C. Protect from direct sunlight and moisture.
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Technical Data

Chemical Base

Cement and crystalline free silica aggregate

Density

Approx. 2, Tkg/litre fresh mortar

Layer Thickness

Min.Smm - Max.30mm

Mechanical Properties

Compressive Strength

{23°C/50% RH) 10 N'mm’ @ 1 day 40 N'mm” @ 28 day

System
Information

System Structure

Primer: SikaTop Armatec® 110 EpoCem® / Sika® MonoTop®-610
Repair Mortar: Sika® MonoTop®-612 (5 — 30mm layer thickness)

Application Details

Consumption /Dosage

Volume yield: 12 litres per 25kg bag

Substrate Quality

The concrete substrate must be sound and of sufficient oompre;sive strength
{min.20 N/mm? (MPa) with a minimum pull off strength of 1.5 N/mm? (MPa)).

The surface must be dry and free of all contaminants such as oils, grease, coatings

and surface treatments etc.

The substrate must be prepared mechanically to remove cement laitance and
achieve a profile open textured surface.

Weak concrete should be removed and surface defects such as honeycombed
areas, blowholes and voids must be fully exposed.

Repairs to substrate, filing of blowholes/voids and surface levelling should be
carried out using the appropriate product from the Sikafioor®, SikaDur® and
SikaGard® range of products.

Substrate Preparation /
Priming

Precise and efficient surface preparation is essential to achieve the high
adhesive qualities of Si ka® MoncTop“.

The concrete substrate must be sound, clean and free from oils, grease or surface
contaminants. All loose materials and surface laitance must be removed by high
pressure water jet blasting or similar mechanical means. Small areas and ‘spot’
repairs should be mechanically prepared by needle gunning, bush-hammering or
similar means.

The prepared substrate should be thoroughly soaked with clean water until
uniformly saturated, leaving no standing water. Apply Sika® MonaTop®-610 as
the bonding bridge.

Steel reinforcement should be grit blasted to a bright steel condition to remove all
traces of rust and contamination prior to applying Sika® MonoTop®-610 carrosion
protection.

Application
Conditions /
Limitations

Substrate Temperature

Min. 5°C - Max. 30°C.

Ambient Temperature

Min. 5C - Max. 35°C.

Substrate Humidity

=10%

Relative Air Humidity

80 %
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Application
Instructions

Mixing (Ratio/Dosage)

3,0 - 3,5 litres water per 25kg powder (depending on application).

Pour clean water in the comrect proportion into a dean mixing vessel. Add the Si ka®
ManoTopo—612 slowty while mixing centinuously. To avoid entraining toe much air
use a slow speed mixer (max. 500 rpm) for minimum of 3 minutes. By gradually
adding the powder in portions, the desired application consistency can be obtained.

Application Method /
Tools

Thorougr‘iq;,r wet the subsfrate to a saturated surface dry condition. Apply Sika®
MonoTop™-612 by the wet spray method. It can also be applied wet on wet by hand
with a trowel or spatula onto the Sika® MonoTop®-610 bonding bridge. For depths
greater than 30mm thick, Sika® MonoTop®-612 should be applied in layers.

In this case, as soon as the material has reached initial set, the surface should be
given an open texture by rubbing with a wooden or plastic float prior to application
of the next layer. Use Sika® MonoTop®-610 bonding bridge for day joints and
between layers if they are left to cure for more than 24 hours.

If a finer surface finish is required or a protective coating is to be applied,

Sika® MonoTopg—612 can be overcoated with Sika M0n0T0p®—620 surface leveling
compound as required.

Cleaning of Tools

Application and mixing tocls should be cleaned with water immediately after use.
Hardened matenal must be removed mechanically.

Waiting Time /
Overcoatability

sika® MonoTop®-612 must be kept moist while curing and protected from sunshine
and extremes of temperature. Standard concrete curing practice is recommended.

Notes on Application /
Limits

Freshly applied Sika® MonoTop®-612 should be protected from damp,
condensation and water for at least 12 hours.

Concrete should be a minimum of 28 days old.
When spray applying Sika® MonoTop‘m products, water jet blasting is the preferred

method of surface preparation and the surface profile should be greater than 2mm.

sika® MonoTop®-610 should be used as a bonding slurry for hand and spray
applied applications.

When curing with polythene sheets, ensure all edges are fastened down and that
air movementfcirculation over the surface of the fresh mortar cannot occur.

Once Sika”™ MOHOTOps—612 has started to set, it should be discarded. Do not add
maore water to improve workability.

Local Restrictions

Please note that as a result of specific local regulations the performances of this
product may vary from country to country. Please consult the local Product Data
Sheet for the exact description of the application fields.

Health and Safety
Information

Protective Measures

Cement containing material may cause skin irfitation. Wear gloves and goggles or
apply barrier cream to hands while working with the mortar.

Ecology

Transportation Class

Important Notes

Residues of material must be removed according to local regulations. Fully cured
material can be disposed of as household waste under agreement with the
responsible local authorities.

Detailed health and safety information as well as detailed precautionary measures
e.g. physical, toxicological and ecological data can be obtained from the Material
Safety Data Sheet.

Toxicity

97



A.2 Barrier Method

Product Data Shest
Edition 21022012
Identification no:

02 03 03 01 002 O DO0D10
Slkagard®-T03 W

Sikagard®-703 W

Water repellent impregnation for building facades

Product
Description

Slkagand™T703 W Is an emulsion, ready for use, sllana ! slloxane combination
based, water repellent Impregnation.

Uzaa

For making facades waler repellent and protecting bulding agalnst water Ingress.
Slkagard -703 W an be applied on mortar, masonry, brick, sbone, 3sbesins
cement abo.

Charactenstics !
sdvantages

N Sirong water repellent capaniity.
Allows the suDsTate to Dreathe (vapour permeable).
Treatment i wesually Invisiie not changing the substrate aspect

Can be over coated with suitadle paints and coatings.
Ready 10 use
Vi ater based environmental friendly.

Improwes reslslance to dirt plck wp, and reduces fungal, algal and lichens growth.

Tests

Approval | Standards

PV Verltas No. 110820324 & 25, ageing, water vapour pemeabllity,
waler ansorption.

Product Data

Form

appearance | Colour

Whitish liquid.

Packaging

o lire batthes, 25 liire Dothes.

Storage

Storage Condltions /
Shelf Lite

12 months from date of production I siored properly In undamaged and unopened,
ofiginal sealed comtainers, In dry conditions al temperatures between +5°C and
+40"C. Protect from frost

Technical Data

Chamilcal Bass

Sliane ! slloxane combination.

Dansity

~ 1.0 kgl {at +20°C)

pH walug

7-10
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System
Information

Application Details

Consumption

Dependent on substrate porosity:
On concrete and mortar: ~ 150 - 200 mim?
On other porous materials:  ~ 300 - 500 mi/m?

(A test is necessary to determine the exact consumption).

Substrate Quality

Clean, sound, free of dust, dirt, oils and grease, efflorescence and old paint
coatings etc.

Cracks in concrete more than 200 microns must be repaired first prior to carry out
the hydrophobic treatment.

Substrate Preparation

Cleaning should be done with suitable detergent or by light steam or blast cleaning.

Best results are obtained on dry, very absorbent substrates.
The subsfrate must look dry with no damp patches.

Application
Conditions /
Limitations

Substrate Temperature

+5°C min. / +35°C max.

Ambient Temperature

+5°C min. / +35°C max.

Application
Instructions

Application Method /
Tools

Sikag ard®-703 W is applied with a conventional low pressure spray, brush or roller,
in a single pass from top to bottom taking care not to let the product run.

Cleaning of Tools

Clean all tools and application equipment with clean water immediately after use.
Cured material can only be removed mechanically.

Waiting Time /
Overcoating

Can be overcoated with water and solvent based polymer paints - contact the paint
manufacturer for details.

For overcoating with Sikag.]arcl® , or solvent based coating, wait at least 5 hours after
the hydrophobic impregnation.

Notes on Application /
Limitations

Cement based substrates must be at least seven days old.

Protect glass surfaces and aluminium frames (possibility of surface damage /
staining).

Test on a sample surface before use.
Cannot be overcoated with limewash or cementitious coatings.

On all substrates, the optimum water repellent capability is achieved after a few
days.
Water repellency is significantly reduced when the substrate is cracked.

Sikagard®-703 W is not suitable for horizontal surface.

Curing Details

Curing Treatment

Sikagard®-703 W does not require special curing but must be protected from rain
for at least 3 hours at +20°C.

Value Base

All technical data stated in this Product Data Sheet are based on laboratory tests.
Actual measured data may vary due to circumstances beyond our control.

Local Restrictions

Please note that as a result of specific local regulations the performance of this
product may vary from country to country. Please consult the local Product Data
Sheet for the exact description of the application fields.
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A.3 Electrochemical Method
A.3.1 Patch Repair

Product Data Sheet
Version Mo 02714

Sika® FerroGard®-500 Crete
Activating Mortar for Hybrid Galvanic System

Product
Description

Sika FerroGard-300 Crete mortar is used in the installation of the Sika FerroGard
Patch anodes into comosion damaged reinforced concrete. The Sika FerroGard-
00 Crete mortar is pre-mixed and packaged in a sealant tube and applied into pre-
drilled holes i the concrete. The Sika FerroGard Patch anodes are subsequenty
placed into the hole, generating an embedded unit.

The Sika FerroGard-300 Crete mortar fac@itates installation of the galvanic Sika
FemroGard Patch anodes units. The cure time and physical properties have besn
designed to simplify installation and optimize performance.

Uses

»  Sika FerroGard-500 Crete enhances the performances of Sika FemoGard
Patch anodes.

Characteristics [
Advantages

=  Spedally formulated for application

= Pre-mixed for ease of use

=  Single component

= Simple installation

=  Long shelf ife

«  Eliminates inconsistency associated with on-site mixing of mortars
= Mnimal site labowr requirement reduces costs

»  Absence of site batching minimises waste

=+ Cost effective comosion control solution

Product Data

Form

Appearance | Colowr

Light grey paste

Packaging

380 ml cartridge, 20 wnits per box

Storage

Storage Conditions /
Shelf Life

12 months from date of production if stored i unopened, undamaged and original
sealed packaging in dry conditions.

Technical Data

Chemical Base

Slaked lime, water, inorganic fillers
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System

Information

Ancillary Materials The following ancilary materal is also avalable:
»  Sika FerroGard Patch anodes
= Monitorng equipment
+  FReference Anode Sika FerroGard MM 13 RE

Application

Conditicns |

Limitaticns

Subsirate Temperature  +5°C min

Ambient Temperature +5°C min

Application

Instructions

Installation Application shall be in accordance with the Sika FerroGard Patch Method
Staternent and is surmmarised as followr
Sika FerroGard Patch anodes are typically installed at a spacing of 350-500 mm.
Sika FerroGard Patch ancdes are installed into pre-dnled holes of 25mm diameter
%45, BD or 130mm fior Patch, Patch Plus and Patch Ulra mm respectivedy (with the
depth being depandent on the size of anode used). The Sika FerroGard-500 Crete
martar is ready to use and gunned info the holes with a standand cannidge gun and
mist encapsulate the anode to ensure a large active surface area

Motes on Application [ The Sika FermoGard-300 Crete mortar should not be applied at femperatures

Lirnitations below 5°C.

Value Base All technical data stated in this Product Data Sheet are based on aboratony tests.

Actual messured data may vany dus to circumstances beyond our control.

Sika FerroGard-300 Crete is supplied under license from Concrete Presendation
Technobogies Limited.

Local Restrictions

Please note that as a result of specific local regulations the performance of this
product may vary from couniry to country. Please consult the local Product Data
Sheet for the exact descrption of the application fields.

Health and Safety
Information

For informration and advice on the safe handling, storage and disposal of chemical
products. users should refer to the most recent Material Safety Data Shest
containing physical, ecological, towicological and other safety-related data.

Legal Hotes

The infiorrration, and, in partcular, the recommendations relating to the application
and enduse of Sika products, are given in good faith based on Sika's cument
knowiedge and expenence of the products when stored, handled and
applied under nommal conditions in accordance m: recommendations. In
practice, the differences in materials, subsirales and actual sie conditions are such
that no warmanty in respect of menchantability or of fitness for a particular purpess,
mor any liability ansing out of any legal relationship whatsoewer, can be infered
either from this infommation, or from any wotten recommendations, o from other
aivice offered. The user of the product must test the product’s suitabdity for the
mitended application and purpose. Sika reserves the right to change the properties of
its products. The propristary nghits of third parties must be cbserved. Al orders are
aocepted subject to our curment terms of sale and delvery. Users must always refer
to the most recent isswe of the local Product Data Sheet for the produdt concemed,
copies of which will be supplied on request.
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A.3.2 Sacrificial anode patch

Product Data Sheet
Edition 20/03/2018
Identification no:
02030309001 0000008
Sika® FemyGand® Patch

Sika® FerroGard® Patch

Discrete anode for corrosion mitigation of incipient anode
adjacent to patch repairs

Product
Description

Sika” FerroGard® Patch is a discrete sacrificial anode applied to patch repairs on
reinforced concrete structures which are comoding as a result of chlonde ingress or
concrete carbonation.

Sika® FerroGard™ Patch anodes are placed within the parent concrete. Protective
current is thus delivered direcly to the steel outside the paftch which is at greatest
comosion rsk as opposed to clean steel within the patch repair.

In addition, there is ne compromise in the quality of the concrete repair material that
can be used in reinstaternent, as is typically the case for sacrficial anodes placed
within paich repairs.

The nsulating properties of bonding primers prevents their use with traditional
patch anodes — however, as Sika®™ FerroGard® Patch is placed in the parent
concrete, primers may be used which lead fo an enhanced repair bond (when
needed).

Uses

®m  nstalled outside of the spall repair zone into contaminabed host concrete,
Sika® FerroGard® Patch anodes redress the elecirochemical imbalance
nduced through removal of the comosion process from steel in the patch.

®  Applied o reinforced concrete structures such as bridges, car parks, coastal
structures, indusirial struchures and residential high rise.
Coastal reinforced concrete structures both in and abowe the tidal zone

Characteristics [
Advantages

Sika®™ FerroGard® Patch anodes comode preferentially to the surrounding
steel, protecting it from further comesion damage.

Protects agamnst incipient anode attack outside of repair zone at the periphery
of repair

No long term maintenance costs

Sirengthens passive film

Titamium fixings eliminate attack by salt

WNo rapid dissolution of activating compaonents

Rapid installation—no additional break out

Bonding primers for steel and concrete can be used

High resistivity repair mortars can be used

Performance can be monitored

Cost effective comosion control solution
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Product Data

Form

Appearance / Colour

Cylindrical anodes fitted with titanium wire

Packaging 25 anodes per box, vacuum packed in 5 separate pouches

Dimensions Products Zinc content  Holes dimensions
sika® FerroGard®-510 Patch  62g 45mmL x25mm @
sika® FerroGard®-515 Patch 1209 85mmL x 25 mm @
sika® FerroGard®-520 Patch 180 g 120 mmL x 25 mm @

Storage

Storage Conditions /
Shelf Life

9 months from date of production if stored in unopened, undamaged and original
sealed packaging in dry conditions. Do not allow contact with oxidizing materials.
Protect from moisture.

Pouches should only be opened when product is required. Any part used pouches
should be re-sealed.

Note that the only effect of off-shelf life is on the aspect of the anodes.

Technical Data

Chemical Base

Zinc compound

Current density

>0.2-2 IT‘IA"[TIZ’ in comosive environnement

Life expectancy Up to 30 years* (the lifetime of the unit can be estimated from knowledge of the
anode composition and total current requirement.)

*Note Dependent on local conditions, including chloride concentration, concrete
properties, humidity and temperature.

System

Information

System Structure

Sika® FerroGard® Patch and Sika® FerroGard®-500 Crete

Typically density of 3-9 units per m? — refer to Sika® Technical Department for
advice

Ancillary Materials

The following ancillary materials are also available:

« Sika® FerroGard®-500 Crete embedding mortar

+ Sika® FerroGard® MN 15 RE Manganese dioxide reference electrodes

+  Monitoring equipment

« Sika® FerroGard® Patch CC discrete anodes for treatment of chloride
contaminated concrete outside patch areas.

+ Sika® FerroGard® Duo hybrid ancdes for treatment of chloride contaminated
concrete outside patch areas.
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Application
Conditions /
Limitations

Substrate Temperature  +5°C min

Ambient Temperature +5°C min

Application

Instructions

Installation Application shall be in accordance with the Method Statement and is summarised
as follow:

A location for the discrete anodes as close as practical to the edge of the broken
out repair shall be selected and holes drilled into the parent concrete within the
patch at locations identified by the engineer. A hole of relevant dimensions (refer to
table above) shall be drilled to house the Sika® FerroGard® Patch anode unit.

Pre-wet the drilled hole with water for a minimum of 15 minutes. Once the excess
water has been removed from the bottom of the hole, Sika® FerroGard®-500 Crete
mortar shall be applied into the hole with a nozzle to ensure no entrapment of air
voids within the mortar. The Sika® FerroGard® Patch anode shall be placed into
the hole and inserted such that the Sika® FerroGard®-500 Crete mortar surrounds
the whole unit.

The protruding titanium wire from the anode shall be directly connected to the
cleaned reinforcing steel within the patch repair by winding at least twice around the
rebar and fixing the tail with the supplied cable tie.

Electrical continuity of the sika® FerroGard® Patch anode conductors and the
reinforcing steel shall be confirmed. The patch repairs shall be immediately
reinstated.

The Sika® FerroGard® Patch anode installation can be monitored using half-cell
potential surveys, current outputs and reinforcing steel corrosion rate
measurements.

Parent concrete

Sika® FerroGard®-500 Crete

Sika® FerraGard®- Patch

Reinforcement bar

Repair mortar Sika MonoTop®-412 NFG or eguivalent
Titanium tail

QU ohWwn e

Notes on Application / In order that suitable current flow and lifetime be achieved from the Sika®
Limitations FerroGard® Patch anode, certain practical considerations should be taken into
account.
The patch repair material cover for Sika® FerroGard® Patch unit must be a
minimum depth of 20 mm.
Concrete repairs must be undertaken in accordance to acknowledge standard such
as EN 1504.
Any discontinuous steel should be either electrically bonded to or electrically
isolated from the system negative.
The time to achieve passivity will be dependent on site conditions. Depolarisation of
treated steel will be slower in moist conditions.
Design of the galvanic protection system shall be undertaken by a local Engineer
and installation guidance in accordance with their technical information

Value Base All technical data stated in this Product Data Sheet are based on laboratory tests.
Actual measured data may vary due to circumstances beyond our control.
sika® FerroGard® Patch is supplied under license from Concrete Preservation
Technologies Limited.
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A.4 Corrosion Inhibitor

Product Data Sheet
Edition 09/05/2016
Identification mo:

02 03 03 04 001 0 D015
Sika® FermoGard®-003 Plus

Sika® FerroGard®-903 Plus

Corrosion inhibiting impregnation (improved formulation)

Product Sika" FemoGard 203 Phus is a surface applied mixed comosion inhibitor, designed
Description for use as an impregnation of steel reinforced concrete.

Sika" FermoGard™-203 Plus is based on onganic compounds. Sika” FermoGard -203
Plus penetrates the concrete and forms a protective monomolecular layer on the
surface of the reinforcing steel
Protection with Sika® FermoGard™-003 Phus both delays the start of comosion and
reduces the comosion rate. Comosion protection with Sika® FermoGand™-003 Plus
increases the senvice and maintenance life cycles by up to 15 years when used as
a part of a complete Sika Concrete Repair and Protection System.

Uses »  For the comosion protection of steel reinforced concrete structures abowve and
below the ground
*  As acomosion control treatrment for undamaged reinforced concrete whers
reinforzing steel is comoding. or is at risk from comosion due to the effects of
carbonated or chloride contaminated concrete
»  Sika" FemoGard 203 Plus is especially suitable for extending the senvice life
of aesthetically valuable fair-faced concrete surfaces such as historic structures

Characteristics [/ »  Complies to principle 11 of EN 1504-2 method 11.2 {applying inhibitor to the
Advantages concrete)

*  Does not change the appearance of the concrete structure

»  Does not alter the water vapour diffusion properties of concrete

*  Long term protection and durability

» Can be applied to the surface of existing repairs and to surmounding areas to
prevent the development of incipient anodes

*  Protects both, cathodic (principle B) and ancdic (principle 11) zones of
reinfoncing steel

»  Can be applied where other repainprevention options are not viable

»  Economic extension of the senice life of reinforced concrete struchunes

» Easy, economical application, renewabls

»  Comply with GHS!CLP regulation

» Can be used as part of a simple yet effective concrete repair and protection
system

*  Penetration depth can be tested on site using the Sika "Qualitative Analysis
Test™ - refer o your local Technical Service Department for details
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Tests

Approval | Standards

BRE, The use of surface applied Sika® FerroGard® 903 corrosion inhibitor to delay
the onset of chioride induced corrosion in hardened concrete, BRE Client Report
No. 224-3486, 2005

Mott MacDonald, Evaluation of sika® FerroGard® 901 and 903 Corrosion Inhibitors,
Ref. 26'063/001 Rev A, April 1996.

SAMARIS (Sustainable and Advanced Materials for Road Infrastructure) - Final
Report, Deliverables D17a, D17b, D21 & D25a, Copenhagen, 2006

Mulheron, M., Nwaubani, S.0. , Corrosicn Inhibitors for High Performance
Reinforced Concrete Structures, University of Surrey, 1999

C-Probe Systems Ltd_, Performance of Corrosion Inhibitors in Practice, 2000

Product Data

Form

Appearance / Color

Transparent liquid, colourless to slightly yellowish

Packaging

25 Itr pail
200 Htr drum

Storage

Storage Conditions /
Shelf life

24 months from date of production if stored properly in undamaged and unopened,
original sealed packaging. Store in a cool environment. In case of - frost (< -5 C), -
reversible crystallisation may occur. If this happens, let the product warm up at
room temperature (+15 to +25 °C), then stir well to re-dissolve the crystals.

Technical Data

Chemical Base

Aqueous solution of amino alcohols & salts of amino alcohols.

Density ~1.05 (at +20°C)
pH Value ~10
Viscosity ~ 20 mPa's s (Brookfield RVT,spindle 2, 100 rpm, 23°C)

Penetration Rate

Site surveys and experimental tests have shown that Sika® FerroGard®-903 Plus
can penetrate through concrete at a rate of a few millimetres per day and to a depth
of approximately 25 to 40 mm in 1 month. This penetration rate can be faster or
slower dependent on the porosity of the concrete. Sika® FerroGard®-903 Plus
penetrates through both liquid and vapour phase diffusion mechanisms.

Note:

If after application of Sika® FermoGard®-903 Plus, the concrete surface is coated
with protective coatings (cement based, acrylic or impregnation) or hydrophobic
impregnation, the rate of diffusion of the inhibitor is reduced but not stopped as the
mechanism of diffusion liaises then only on the vapour phase.

As concrete quality and permeability differ, it is recommended to perform some
preliminary depth profile testing by the Sika "Qualitative Analysis” to assess the
specific penetration rate.

System
Information

System Structure

sika® FerroGard®-903 Plus is part of the Sika® Concrete Repair & Protection
Systems:

Repair system: Sika MonoTop?, Sika® lcoment® or SikaTop®
Reinforcement comosion control:  Sika® FerroGard®-903 Plus
Concrete protection: Sikagard® Coatings and or Sikagard®

Hydrophobic Impregnations
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Application Details

Consumption / Dosage

Generally ~0.500 kg/m? (~480mU/ma).

For very dense concrete with low permeability, the rate of application of Sika®
FerroGard®-903 Plus can be reduced but must not be lower than 0.300 kg/m®
(290ml/m?).

To assess project requirements, consumption and depth of penetration shall be

checked on site using the Sika “Qualitative Analysis” — refer to the relevant method
statement.

Substrate Quality

The concrete shall be free from dust, loose material, surface contamination, existing
renders, laitance, coatings, oil and other materials which reduce or prevent
penetration.

If the substrate is to be overcoated, the surface profile shall be sufficient to provide
the required adhesion

Substrate Preparation

Delaminated, weak, damaged and deteriorated concrete shall be repaired using
sika MonoTop®, SikaTop® or Sika® Icoment® mortars.

For fair-faced concrete or concrete to be further overcoated by coatings or
hydrophobic impregnation, water blast the concrete surface with pressure (up to 18
MPa — 180 bars)

For concrete surface to be further overcoated by cementitious material, roughen the
surface using suitable abrasive blast cleaning techniques or high pressure water-
blasting (up to 60 MPa — 600 bars).

For optimum penetration the substrate shall be allowed to dry out prior to the
application of Sika® FerroGard®-903 Plus.

Application
Conditions /
Limitations

Substrate Temperature

+5°C min. / +40°C max.

Air Temperature

+5°C min. / +40°C max.

Application
Instructions

Mixing

sika® FerroGard®-903 Plus is supplied ready for use and must not be diluted. Do
not shake the material prior to use.

Application Method /
Tools

sika® FerroGard®-903 Plus shall be applied to saturation by brush, roller, low
pressure or airless spray equipment.

After the application of the last coat, as soon as the surface become mat, do a low
pressure water cleaning (water hose).

The day after application, the treated surfaces shall be cleaned by pressure
washing (~ 10 MPa — 100 bars) to remove any traces of soluble salts that may have
deposit at the surface.

Cleaning of Tools

Use water to clean application equipment
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Waiting Time /
Overcoatability

Number of coats:

This is dependent on the porosity and moisture content of the substrate and the
weather conditions.

Vertical surfaces:

Normally, 2 to 3 coats are necessary to achieve the required consumption. In case
of dense concrete, additional coats may be required.

Heorizontal Surfaces:
Saturate surface by 1-2 coats, take care to avoid ponding.

Waiting time between coats:

This is dependent on the porosity of the concrete and the weather conditions,
normally 1-6 hours. Allow the surface to dry out between coats to a matt damp
appearance.

OVERCOATING:

If the application is carried out as described above, no further treatment is required
before over-coating with Sikagard® hydrophobic impregnations, Sikagard®
breathable coatings or Sikafloor® products (Refer to appropriate Product Data
Sheet for application details)

If non Sika coatings are to be applied, please contact the manufacturers technical
department for confirmation of compatibility with Sika® FemoGard®-903 Plus or
undertake compatibility and adhesion site trials.

When Sika® FemroGard®-903 Plus is used within a patch repair or before a
cementitious overlay, Sika repair or overlay system can then be used. Standard
preparation (pre-wetting) shall then be applied.

When us ing a smoothing coat/pore filler over surface treated with Sika®
FerroGard®-903 Plus, products such as Sikagard®-720 EpoCem® or SikaTop®-Seal
107, Sika MonaTop®-412 NFG, etc. can be used. Cementitious levelling mortars
shall only be used if there is a well prepared open textured surface that is
completely cleaned of residue.

If other Sika products are to be used, site frials are recommended to confirm
preparation and suitability

If non Sika products are to be used, please contact the manufacturer technical
department for confirmation of compatibility with Sika® FemoGard®-903 Plus or

undertake compatibility and adhesion site trials.

Notes on Application /
Limitations

Do not apply when rain or frost is expected.

The following construction materials have to be protected from splashes of Sika®
FerroGard®-903 Plus during application:

- Aluminium, copper, galvanised steel,

If the product is applied next to natural stones, it may be necessary to protect them
from splashes as some discoloration may occurs.

Visible concrete defects (spalling, cracks etc) must be repaired using conventional
repair methods (removal of delaminating or loose concrete, treatment of
reinforcement, reprofiling efc.)

Alternatively to the method described above, Sika® FerroGard®-903 Plus can be
applied after repair works (but not overlay) has been carried out (after hardening of
the repair material) — freshly repaired area might not need to be freated with the
inhibitor. If this is nevertheless done, lower diffusion is then expected at the zones
that were repaired.

Typical maximum chloride content at rebar level is 1% by weight of cement of free
chloride ions (comresponding to 1.7% of sodium chloride). Above this limit,
according fo site conditions and level of corrosion activities, increased consumption
of Sika® FerroGard®-903 Plus can be considered. Trials and corrosion rate
monitoring to confirm consumption and effectiveness shall be carried out.

In marine environment, when chlorides are already present near the reinforcement
bars, to provide efficient protection, concentration of Sika® FerroGard®-903 Plus at
rebar level shall be minimum 100 ppm when measured by chromatography ionic —
detailed method available upon request.

Do not apply in tidal zones or to substrates saturated with water.

Avoid application in direct sun and/or strong wind and/or rain.

Do not apply to concrete in direct contact with drinking water.

Depending on substrate conditions, the application of Sika® FerroGard®-903 Plus
may lead to a slight darkening of the surface. Proceed with preliminary testing.

All surface treatments are to be carried out using cold potable water.
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Curing Details

Curing Treatment

sika® FerroGard®-903 Plus does not require any special curing but must be
protected from rain for at least 4 hours

Notes

All technical data stated in this Product Data Sheet are based on laboratory tests.
Actual measured data may vary due to circumstances beyond our control.

Local Restrictions

Please note that as a result of specific local regulations the performance of this
product may vary from country to country. Please consult the local Product Data
Sheet for the exact description of the application fields.

Health and Safety
Information

For information and advice on the safe handling, storage and disposal of chemical
products, users shall refer to the most recent Material Safety Data Sheet containing
physical, ecological, toxicological and other safety-related data.

Legal Notes

The information, and, in particular, the recommendations relating to the application
and end-use of Sika products, are given in good faith based on Sika's current
knowledge and experience of the products when properly stored, handled and
applied under normal conditions in accordance with Sika's recommendations. In
practice, the differences in materials, substrates and actual site conditions are such
that no warranty in respect of merchantability or of fitness for a particular purpose,
nor any liability arising out of any legal relationship whatsoever, can be inferred
either from this information, or from any written recommendations, or from any other
advice offered. The user of the product must test the product's suitability for the
intended application and purpose. Sika reserves the right to change the properties
of its products. The proprietary rights of third parties must be observed. All orders
are accepted subject to our cument terms of sale and delivery. Users must always
refer to the most recent issue of the local Product Data Sheet for the product
concermned, copies of which will be supplied on request.
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Appendix B: Experimental results

B.1 Compressive strength and density results
Table B.1: Compressive strength results for concrete

Standard
Compressive strength Deviation
Cube Density (kg/m3) (MPa) (MPa)
7 day tests
4 2458.3 24.9
5 2468.2 25.2 0.208
9 2464 25.3
14 day tests
3 2455.1 29.5
10 2449.9 29.4 0.221
18 2464.2 29.8
28 day tests
6 2432.8 31.6
8 2458.9 32.0 0.674
11 2481.2 32.9
90 day tests
1 2395.3 32.1
2 2417 .4 31.7 0.253
14 2344.3 31.6

Table B.2: Compressive strength results for patch repair material

Standard
Compressive strength Deviation
Cube Density (kg/m3) (MPa) (MPa)
14 day tests
4 2500 34.0
5 2500 33.6 0.440
9 2500 33.1
28 day tests
3 2025.7 40.3
10 21354 38.8 0.770
13 2013.6 39.5
90 day tests
6 2432.8 41.6
8 2458.9 41.8 0.472
11 2481.2 42.5
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Compressive strengths of concrete and patch repair
mortar
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Figure B.1: Compressive strength results of the concrete and patch repair material

B.2 Durability index test results
Table B.3: Chloride Conductivity Index (CCI) test results of the concrete and patch

repair mortar

Concrete Patch Repair
Disk Number Conductivity | Porosity | Conductivity | Porosity
(mS/cm) (%) (mS/cm) (%)
1 1.88 6.20 1.49 5.60
2 1.63 5.72 1.45 6.54
3 2.07 5.87 1.09 4.76
4 1.55 5.63 1.36 5.19
Mean 1.78 5.85 1.35 5.52
Standard deviation 0.24 0.24 0.18 0.18
Coefficient of variance (%o) 13.29 4.23 13.51 13.75
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Table B.4: Oxygen Permeability Index (OPI) test results of the concrete and patch

repair
. Concrete Patch Repair
Disk Number k (m/s) OPI k (m/s) : oPI
1 2.374E-10 9.62 1.965E-10 9.71
2 2.544E-10 9.59 2.100E-10 9.68
3 1.951E-10 9.71 4.603E-11 10.34
4 1.434E-10 9.84 6.956E-11 10.16
Mean 2.076E-10 9.69 1.305E-10 9.97
Standard deviation 4.953E-11 0.11 8.472E-11 0.33
Coefficient of variance (%o) 24 1.15 65 3.30

Table B.5: Water Sorptivity Index (WSI) test results of the concrete and patch repair

mortar
Concrete Patch Repair
Disk Number Sorptivity Porosity Sorptivity Porosity

(mm/hr®9) (%) (mm/hr°9) (%)

1 8.49 16.58 3.24 16.07

2 8.84 17.16 2.06 16.44

3 7.90 16.18 2.18 16.11

4 8.48 15.65 2.77 14.98

Mean 8.43 16.39 2.56 15.90

Standard deviation 0.39 0.64 0.55 0.63
Coefficient of variance (%) 4.65 3.88 21.39 3.99

B.3 Half-cell potential, corrosion rate and resistivity results
B.3.1. n point moving average calculation

A moving average is a technique to get an overall idea of the trends in a data set; it is an average
of any subset of numbers. You can calculate it for any period of time. An average represents
the “middling” value of a set of numbers. The formula used to represent the n point moving
average is

Xjptet Xtk Xigq

y(x) = "
where: y(xi)is the moving average at the i"" data point of interest
n = number of data points to average in a data set.

Since, a 3 point moving average was chosen for the analysis of the half-cell potential, corrosion
rate and resistivity results. The n value is 3 and therefore the moving averages was only
calculated at the second recorded result.
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B.3.2 Half-cell potential measurements

Half-cell potential measurements (3 point average) (dry cycle)
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Figure B.2: 3 point moving average half-cell potential measurements of reinforced concrete beams taken at the end of the dry cycle
using Cu/CuSOs electrode
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B.3.3. Corrosion rate measurements

Corrosion rate measurements (3 point average) (dry cycle)
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Figure B.3: 3 point moving average corrosion rate measurements of reinforced concrete beams taken at the end of the dry cycle
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B.3.4. Resistivity measurements

Resistivity (3 point average) (4 point Wenner probe)

25
20
g 15 Application of repair
C
=
>
2
2
hd
k7]
2 10
<
5
0 |
0 50 100 150 200 250 300 350
Time (days)
——PR1 —@—PR2 —@—PR3 —@—BM1 —@—BM2 —@—BM3 ECR1 ECR2 ECR3 Cl1 CI2 c3 ——Cl —e—(C2 —@—C3

Figure B.4: 3 point moving average resistivity measurements of reinforced concrete beams using the 4 point Wenner probe
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B.4 Concrete mix design

The materials used for the concrete specimens was conventional concrete mix of water, cement,
sand and stone. The concrete was moderately vibrated and made using a 6.7 mm Andesite rock
stone The cement or binder type was CEM | 52.5 R (Ordinary Portland Cement) as it is
commercially available and it has no cement extenders included. The stone and sand was
conventional materials. The water: cement ratio (w:c) was 0.8 to achieve permeable concrete
to allow ease of ingress of moisture, oxygen and chlorides to accelerate the corrosion process.
The sand was andesite crusher rock and the water content was adjusted to compensate for the
stone size to 240 I/m? (Perrie, 2009). Therefore for cement content M. is calculated as:

water content

¢ w:c
=300 kg/m?®
Since the stone has dry compacted bulk density 1714 kg/m?3, as according to the suppliers

And a factor which depends on the maximum size of the stone and the workability of the
concrete of 0.8 (Perrie, 2009) including fineness modulus of sand of 2.3 determined according
to suppliers. Therefore the stone content (M) is calculated as:

M, = CBD(K — 0.1FM)

=1714x (0.8 - 0.1x 2.3)

= 806 kg/m?3
Therefore the sand content (M) is the relative density difference and is calculated as
Ms = 2.65 x 1000 x (1 —290/3140 — 880 / 2700 — 230/1000)

= 1118 kg/m?®
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