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An Important Note for the Reader

The research detailed in this report was commissioned by Transfund
New Zealand.

Transfund New Zealand is a Crown entity established under the Transit
New Zealand Act 1989. Its principal objective is to allocate resources to achieve
a safe and efficient roading system. Each year, Transfund New Zealand invests
a portion of its funds on research that contributes to this objective.

While this report is believed to be correct at the time of its preparation,
Transfund New Zealand, and its employees and agents involved in its
preparation and publication, cannot accept any liability for its contents or for
any consequences arising from its use. People using the contents of the
document, whether directly or indirectly, should apply and rely on their own
skill and judgement. If necessary, they should seek appropriate legal or other
expert advice in relation to their own circumstances, and fo the use of this

report.

The material contained in this report is the output of research and should not be
construed in any way as policy adopted by Transfund New Zealand but may
form the basis of future policy.
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Executive Summary

Aim of Research

This report represents the first stage of an evaluation of the long-term performance of
proprietary patch repair/surface treatment systems and electrochemical treatments used to
rehabilitate concrete bridges suffering from corroding reinforcement. The findings will
enable New Zealand bridge asset managers to select appropriate repair technologies to suit
the needs and circumstances of individual structures, thereby optimising cost and long-term
performance requirements. The information will also allow bridge owners to furnish more
accurate information for their long-term financial strategies.

Scope of Report

This report summarises the main technical features of electrochemical treatments and
opportunities for their use on New Zealand bridges. It is written to overcome a lack of
knowledge about and confidence in using techniques that are quite different to familiar patch
repair techniques. They have not been widely used in New Zealand, although they have a
history of successful application overseas. It describes the factors that need to be considered
when deciding on an appropriate course of treatment for an individual structure and is
designed to alert managers to features that might be relevant when they are considering the
options for rehabilitating a structure rather than to provide a comprehensive guide. The
information presented is drawn from a review of international technical and trade literature,
and from discussions with designers and suppliers of electrochemical treatments, both of
which were carried out during 2001-2002. Readers are directed to consult technical
literature, standards and suppliers for more detailed information when considering specific
applications of electrochemical treatments. '

Electrochemical Treatments

Cathodic protection (CP), chloride extraction and realkalisation are electrochemical
treatments for concrete damaged by reinforcement corrosion. They are designed not to repair
the damage but to prevent further deterioration for considerably longer than the typical 10-
year repair cycle offered by traditional patch repair techniques. They do not require the
extensive removal of contaminated but sound concrete that is required by patch repair. They
can also be applied as preventive treatment before damage occurs, although this aspect of
their use is beyond the scope of this report.

Reinforcement corrosion is the most common and significant durability problem on New
Zealand’s concrete road bridges. The nature and uniformity of the bridge design and
construction makes them ideal candidates for electrochemical treatments. The similarity of
many structures means that, although initial applications of electrochemical treatments will
involve steep learning curves and there will always be aspects specific to individual
structures, lessons learned on each structure will be applicable to subsequent applications.

Rebar corrosion severe enough to necessitate repair is usually caused by chloride
contamination. Depending on exposure conditions and the intended remaining life of the
structure, either CP or chloride extraction could be appropriate treatments for chloride
contamination.



CP systems offer permanent treatment, i.e. for the remaining life of the structure, although
they require continued monitoring throughout their service life, and, like a car, components
within the system have a finite life. Systems can be designed to suit all parts of a concrete
structure in any exposure zone: inland (A2), coastal (B1 and B2), tidal/splash (C) or
submerged (NZS 3101: 1995 exposure categories). CP can be used to protect rebar in
reinforced and prestressed concrete, although particular care must be taken to avoid
damaging prestressing strands and tendons. CP can also be used to protect pretensioning
strands but tendons used to post-tension concrete cannot be cathodically protected.
Impressed current (IC) CP offers greater control and flexibility, while galvanic 'systems may
be more economic because less hardware is needed to control their performance. CP has an
extensive history of use over the last twenty years that is well documented in the literature.

A proprietary galvanic anode system designed to prevent incipient anode effects in patch
repair could increase the life of patch repairs by an estimated 10 years depending on
conditions.

How long chloride extraction remains effective will depend on the individual circumstances
of each structure but, if sufficient chlorides are removed and recontamination is prevented,
then the treatment could remain effective for 20-30 years. Treatment takes up to four months
and no long-term maintenance is required. Chloride extraction is best suited to elements not
in direct contact with seawater, i.e. those in the coastal exposure zone (Bl and B2 zones,
NZS 3101:1995), which can be protected from recontamination by coating after treatment. It
cannot be applied to pretensioned concrete. Under some circumstances it can be applied to
protect the rebar in post-tensioned concrete, but not the tendons. Particular care must be
taken when applying it to round (undeformed) rebar, and to concrete containing alkali-
reactive aggregates. Chloride extraction has rapidly gained favour since its introduction in
the late 1980s, particularly for removing de-icing salt contamination. However fewer case
studies are reported of treatments to concrete exposed to marine conditions.

For concrete that is extensively carbonated, realkalisation offers a permanent solution.
Treatment takes two to three weeks and no long-term maintenance is required. It is best
suited to concrete that is not chloride-contaminated, i.e. in inland exposure zones (A2 zone,
NZS 3101:1995), but can be applied in conjunction with chloride extraction if necessary.
Application to prestressed concrete has the same limitations as chloride extraction. Although
realkalisation is a technically sound treatment, in practice it is unlikely to find a large market
on New Zealand bridges because carbonation-induced corrosion is not a major problem, and
can usually be effectively treated with patch repair. Indeed a search of international literature
found only one reported case study of application to bridges.

Details of Australasian designers and suppliers of the electrochemical treatments, and of
installations similar to possible New Zealand bridge applications are given in the report.

Cosi Benefits

The next stage in evaluating the potential for using cathodic protection, chloride extraction,
and realkalisation on New Zealand bridges is to compare their up-front and long-term costs
with those of patch repairs. This constitutes the second stage of the research, which will be
carried out in 2002-2003. Note however that repair options for individual structures will
always need to be evaluated for the particular structure concerned.



Future Research

A possible area for future research is to identify the need for some sort of independent
database of Australasian installations of electrochemical treatments. This record could make
it easier in the future for designers and asset owners to find information on long-term
performance, given that relatively few case histories are likely to be reported more than 10
years after installation.

The 2002-2003 research is likely to identify shortcomings in knowledge that could be
addressed by further research. Similarly, technical or practical issues related to
electrochemical treatments may arise as they become more widely used. Future research
could be directed at refining the technology to make it more practical, durable, efficient or
economical as required.



Abstract

Reinforcement corrosion is the most significant durability problem affecting New
Zealand concrete bridges. Cathodic protection (CP), chloride extraction and
realkalisation are electrochemical treatments that are designed to prevent further
deterioration for considerably longer than the typical 10-year repair cycle offered by
traditional patch repair techniques. They do not require extensive removal of
contaminated but sound concrete. To inform New Zealand bridge asset managers
about the potential benefits of these techniques, their technical features are
summarised and opportunities and limitations for their use on New Zealand bridges
are identified in this report, prepared in 2001-2002. Case studies of overseas
applications similar to possible New Zealand bridge applications are presented, and
Australasian designers and suppliers of treatments are listed. These data were current
to July 2002.

Evaluation of data from the case studies and from a literature review suggests that CP
offers protection for the remaining life of a structure, although it must be continuously
monitored and maintained throughout that time. It is suggested as suitable for
structures affected by chloride-induced contamination. Chloride extraction was
considered to offer up to 20 to 30 years of protection, and is suggested as suitable for
concrete exposed to atmospheric chloride contamination. Realkalisation was
considered to offer permanent protection from carbonation-induced corrosion,
although this is not a major problem on New Zealand bridges.
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1. Introduction

1. Introduction

1.1 Background

Corrosion of steel reinforcement is the most serious and common deterioration
problem affecting reinforced concrete structures in New Zealand. Steel will corrode
when exposed to moisture and oxygen, and corrosion is accelerated in the presence
of chloride ions, which are present in seawater. Normally the surrounding concrete
provides a relatively impermeable barrier to prevent moisture, oxygen and chlorides
reaching the steel. It is also highly alkaline, which prevents the corrosion reactions
occurring. But if insufficient concrete surrounds the reinforcement, or if the concrete
is of poor quality and easily transmits air and water, then the reinforcement will start
to corrode. The corrosion products occupy a greater volume than the original steel,
and their formation will first crack then break off the overlying concrete, exposing
the steel to the elements. As the reinforcing bar corrodes, its diameter and
consequently its strength both decrease, until eventually the load capacity of the
structure is lost. It is therefore important to repair damage caused by reinforcement
corrosion in order to maintain structural capacity and prevent damage to people,
property, vehicles, etc. by any concrete that may fall off the structure.

All types of reinforced concrete structures, including bridges, are prone to corrosion
damage. Those exposed to seawater or sea spray are at greater risk, as are surfaces
exposed to rain or run-off. Road bridges are affected because many (60% of state
highway bridges and 45% of local authority bridges) are in coastal environments, and
because they all have surfaces exposed to water. Older bridges are more likely to be
affected, first because construction quality was often poorer before 1950, and second
because the corrosion damage increases with time. In New Zealand, ovér 30%
(approximately 770) of state highway concrete bridges and 14% (approximately
1180) of local authority concrete bridges are more than 50 years old. Although many
are still in acceptable condition, the incidence of deterioration caused by
reinforcement corrosion is likely to increase as they age further, increasing the
overall maintenance costs for concrete bridges. Transit New Zealand’s National State
Highway Bridge Asset Management Plan (Transit New Zealand 2000) estimates the
annual cost of maintenance over the next 10 to 20 years to be (NZ)$6 million for all
bridges with more than $3 million to be spent on structural bridge maintenance.

Technology for repairing concrete structures affected by reinforcement corrosion has
advanced significantly in recent years and several different approaches are
commercially available. The electrochemical processes known as cathodic
protection, chloride extraction and realkalisation have a high initial cost but are
promoted as providing a permanent solution, while conventional systems, which
combine patch repairs and surface treatments, are cheaper to install but have a
limited life.

"



ELECTROCHEMICAL TREATMENTS FOR REINFORCEMENT CORROSION IN CONCRETE BRIDGES INNZ

Different techniques are used depending on whether the corrosion was initiated by
chlorides or loss of alkalinity. Sometimes the repair needs to be permanent, and
sometimes it may only be needed to serve for a finite time before major
modifications or reconstruction are carried out. Consequently, when repair is needed
asset managers need to identify the most effective and economic method for each
particular case, taking into account the initial cause of the corrosion, the anticipated
functional remaining life required for the structure, and the long-term cost and
predicted life of the repair.

To do this, they need to be familiar with the long-term performance and costs of
these repair systems, and yet most systems are too recent for individual
manufacturers or users to have built up extensive experience with them. Research by
Bruce et al. (1999) suggested that bridge managers in New Zealand need more up-to-
date information on corrosion treatments, and that lack of local evidence of
performance is a major obstacle to the uptake of new repair technologies such as
electrochemical techniques.

Logistics preclude installing and monitoring repairs as long-term ftrials in New
Zealand. Many case histories in the international literature report the development,
selection and installation of particular systems, but fewer reports on their long-term
performance are available. No large-scale investigations of current repair
technologies are in progress in New Zealand, although some individual asset owners
have initiated limited trials for their own purposes. Literature review therefore
remains the best source of information on the various repair options, although there
is a lack of pragmatic information about their long-term performance.

1.2 Scope of Research

The research reported here was carried out in 2001-2002. It represents the first stage
of a project that aims to evaluate existing evidence on the long-term performance of
proprietary patch repair/surface treatment systems and electrochemical treatments
used to rehabilitate concrete bridges suffering from corroding reinforcement. The
findings will enable New Zealand bridge asset managers to select appropriate repair
technologies to suit the needs and circumstances of individual structures, thereby
optimising cost and long-term performance requirements. The information will also
allow bridge owners to furnish more accurate information for their long-term
financial strategies.

This report summarises the main technical features of electrochemical treatments. It
is written to improve knowledge about and confidence in using techniques that are
quite different to familiar patch repair techniques and that have not been widely used
in New Zealand, although they reportedly have a history of successful application
overseas.

12



1. Introduction

It describes the factors that need to be considered when deciding on.an appropriate
course of treatment for an individual structure. It is designed to alert managers to
features that might be relevant when they are considering the options for
rehabilitating a structure, rather than to provide a comprehensive guide.

The information is drawn from a review of international technical and trade
literature, and from discussions with designers and suppliers of electrochemical
treatments, both of which were carried out during 2001-2002. Readers will still need
to consult technical literature, standards and suppliers for more detailed information
on design, specification, construction and maintenance when considering specific
applications of electrochemical treatments.

Part of the original scope of the project was to identify further research needs in this
area. Funding for the second stage of this investigation, to be carried out in 2002-
2003, has been approved. This work will involve a similar review of patch repair
technology and a comparison of the short- and long-term costs involved in patch
repair and electrochemical treatments.

13



ELECTROCHEMICAL TREATMENTS FOR REINFORCEMENT CORROSION IN CONCRETE BRIDGES IN NZ

2. General Principles of Corrosion

‘Corrosion’ can be defined as the destruction or deterioration of a material by
reaction with its environment. It can refer to the process or to the damage caused, and
applies to metals and non-metals. In this report ‘corrosion’ refers to the corrosion of
steel reinforcement in concrete,

Metals are normally found in nature as oxides, called ores. This is their most stable
(or lowest energy) form. To obtain the metal, energy is applied to separate the
chemical elements present in the ore. More energy is then applied to shape the metal
into a product. The finished metal product has more energy than it needs to maintain
equilibrium in the natural environment, and so tends to release this extra energy and
return to its natural, low energy state. This is the process of corrosion. For example,
heat and mechanical energy are applied to produce steel from iron oxide, and on
exposure to moisture and oxygen the steel corrodes back to stable iron oxides,
releasing energy in the form of electrical corrosion currents.

Metallic corrosion occurs by electrical charges moving between sites on a metal
surface to balance charges generated by chemical reactions at each site. Both
electrical and chemical processes are involved, so corrosion is referred to as an
‘electrochemical’ process.

Metallic corrosion has four requirements:

+ two sites with different potentials for releasing energy;

+ a metallic connection that allows the flow of electrons (electric current) between
them; and

+ an electrically conductive solution (electrolyte) in contact with both sites that
allows the flow of ions.

2.1 Anodes and Cathodes

The two metallic sites are called the electrodes. One, the anode, releases energy in
the form of electrons. The other, the cathode, receives the electrons released at the
anode. The difference in energy between the electrodes is the voltage, or
electrochemical potential, and this is what drives the corrosion reactions. The amount
of material lost from the corroding electrode is determined by the amount of
corrosion current generated. This is a function of the voltage between the two
electrodes and the electrical resistance of the materials through which electrons and
ions must flow.

Features of the two electrodes, and the chemical reactions that occur at them are as
follows.

14



2 General Principles of Corrosion

The anode has a greater potential to release energy. It dissolves, releasing energy in
the form of electrons. The chemical reactions are called oxidation reactions. They are
expressed as:

Metal — metal ions (dissolved in the electrolyte) + electrons (e7) (1)
[\ — M¥ +ne”  (n=the number of electrons involved in the reaction)

The anode has a positive charge because it loses negatively-charged electrons.

The cathode has less energy. It accepts the electrons released by the anode, and takes
them up in chemical reactions called reduction reactions. They do not necessarily
mvolve the metal itself. They include:

In aerated neutral or alkaline solutions (and cement paste is usually alkaline):

Oxygen (dissolved in the electrolyte) + water + electrons — hydroxyl ions 2)
20, + H,O + 2¢” — 20H™

Metal ion + ¢ ~» metal, or metal ion with lower charge (3)
MY+ - M™

In acid solutions:
Hydrogen ions + e” — hydrogen gas €))
2H" + 2™ — H;

In neutral conditions in the absence of oxygen:
Water + ¢~ — hydroxide ions and hydrogen gas (5)
2Hgo +2e — 20H™ + Hz

The cathode has a negative charge because it gains electrons.

Reactions (2) and (5) are sometimes called electrolysis reactions.

When steel corrodes, the positive iron ions generated at the anode react with the
negative hydroxyl ions generated at the cathode, to form iron hydroxides. These
eventually form the orange coloured product we recognise as rust.

Any metal with a higher potential energy can release energy to any metal with lower
energy, and thereby corrode. Similarly, any metal with lower energy can receive
energy from any metal with higher energy, and thereby be protected from corrosion.
The relative energies of various metals are given in tables known as the Galvanic
Series and the Electrochemical Series,

The Galvanic Series ranks metals in order of their tendency to dissolve in a given
environment. The further apart the two metals are on the list, the greater the driving
force of the corrosion reaction. ‘Galvanic corrosion’ is the term given to corrosion
driven by an energy difference between two different metals.

The Electrochemical Series lists the differences in energy between a metal and a
reference electrode under standard conditions. It can be used to calculate the energy

15



ELECTROCHEMICAL TREATMENTS FOR REINFORCEMENT CORROSION IN CONCRETE BRIDGES IN NZ

difference between any two metals and hence estimate the driving force (measured in
millivolts) of the likely reaction between them.

A metal’s potential energy, or tendency to dissolve, depends upon its immediate
environment, particularly the availability of oxygen, water, and contact with
chemicals that it {or its ions) might react with. A single piece of metal is often
exposed to slightly different conditions over its surface area. If these differences are
large enough, anodes and cathodes will be set up on its surface and it will corrode
even if not in contact with another metal. Inclusions of other metals exposed on the
surface of an alloy, or local differences in the metal’s grain structure caused by
working (welding, cutting, bending, etc.) can have the same effect.

In the usual situation where no other metals are present, these effects cause steel
reinforcement in concrete to develop anodes and cathodes and then corrode. The
anode and cathode can be the on same piece of reinforcement or on different pieces,
as long as a conducting material connects them. The variations in the immediate
environment of the reinforcement include availability of oxygen and moisture,
chloride ions, and alkalinity of water in contact with the steel.

2.2 Electrical Conductor

The metallic conductor in reinforced concrete is the reinforcement itself,

2.3 Electrolyte

Moisture in the concrete provides the electrolyte through which ions are transported.
The lower the moisture content, the higher the electrical resistivity of the concrete,
because ion transport is restricted. The resistivity of concrete determines the rate of
corrosion. Resistivity is also related to the chemical composition of the water in the
concrete pores (i.e. the ‘pore solution”).

2.4 Corrosion Potential of Steel in Concrete

Steel does not normally corrode in concrete because the high alkalinity of Portland
cement paste causes a film of iron oxide to develop on the steel surface. The steel is
then said to be in a passive state or passivated. In normal concrete conditions the
oxide film is stable enough to protect the steel against small variations in
environment, but it becomes unstable in the presence of chloride ions or if the
alkalinity of the pore solution is reduced by carbonation. Thus chloride ion
contamination (such as in marine environments), carbonation, and large variations in
the concrete environment (e.g. areas of poor compaction) will lead to corrosion of the
reinforcement. If the alkalinity of the pore solution is restored or chloride
contamination removed, the oxide film will be reinstated, thereby repassivating the
steel.

16



3. Electrochemical Treatments for Reinforcerment Corrosion

3. Electrochemical Treatments for Reinforcement
Corrosion
3.1 General Principles

Traditional patch repair methods of treating concrete damaged by reinforcement
corrosion repair the damage caused by corrosion but do not remove the original
cause. That is, they involve replacing cracked or spalled concrete surrounding the
damaged reinforcement, which may or may not be replaced itself depending on its
condition. In carbonated or chloride-contaminated concrete this does not necessarily
stop further corrosion for two reasons. First, rebar corrosion will continue in the
original concrete because the carbonation/chloride contamination is still present.
Second, the rebar adjacent to a new repair will start to corrode because it is now in
relatively more aggressive surroundings than the rebar encased in the new repair
material (this is known as the incipient anode effect). To avoid these two effects all
the carbonated or chloride-contaminated concrete needs to be replaced, even where
corrosion has not caused significant damage. This is rarely practical.

FElectrochemical itreatments remove the cause of corrosion by modifying the
electrochemistry of the reinforcement and surrounding concrete. With these
treatments only the cracked or spalled concrete needs to be replaced. Carbonated or
chloride-contaminated concrete that is otherwise sound does not need to be removed.
This offers a significant advantage, not only in cases of severe damage and
contamination where a large volume of concrete would otherwise need to be
replaced, but also in slender sections such as architectural panels where removal of
even a small amount of concrete could significantly reduce the load-bearing capacity
of the structural element. Electrochemical treatments avoid incipient anode effects
and treat large areas of a structure.

Three types of electrochemical treatment are available commercially’. All turn the
reinforcement into a cathode. They are:

Cathodic protection (CP) turns the reinforcement imto a permanent cathode by
maintaining a permanent potential difference (voltage) between it and a new anode
material that is electrically connected to the reinforcement. The current is strong
enough to override other effects that may generate anodes and cathodes on the rebar.

Chloride extraction removes chloride ions from around the reinforcement by
applying a temporary current through surface-mounted anodes to drive chloride ions
towards the anode.

While this report was in the final stages of editing, an item about a new proprietary
electrochemical system appeared in the UK Concrete Society’s journal Concrete (Trade News
section, October 2002 edition). The suppliers claim that the treatment combines cathodic
protection and electro-osmosis to reduce moisture content and thereby controel reinforcement
corrosion. This treatment is not included in this report.
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Realkalisation restores the high pH of carbonated concrete by applying a temporary
current through surface-mounted anodes to generate alkalis at the reinforcement and
to transport alkali metal ions into the concrete. A supplementary electrolyte is
applied temporarily to the surface around the anodes during chloride extraction and
realkalisation.

The main features of the processes are summarised in Table 3.1 (pp. 20-21), and
Section 3.2 describes the factors that need to be considered when deciding on an
appropriate course of treatment for an individual structure. Each treatment is
described in more detail in Chapters 4 to 6 of this report.

Some concrete repair is normally needed before installing an electrochemical
treatment. The repair materials must have appropriate strength, shrinkage and elastic
properties to remain sound, just as for conventional patch repair. They must also
have similar electrical resistivity to the original concrete. Patch repair materials are
the subject of Stage 2 of this research, which will be carried out in 2002-2003, and
are not discussed in this report. The selection of suitable materials to be used in
conjunction with electrochemical treatments should be part of the specification for
the electrochemical treatment.

Modified CP systems can be installed in high-risk structures at the time of
construction to prevent corrosion. This application is known as cathodic prevention.
It is not described in this report, but is basically a CP system operated at very low
current density, typically 0.2-2 mA/m’ of rebar, to maintain the rebar in a passive
state,

Electrodes can also be cast into new concrete as a corrosion monitoring system.
Typically these monitor corrosion potentials, corrosion rates and/or the ingress of
chlorides or other contaminants. Monitoring does not provide any protection itself
but warns of corrosion damage earlier than the cracking and spalling of cover
concrete, which is usually the first evidence of reinforcement corrosion. The early
warning allows the application of preventive treatments, such as coatings or CP,
before the damage becomes significant. Preventive corrosion monitoring systems are
not the same as those used to monitor processes in electrochemical treatments for
damaged concrete and are not described in this report.

Electrochemical treatments are highly specialised processes. Each application
must be individually designed and installed by specialists with experience in
corrosion prevention. Information about Australasian designers and suppliers of
electrochemical treatments is given in Chapter 8 of this report.
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3. Electrochemical Treatments for Reinforcement Corrosion

3.2 Selection of Repair Methods

Benefits, applications and shortcomings of cathodic protection, chloride extraction
and realkalisation are described in Chapters 4, 5 and 6 of this report. The decision
whether concrete should be patch-repaired or receive an electrochemical treatment
should be based on a combination of technical and economic factors. These will be
described in the report from the 2003-2003 research. In the interim, Figures 3.1 to
3.3 (pp. 22-24) summarise the decision processes involved in selecting appropriate
rehabilitation techniques for concrete affected by reinforcement corrosion. The
Australian Concrete Repair Association (ACRA 1996) and the Building Research
Establishment (BRE 2000) also offer guidelines to the inspection, assessment and
selection of repair strategies for reinforced concrete structures.

Chloride extraction and realkalisation can be performed sequentially. This was
originally proposed for the National War Memorial Carillon in Wellington. A pilot
study of the combined treatment found that its efficiency was compromised by the
presence of a coating material, and additional testing to monitor the process revealed
that chloride contamination was more widespread than originally estimated. Local
application of CP where steel was actively corroding was found to be the most cost-
effective option (Broomfield et al. 2000, CCANZ 1999, Mandeno 1999).
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4, Cathodic Protection (CF)

4. Cathodic Protection (CP)

Cathodic protection (CP) is defined as the reduction or elimination of metal
corrosion by changing the metal from a current-supplying anode to a current-
receiving cathode, either by an impressed direct current or by connecting it to a
sacrificial anode. Cathodic areas do not normally corrode. If all the naturally anodic
metal is forced into a cathodic state then the entire metal structure becomes a cathode
and corrosion is controlled. As long as the metal is maintained at an appropriate
potential it will remain a cathode. Only those parts of the metal to which the potential
is applied will be protected.

CP will prevent corrosion from the time it is applied, but it will not replace metal that
has already been lost from the component or structure to which it is applied.

CP will stop reinforcement corrosion in concrete structures provided it is properly
installed and operated (Eltech 1993).

AS 2832.5-2002* provides a comprehensive description of cathodic protection of
steel in concrete structures. It covers the assessment and repair of structures, design,
installation, commissioning and operation of CP systems, and should form the basis
for any Australasian specification. Guidelines are also given by NACE RP 0290-
2000, and BS/EN 12696:2000. Bennett et al. (1993) provide a detailed manual of
practice. These references give more detail than the owners of structures need, but
they do give a valuable insight into the technology involved and the issues that need
to be considered when instailing CP systems.

All aspects of CP design and installation, including specification, must be
undertaken by specialists.

4.1 Impressed Current CP {ICCP)

4.1.1 Principles

In ICCP, a direct current (DC) power supply creates a potential between an anode
and the reinforcement. The anode may be attached to the concrete surface, or
embedded in the concrete.

The power supply generates sufficient current to stop the reinforcement dissolving
(reaction 13) and to instead produce the cathodic reaction at the rebar:

140, + H,O + 2¢™—> 20H" )

(]

Standards Australia (SA). 2002. Cathodic protection of metals — Part 5:

Steel in concrete structures. AS 2832.5-2002

In this section, chemical reactions are identified by the same numbering system as that used in
Chapter 2 of the report.

(%Y
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If the potential gets too negative, i.e. if the supply of oxygen at the reinforcement is
depleted and/or if too much current is applied, hydrogen atoms or hydrogen
molecules can be generated at the reinforcement:

H,0+¢ - OH +H : (5a)
2H,0 + 2¢™ — 20H + H, (5b)

The hydrogen atoms produced in reaction 5a can diffuse into the steel at defects and
crystal boundaries, resulting in hydrogen embrittlement. The problem is not usually
significant for mild steel reinforcement, which is rarely heavily loaded. However the
high tensile steel used to prestress concrete is loaded to a large proportion of its
tensile strength and is susceptible to hydrogen embrittlement, which can lead to
sudden failure of an element.

Hydrogen gas produced at the steel-concrete interface (reaction 5b) can reduce bond
strength and crack cover concrete.

Hydrogen atom or gas evolution can usually be avoided by careful control of the
potential of the steel. However in pits or crevices at the steel surface, local conditions
can be quite different, often acidic, and therefore present a much higher risk of
hydrogen evolution (reaction 4) than indicated by the measured potential, which
represents the overall condition of the bar.

2H" + 2" — H, 4)

The hydroxyl ions generated at the steel in equations 2, 5a and 5b will increase the
alkalinity of the concrete pore solutions and allow the stable iron oxide film to
regenerate on the rebar surface. In the long term, sodium and potassium ions will
migrate to the steel, being attracted by its negative charge. Cement silicate hydrates
become soluble in very highly alkaline solutions, and so the accumulation of these
ions could be associated with weakening of the cement paste and its bond to the steel
(Page 1992). If the concrete aggregate is alkali-reactive, alkali aggregate reaction
(AAR) can occur close to the steel-concrete interface, and this might also affect bond
strength. The operating criteria can also be affected, depending on the effect of
chloride ions on the properties of the gel produced by AAR (Shayan & Zu 2001).

The actual effects of alkalis on bond and AAR are not well understood, although
Page & Sergi (2000) comment that uniform, low-current densities minimise the risk
of bond degradation and AAR. Broomfield (1997} considers that, in most practical
applications, the major part of the bond is supplied by ribs on a deformed bar and
interfacial chemical effects are relatively insignificant. Impregnation of the concrete
with lithium compounds (which generate non-deleterious AAR) may be a way to
reduce the risk of AAR damage. Broomfield (1997) also reports a suggestion that, if
a structure is suffering from AAR and corrosion, corrosion should be treated as the
first priority, but comments that such decision should be made on a case-by-case
basis.
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The anode in an ICCP system generally does not react itself, but allows the reverse
of the normal cathodic reaction (2) to occur, reducing the concrete alkalinity:

20H —» 1/2()2 + Hzo +2e” (6)

If all the hydroxyl ion is consumed, water is then oxidised and acid (represented as
the hydrogen ion H") is produced:

H,0 — %0, + 2H" + 2¢” (7

This can lead to acid attack of the concrete surface or encapsulating material at the
anode, particularly with carbon-based or graphite-encapsulated anodes where the
carbon is oxidised to carbon dioxide. The anode should be surrounded by a highly
alkaline material to reduce this risk. Acid evolution is more likely to be generated in
systems that operate at high current densities such as those with titanium-based
anodes, rather than those based on surface coatings or sprays.

Chloride ions, being negatively charged, are repelled from the negatively charged
reinforcement and attracted to the anode, where with carbon-based anodes
(Broomfield 1997) they can be oxidised to form chlorine gas:

2CI" = Cly + 2¢ (8)

In alkaline conditions the chlorine gas dissolves in the electrolyte and forms
hypochlorous acid and hypochiorite ion (NACE 2001):

Cl, + H;0 — HCIO +CI” + H (92)
HCIO - CIO™+ H* (9b)

An anode system needs to be designed to avoid the build up of gas and acid and
resist attack from the oxygen, chlorine and acid that are produced at its surface.

In designing a ICCP system the aim is to optimise the operating conditions so that:

. The voltage is large enough to overcome the natural corrosion potentials;

. The current is small enough to avoid acid attack of the anode and surrounding
concrete;

. The potential of the steel is low enough to avoid hydrogen evolution.

The current required will reduce with time because of changes in the
electrochemistry of the anode and cathode.

41.2 Equipment

4.1.21 General
An ICCP system requires the following components:

*  External DC power source and controller (rectifier): The steel to be protected
is connected to the negative terminal of the power source and the anode is
connected to the positive terminal. The output may be constant voltage,
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constant current, or (less commonly) constant potential against a reference half
cell, and is continuously monitored. The power supply must be of appropriate
capacity and sensifivity to stop corrosion and to allow the small adjustments
that will be needed during the life of the system. Capacity is determined by the
steel current density required for protection, with allowances for current drops
due to the resistance of wiring, reinforcement and concrete. The power supply
can be remote controlled and can be sourced from mains or battery, or wind- or
solar-powered. It must be protected from effects of the weather and from
vandals, and not present a hazard to operators, the public or livestock.

*  Anode to distribute current: The anode must convert the electrical current to a
flow of ions that reaches all areas of the rebar that need to be protected. Anodes
are thus distributed over the concrete surface, either embedded at regular
intervals in the concrete or applied as a surface covering. Materials used to
attach the anode to the concrete need to be gas-permeable to prevent a build up
of the gases generated (equations 6, 7, and 8 in Section 4.1.1), which could
disbond the anode from the concrete when high current densities are applied.

*  Electrolyte {concrete): Water in the concrete pores acts as the electrolyte in
concrete. The lower the moisture content of the concrete the higher will be its
resistivity and the higher the driving voltage required. The electrolyte conducts
ions, so any repair material must also be ionically conductive, i.e. of low
resistivity, but it must not be electrically conductive. Metal- or carbon-fibre
reinforced repair materials are not suitable.

*  Cathode (reinforcing steel): The cathode must be electrically continuous to
allow current to flow, and must be electrically separated from the anode by the
electrolyte.

*  Electrical connections: These are the connections from negative terminal of
power supply to cathode and from anode to positive terminal of power supply,
and to reference cells and monitoring systems. Connections must be both
electrically and mechanically robust and remain accessible for inspection.

*  Monitoring and recording devices: Reference electrodes and other sensors
monitor the effectiveness of the applied protection and allow the operating
parameters to be adjusted as necessary. Reference electrodes measure the
potential of the reinforcing steel/concrete interface.) They are either
permanently embedded in the concrete or applied to its surface and include
silver/silver chloride, copper/copper sulphate, mercury/mercury oxide,
lead/lead oxide, manganese/manganese oxide and saturated calomel, the choice
depending on the operating conditions of the system, the method of application
and the environment. Other sensors include steel coupons and probes (called
‘macrocells’) used to monitor current at the reinforcement, and various probes
used to monitor corrosion rate {which should be negligible if the system is
operating properly), and to enable future recalibration of embedded reference
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electrodes. Data can be recorded manually or by data logger, which may be
part of a remote monitoring and control system.

Selection of components will be determined by operating conditions and intended
service life.

Eltech (1993) and, more recently, Kepler etal. (2000) reviewed in detail the
development of ICCP and galvanic systems in the USA. Broomfield (1997) gives a
more general review.

Bennett et al. (1993) describe equipment for ICCP and galvanic CP in detail. Only
the anode systems are described in this report because CP systems are usually
categorised by anode.

4.1.2.2 Anode systems

Proprietary CP systems are usually distinguished by anode type, which can be
categorised by material or application.

The principal anode materials are:

. Activated titanium/niobium: Titanium or niobium substrate coated with oxides
of a mixture of metals (MMO), are suitable for high current density
applications (110 mA/m? of anode is a typical operating current (Solomon et al.
1999)) and where a long life is required. Different oxide combinations will
produce different performance characteristics, for example some do not evolve
chlorine gas. The MMO coating acts as the anode and slowly oxidises, while
the titanium substrate remains passive and is not consumed. The potential
durability and versatility of titanium-based anodes make them the most widely
marketed products at present. Titanium-based anodes can be applied as:

- surface mesh or grid, generally embedded in a cementitious overlay. Mesh was
first introduced in the mid-1980s;

- mesh ribbons recessed in slots or grids in the cover concrete, electrically
connected with titanium bars and embedded with a non-shrink cementitious
backfill. The most commonly used system in Australia at present (Green 2001);

- embedded as a discrete strip, mesh, or rod into new or existing concrete, repair
material, or conductive graphite backfill;

- thermally sprayed surface anode, overcoated with catalyst that can be renewed
at a later date (Green 2001). First introduced in the mid-1990s.

. Conductive organic coatings: Solvent- or water-based paint coatings
containing a carbon conductor, connected to the power source with conducting
wires (called primary anodes) of carbon fibre, activated titanium, or platinised
niobium copper which distribute the current within the coating. Conductive
organic coatings are black, but decorative coatings can be applied over the
conductive coating. They will not withstand continuous wetting, wear or
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abrasion. Suitable for low current density applications (up to 30 mA/m’ of
anode, Solomon etal. 2001) rather than marine applications. They were
developed in the early 1980s.

. Conductive cementitious materials: Cement-based materials containing carbon
granules or fibre and with a metal (e.g. nickel) coating. Current is supplied
through platinum niobium wire or catalysed titanium ribbon attached to the
concrete surface before application of the overlay. Introduced in the late 1980s.

. Metallic coatings: Thermally sprayed zinc, zinc alloys or titanium, attached to
the power source with connectors of copper, copper-zinc or titanium. Can be
applied to damp surfaces. Zinc anodes are consumed and require moisture.
Titanium tolerates dry conditions better than zinc. Suitable for low current
density applications (up to 20 mA/m” of anode for zinc, Solomon et al. 2001).
Arc-sprayed zinc anodes were introduced in the mid-1980s. Thermally sprayed
titanium was introduced in the mid-1990s.

. Conductive ceramics: Rods of titanium suboxides are embedded into the
concrete, usually with a cementitious grout. They can be operated with higher
current densities than other systems if provided with a gas venting facility
(typically up to 500 mA/m? of anode, Solomon et al. 2001). First introduced in
the mid-1980s.

. Conductive asphaltic overlays: The earliest applications of ICCP were on
bridge decks in the USA in the mid-1970s, where Caltrans used high silicon
cast-iron primary anodes overlaid with a conductive coke/asphalt mixture,
which was in turn overlaid with an asphaltic concrete wearing surface®. Similar
materials are still used as anodes in soil to cathodically protect buried
pipelines.

. Conductive polymers: Carbon-loaded polymers can be used as a backfill or
overlay for activated titapium or niobium anodes. Conductive asphaltic
overlays were succeeded by platinised wire anodes placed either in slots cut
into the bridge deck and backfilled with conductive polymer grouts poured into
the slots, or laid on the bridge deck surface and covered with the conductive
polymer. The carbon will oxidise to carbon dioxide with time so durability is
limited, and the polymer is subject to acid attack at high current densities.
Conductive polymer cable anodes were once widely used but have been
withdrawn from the market.

Overlay systems incorporate two types of anodes. The ‘primary anode’ (sometimes called the
‘anode conductor’) is a discrete anode that distributes current from the power supply to the
‘secondary anode’. The secondary anode is the overlay. It distributes the current to the entire
surface of the structure being protected.
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In terms of the method of application, anodes can be categorised as:

Encapsulated:

Continuous mesh anodes embedded in an overlay. Suitable for surfaces subject
to abrasion or erosion. Overlays will increase the dead load, change the profile,
can reduce clearances and can be difficult to apply in restricted areas or to
complicated geometries. Careful surface preparation is required to ensure good
bonding to the substrate. The overlay must be durable in the anticipated service
conditions. One proprietary system for piles consists of a prefabricated
fibreglass jacket with catalysed titanium mesh attached to the inside. The jacket
is attached to the pile and the void between the jacket and the concrete surface
is filled with a cementitious grout. Titanium mesh fibreglass pile jacket
systems have been used since the early 1990s.

Interconnected ribbon or wire anodes embedded in slots cut in the concrete
surface. Can be used on wearing surfaces where overlays are unsuitable.
Sufficient depth of concrete cover is required to ensure that the anode is
separated by at least 15 mm from the reinforcement. A slotted system based on
platinised wire embedded in conductive backfill was introduced in the mid-
1970s. More recent developments were to embed the wires in coke breeze
epoxy, to run wires in two directions to form a grid, and the introduction of
titanium-based ribbon, which has become the most widely used system in
Australia.

Discrete internal anodes inserted into holes cut in the concrete. These include
titanium ribbon mesh anodes that are backfilled with non-shrink cementitious
grout, ceramic anodes that can be backfilled with cementitious material or not
backfilled, and titanium wire with a carbon-rich backfill. Sufficient depth of
concrete cover is required, so they are not suited to thin concrete sections.
Individual anodes can also be used to supplement other anode systems, e.g.
where current requirements are locally elevated or complex shapes prevent use
of ribbon or mesh anodes. Discrete internal anodes may require higher current
densities than ribbon or mesh anodes, but should be limited to 220 mA/m? of
anode to avoid acid attack of the surrounding concrete. After titanium mesh
slotted systems they are the most commonly used system in Australia (Green
2001).

Surface-applied: Conductive coatings can be used where overlays or embedded
anodes are unsuitable, but they have limited resistance to wear and frost
damage and, except for zinc-based coatings, do not tolerate moisture. They are
easy to apply to vertical or soffit surfaces and to complex shapes. The whole
surface may be treated, or just the part that needs protection. Careful surface
preparation is required. Clamp-on systems containing zinc or titanium mesh
anodes have also been developed for used in immersed or splash zone concrete.
They are relatively simple to replace.
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. Immersed/remote: To protect continuously immersed or buried concrete,
anodes can be mounted or suspended in the surrounding medium remote from
the concrete, much as in traditional CP systems for protecting buried steel
structures. Immersed anodes are made of MMO titanium, high silicon iron or
lead/silver/antimony and are sometimes referred to as water/soil anodes.
‘Groundbed’ anodes are buried in the ground some distance from the structure
itself and are connected electrically to it.

Whichever type of anode is chosen, the anode system design should (Bennett et al.
1993):
. Be physically rugged and not easily damaged during installation or service;

. Include redundancy in current-carrying pathways so that future cracking or
damage such as careless coring will not stop the system functioning;

. Produce a uniform distribution of current to the steel.

4.1.3 Long-term Performance

ICCP components have a finite life, and ICCP systems must be continuously
monitored and maintained after installation (see Section 4.1.4 of this report).

Developments in equipment technology will continue, particularly for anodes
(Section 4.1.2.2.) and monitoring systems, so it might be necessary or desirable to
upgrade the system or some of its components during the life of a treated structure.
For example, developments in telecommunications will probably make it possible to
transfer larger amounts of data from a remote site, which will increase the level of
control achievable.

Table 4.1 Summary of anode durability (based on Broomfield 1997).

Anode Type Estimated Life (years)
Ti mesh in cementitious overlay 20+, 30+2, 357, 75°
Silicon iron in coke breeze/asphalt 20+, 10-20°
Ti ribbon mesh in slots 20+, 75°
Ti ribbon mesh discrete internal anode 4(°
Conductive concrete 10-20', 207
Conductive polymer grout 10}
Conductive ceramic 50+
Conductive organic coating 5710+, 10-1 52’3, 5-15%
Sprayed zinc and zinc alloys 10°, 10-15°,157, 15-30°
Sprayed Ti 20+, 40°, >100°
Clamp on 10'
Embedded rods 10’
1. Broomfield (1997) 5. Whyatt (1995)
2. ACRA (1996) 6. Kepler et al, (2000)
3. Green (2001) 7. Bennett et al. (1993)
4. Solomon et al. (1999)

32



4. Cathodic Protection (CP)

Anode life is often quoted as the life of an ICCP system, even though the system will
still be effective after the anode is replaced. The long-term performance of common
anode types is summarised in Table 4.1. Operating at high anode current densities
can shorten the life not only of the anode itself but also of the concrete at the anode
interface, the backfill, cable connections and insulation and of surface coatings.

Where a graphite or conductive polymer backfill or anode is used, the graphite will
be consumed before the anode by reaction with oxygen to form carbon dioxide. This
occurs within 10-15 years and so the graphite must be treated as the anode in
calculating performance life (Solomon et al. 1999). Acid attack of cementitious
backfills to titanium anodes can shorten the life of systems operated at high current
densities (>100 mA/m? of anode, Page & Sergi 2000).

Boam (1993) commented that the life expectancies of anode systems quoted by
manufacturers are based on laboratory tests involving different environments to those
that will be experienced in-situ, and are probably over-estimated. Without data on
anode durability in practice he suggested assuming a ten-year anode life for costing
purposes. Although anode systems have changed since then, it may still pay to be
conservative when estimating life cycle costs.

Voon et al. (2001) consider that systems that have become available in the last 10
years can extend a structure’s life by 30 or more years. They report that the first New
Zealand installation of ICCP, in 1990, is still performing as designed, and that the
designers anticipate a further 10 “trouble-free’ years from it.

Reference probes can have relatively short lives compared to the remainder of the CP
system (Eltech 1993). Rectifier malfunctions are often related to changes in the
system operation caused by external events such as power surges, although recurring
problems may be related to the design of the system (Eltech 1993).

4.1.4 Design, Specification and Management Issues

Specifications for the design and installation of CP systems for concrete structures in
New Zealand should be based on AS 2832.5.

Different systems are needed for structures and parts of structures in different
environments. Aspects that need to be considered when designing a CP system are
the method of application, current demand to achieve protection, rebar continuity and
density, environmental issues (e.g. zinc is toxic so the work area must be enclosed
and workers protected while applying a zinc spray), exposure of the concrete to
moisture and chlorides, risk of AAR or other deleterious reactions, physical
robustness of the system, monitoring requirements, design life of components, ease
of maintenance, and appearance.
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Surface coatings or overlays may need to be removed before the CP system is
installed, as may polymer crack injection materials and epoxy patch repairs, because
they will disrupt the current flow between anode and reinforcement.

Embedded steel components such as tie wire must not come into contact with the
anode because they will cause shorting.

Different operating parameters are normally needed for concrete with different
moisture/chloride/oxygen availability, concrete resistivity, or steel potential. For
example, on a marine structure, different operating parameters will be needed for
concrete in the splash zone, the tidal zone, the submerged zone and the zone exposed
to sea spray. Different CP systems can be used in these zones as appropriate.

All reinforcement to be protected by a single system must be electrically connected.
Rebar continuity must be checked before installation and extra connections made if
necessary. Zones defined by the above conditions can be sub-divided to allow
optimum operating parameters (e.g. number and type of anodes and reference cells,
current density) for individual components to accommodate variations such as
densities of rebar, varying cover depths or intermittent presence of electrically
shielding materials. Most structures will need several independently powered and
controlled zones. The smaller the individually-controlled zones the lower the risk of
under- or over-protection. Each zone must be electrically separated from its
neighbours by at least 25 mm.

The presence and location of pretensioning strands and post-tensioning tendons must
be established, and the degree of shielding afforded to the latter by ducting identified.

Stray direct currents from other power supplies may need to be accommodated, and
care must be taken to avoid interference from the CP system to adjacent structures.
Such currents can cause corrosion in the adjacent structures, or interfere with their
operation or that of the CP system. With buried structures, interference is commonly
associated with telecommunications and signalling systems, pipelines and electrified
transportation systems. On concrete above ground, metallic brackets, fasteners, pipe
or conduit attached to or passing through the protected concrete can cause
interference. Stray currents between reinforcement and high tensile prestressing
strands/tendons can put the prestressing steel at risk.

Protection criteria are usually expressed as functions of steel potential, e.g. potential
shift, absolute potential (instant off potential), potential decay, and absolute
passivity. Glass etal. (2000) recommend using a current density criterion in
tidal/splash zones, and potential-based criteria for submerged concrete and concrete
exposed to atmospheric chlorides. Reducing the current as the system polarises with
time (Section 4.1.1) will help to prolong the anode life.
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Specification for a CP system should include requirements for:

. Installation: Initial assessment of structure and CP suitability, rebar continuity,
location of reference electrodes, substrate preparation, anode installation,
connections to rebar and anodes, testing, concrete repair.

. Commissioning: Initial inspections, application of current, adjustments,
performance assessment and monitoring by the supplier for a fixed period after
installation to ensure that the system is operating as designed. The system
should be providing protection within 6 months of installation. (Solomon et al.
1999).

. Documentation: The owner must be provided with records of design
calculations and drawings; specifications for materials, installation, testing;
records of quality, testing, installation and commissioning; operating and
maintenance requirements.

. Data  management: Methods of collecting, collating and presenting
performance data during operation.

. Training: The owner must be taught how to manage the system. This could
involve maintaining and operating it, but is more likely to involve developing a
management system that ensures that the CP system is operated and maintained
by appropriately trained personnel.

The system must be regularly monitored and maintained according to the supplier’s
instructions for as long as it is in operation. Solomon et al. (1999) indicate that power
supply should be checked weekly and performance monitoring undertaken every 3-6
months. The full system must be reviewed, including calibration of reference
electrodes, every 12 months. Many performance checks can be carried out remotely
if a modem is installed. Visuval inspections are also recommended, particularly for
structures exposed to harsh environments or vandalism. These should be inspected
monthly (Gower & El-Belbol 2001). Inspections should be incorporated into the
routine inspection programme for the structure.

New construction on or near a cathodically protected structure will increase the risk
of physical damage to the CP system. Environmental conditions affecting the
operation of the system may also change. The system may need to be modified to
accommodate these effects.

4.1.5 Benefits and Applications

Provided it is correctly designed, installed, operated and maintained, ICCP prevents
reinforcement corrosion where chloride-contaminated concrete cannot all be replaced
and where recontamination cannot be prevented. The long-term performance of an
ICCP system depends on the longevity of its components. Commercial systems
offering service lives from 10 to more than 50 years are available. Systems can be

35



ELECTROCHEMICAL TREATMENTS FOR REINFORCEMENT CORROSION IN CONCRETE BRIDGES IN NZ

designed with remote monitoring and adjustment capability to reduce the need for
frequent on-site inspection.

ICCP can offer economic advantage where the structure is expected to meet
functional requirements for the foreseeable future, and/or where the cost of one or
more cycles of patch repair during its remaining functional service life would be
prohibitive because of the extent of repair and/or access issues.

ICCP is typically used in reinforced concrete exposed to the atmosphere, or in
tidal/splash zones. It can be applied to concrete containing materials that will shield
the reinforcement from the applied current, such as electrically conductive fibres,
meshes or plates, or electrically non-conductive sheets, rebar coatings, or repair
materials, but their effects must be accounted for in the design of the system.

ICCP is applied to reinforcement in pretensioned concrete with extreme care because
of the risk of hydrogen embrittlement of the high tensile strand (even though the
strand itself would not be connected to the power source, it could come into contact
with stray currents). Some authors (e.g. Pocock (1995), Miller (1999)) consider that
it can be applied safely to protect rebar in post-tensioned structures provided the
ducting protects the tendons, is shielded by (i.e. behind) the reinforcement, and the
steel is cold-drawn and not chromium-alloyed. The post-tensioned tendons
themselves cannot be protected because they are shielded by the ducting (Faraday
effect). In contrast, Kepler etal. (2000) consider that ICCP can be applied to
prestressing steel in pretensioned concrete provided that concrete resistivity is
relatively uniform and voltage is kept below that required for hydrogen generation.

ICCP can be carried out on structures that comprise prestressed and non-prestressed
elements provided that the prestressed elements are electrically isolated from those
that are not prestressed. The key is to avoid inadvertent damage to the high tensile
strands and tendons and to post-tensioning ducts. This includes damage from stray
currents, which present a particular hazard where stirrups pass close to the
prestressing components. To maintain uniform resistivity within the concrete being
treated and thus reduce the risk of over-protection and consequent damage to the
prestressing, features designed to remove water from the surfaces of the structure
must be well designed and properly maintained. Prestressed structures treated with
ICCP must be continuously monitored to ensure that safe operating conditions are
maintained.

Compared to galvanic CP (Section 4.2 of this report), ICCP offers more control over
the operation of the system, and the potential for a longer period of operation without
major maintenance.

4.1.6 Shortcomings

Technical shortcomings of ICCP are, as outlined in Section 4.1.1, possible acid
attack of the concrete at the anode, and possible increased risk of alkali aggregate
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reaction, reduction in steel-concrete bond and/or hydrogen embrittlement at the
cathode. However these effects should not occur in a well designed, operated and
maintained system.

ICCP involves the permanent installation of hardware and the original profile or
appearance of the concrete surface will be altered, although the effect on overall
appearance can be minimised.

Application to reinforcement in prestressed structures must be undertaken with
extreme caution.

From a management side, ICCP systems must be designed and installed by
specialists, require routine monitoring and maintenance, and components do need to
be replaced over the lifetime of the system. These features mean that ICCP is not
cheap to install or operate, but in some circumstances will still be cheaper than
repeated patch repair over the life of the structure.

4.2 Galvanic CP

Many of the aspects described for ICCP in Section 4.1 of this report also apply to
galvanic CP. Details particular to galvanic CP are described in this Section 4.2. The
numbering used in this section to identify the chemical reactions continues the
numbering system begun in Chapter 2.

4.2.1 Principles

In galvanic CP (sometimes called sacrificial anode cathodic protection, or SACP), a
sacrificial anode system uses a more reactive metal anode such as zine, aluminium or
magnesium to create the flow of current from the anode to the cathode. The current is
generated by the energy difference between the anode and the reinforcing steel to
which it is connected. The sacrificial anode corrodes and is consumed:

M —> M"Y +ne” (1)

Anodes must be selected and installed with care to ensure that the voltage between
the anode and cathode provides sufficient current to protect all of the reinforcement,
despite variations in conditions over the steel surface and changes in the concrete that
affect its resistivity, such as moisture condition and chemistry. Build up of corrosion
products at the anode (‘concentration polarisation’) increases the resistivity of the
system, and drying exacerbates this. Laboratory and field trials reported by Cramer
et al. (2002) suggest that applying a lithium-based humectant to the anode surface to
keep it moist reduces resistivity and increases the service life of the anode.

4.2.2 Equipment

4.2.2.1 General

Galvanic CP requires the following components:
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*  Anode: In theory any metal with more energy than iron in the galvanic or
electrochemical series can be used, although in practice zinc, aluminium,
magnesium or their alloys are preferred.

*  FElectrolyte: Like ICCP, the pore water in the concrete provides the electrolyte
for the passage of ions from anode to cathode. Some attempts have been made
to lower the concrete resistivity by applying a solution of hygroscopic salts in
association with a surface-applied anode, but it is not known whether this is
effective in the long term (Broomfield, 2000). In immersed or buried
structures, water in the surrounding medium also forms part of the electrolyte.

. Cathode (reinforcing steel): Like ICCP, only the reinforcing steel that is
electrically continuous and connected to the anode will be protected.

»  Electrical connection from anode to cathode: The anode can be in direct
contact with the cathode (as in galvanised steel), although in buried or
submerged concrete the anodes can be remote from the structure being
protected.

. Monitoring and control devices (probes, reference cells, controllers): Current
and voltage cannot be controlled, so maintenance of the system is by regular
measurement of the amount of remaining anode. If desired, the system’s
effectiveness can be monitored by measuring the amount of current flow into a
selected part of the reinforcement by installing an ammeter.

No external power source is needed.

Eltech (1993) and, more recently, Kepler et al. (2000) have reviewed in detail the
development of ICCP and galvanic systems in the USA. Broomfield (1997} gives a
more general review.

Bennett et al. (1993) describe equipment for galvanic CP in detail. Only the anode
systems are described in this report because CP systems are usually categorised by
anode.

4.2.2.2 Anode systems

As with ICCP, proprietary systems for galvanic CP are most often distinguished by
the type of anode.

Zinc galvanic anodes have been widely and successfully used since the 1970s.
Aluminium or zinc-aluminium-indium alloys became available in the mid- to late
1990s and are reported to remain active in drier conditions than sprayed zinc (Green
2001). Zinc anodes are more efficient in moist environments, where zinc oxides do
not build up on the anode surface. Aluminium and magnesium alloys are also
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available. They are lighter than zinc anodes but their corrosion products are more
voluminous than those of zinc and could damage the concrete (Broomfield 2000).

Methods of application are the same as for ICCP:

. Encapsulated in a cementitious material: One supplier provides a zinc mesh
attached to formwork that is then filled with proprietary grout to jacket piles in
the tidal/splash zone. The same supplier provides a zinc pellet encapsulated in
a hardened proprietary mortar that is impregnated with alkalis for inclusion as a
discrete internal anode in patch repairs to prolong their effectiveness by
preventing incipient anodes.

*  Surface-applied usually as metal spray. One system, developed in the mid-
1990s, consists of a zinc sheet backed with a conductive adhesive gel. The
sheet is simply pressed onto a smooth concrete surface. The edges must be
sealed to protect the gel coming into direct contact with water during service or
the adhesive will swell and disbond (Green 2001). Zinc-rich paint coatings
applied to the reinforcement provide a form of galvanic CP. Clamp-on systems
have also been used.

. Immersed: Cast zinc or aluminium anodes may be submerged adjacent to
permanently immersed concrete. These will protect concrete in the submerged
zone and in parts of the tidal zone.

4.2.3 Long-term Performance

The comments made in Section 4.1.3 about long-term performance of ICCP also
apply to galvanic CP.

Estimates of service life for anodes for galvanic CP systems are included in Table 4.1
{Section 4.1.3 of this report). The encapsulated anode for patch repairs has a design
life of 10 years. From field trials, Kepler etal. (2000) considered that the
encapsulated zinc mesh pile jacket system could have a service life of at least 45
years, and that sprayed alloy anodes could have service lives of more than 15 years.

4.2.4 Design, Specification and Management Issues

As for ICCP. Anode consumption must be monitored and provision made for
renewal of consumed anodes.

4.2.5 Benefits and Applications
Galvanic CP offers similar technical and economic benefits to ICCP.

Unlike ICCP there is no need to maintain a power supply and hardware for

monitoring and controlling the system, which can be advantageous on remote sites
and those exposed to aggressive environments or vandalism.
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Galvanic CP can possibly be used more safely than ICCP on prestressed concrete
because the lower driving voltage reduces the risk of hydrogen evolution. It is
suitable for use on concrete that is buried or submerged, or where the electrolyte
resistivity is low for other reasons, and where oxidation products can be removed
from the anode so that it maintains its potential and does not become passivated. Its
low driving voltage means it can be suitable for protecting single mats of steel, such
as on bridge substructures (Daily 1999). The encapsulated zinc discrete internal
anode protects against incipient anode effects in concrete repairs.

4.2.6 Shortcomings

The mability to control the protective current is the main technical shortcoming.
Anode life is shorter than many of the ICCP anodes, which may be a disadvantage
where access to replace anodes is expensive. Like ICCP, galvanic CP involves
installing anodes and the original profile or appearance of the concrete surface may
be altered.

Shorting can occur when a surface-applied anode comes into contact with embedded
steel components that extend to the surface. These could include tie wires, or
reinforcement exposed at cracks.

Galvanic CP cannot be used in high resistivity concrete, other than where discrete
mternal anodes are used to prevent incipient anodes in concrete repairs.

As with ICCP, the up-front costs of installing and maintaining a galvanic CP system

are generally greater than those of patch repair, and its economic benefits need to be
assessed over the whole of the remaining life of the structure.
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5. Chloride Extraction

Chloride extraction is also known as electrochemical chloride extraction (ECE),
dechlorination, chloride removal, chloride migration, chloride neutralisation and
desalination. Following the lead of Mietz (1998) and NACE (2001), who provide
detailed objective reviews of the process, it is referred to herein as ‘chloride
extraction’ to avoid confusion with desalination of seawater and the implication that
all chlorides are removed.

5.1 Principles

Chloride extraction involves both removing chloride ions from the concrete and
increasing its alkalinity around the reinforcement to repassivate the steel (see
Section 2.4 of this report).

Chloride extraction is a similar process to cathodic protection. Each layer of
reinforcement is connected to the negative terminal of a DC power supply, and a
temporary external anode, within an electrolyte covering the concrete surface, is
connected to the positive terminal. Current runs through the reinforcement, creating
an electric field in which the chloride ions are pulled away from the negatively
charged reinforcement towards the positively charged anode. They are absorbed by
the electrolyte, which is removed at the end of the process. This typically takes about
three months. As shown in Table 3.1, the current densities applied are much higher
than those used for ICCP. Chloride ions migrate fastest in the zone directly between
the outermost reinforcement and the anode, slower in the cover zone between
individual bars, and very slowly in the concrete beneath the outermost layer of rebar.

The chemical reactions that occur at the anode and cathode are similar to those
generated in CP. The electrolyte can be one of many solutions, including calcium
hydroxide, sodium borate, sodium hydroxide or tap water. The choice of electrolyte
will affect the chemical reactions at the anode and cathode, although they are closely
related to those generated by CP. The numbering used in this section to identify the
chemical reactions continues the numbering system started in Chapters 2, 3 and 4 of
this report.

At the rebar (cathode), hydroxyl ions are formed in the presence of oxygen and
water:

1/20_7_ + Hgo +2e” — 20H (2)
If the supply of oxygen at the cathode is limited, hydrogen atoms or molecules are
generated:

H0+e — OH +H (52)

2H,0 +2¢" - 20H + H, (5b)
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The cathode is negatively charged and negatively charged chloride ions are repelled
from it. The hydroxyl ions generated at the cathode will increase the alkalinity of the
water in the concrete. The threshold chioride concentration for corrosion increases
with the concentration of hydroxyl ions, so if enough chloride ions are removed from
the concrete and/or enough hydroxyl ions are added, the steel surface will
repassivate.

Problems associated with hydrogen evolution and concentration of alkalis at the
reinforcement that were described for ICCP in Section 4.1.1 of this report can be
exacerbated with the higher current density used in chloride extraction.

As with CP, the evolution of hydrogen presents a risk of hydrogen embrittlement of
prestressing steel and so chloride extraction is not recommended for prestressed
structures. Some authors, e.g. Pocock (1995) and Miller (1999), consider that it can
be applied, with care, to protect the reinforcement in post-tensioned structures under
certain circumstances and particularly if some load is removed from the tendons
during treatment. Excessive hydrogen gas evolution can cause microcracking of the
concrete because of build up of gas pressure. The ductility (elongation) of mild steel
has been observed to reduce temporarily when the steel is exposed to high current
densities. This has been attributed to the absorption of hydrogen, which is rapidly
released when the current is switched off, thus restoring ductility (Mietz 1998).

Well recognised problems associated with the concentration of alkalis at the
reinforcement include reduction in steel-concrete bond strength and alkali aggregate
reaction. '

Broomfield (1997) considers that the potential effect on steel-concrete bond may be
to eliminate improvements in bond that resulted from the development of corrosion
products, rather than to reduce bond below that of an uncorroded bar. Broomfield
also suggests that the rate of bond loss is faster than can be accommodated by
concrete creep and thus produces a layer of weakness around the rebar. As in CP, this
effect could be significant for smooth bars, but would be overridden by the extra
physical bond provided by deformed bar.

Similarly, there is an increased risk of alkali aggregate reaction in the concrete near
the reinforcement if the concrete contains reactive aggregates. Use of a lithium-based
electrolyte will reduce this risk (see Section 4.1.1).

Bertolini et al. (1996) raised the additional question of possible deterioration due to
secondary ettringite formation caused by elevated concentrations of sulphate ions in
the pore solutions close to the cathode. (Ettringite has a larger volume than the
reactants from which it is produced so its formation in hardened concrete causes
expansion and cracking, much like alkali aggregate reaction.)
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The anode may be sacrificial or inert. If sacrificial, the anode dissolves:

M —>M" +ne” (D

If the anode on the concrete surface is inert and surrounded by an alkaline solution,
the hydroxyl ions are converted to oxygen and water:

20H - %0, + H,O + 2¢7 (6)

If the anode is inert and the electrolyte is neutral (such as water), oxygen gas and
acid (H") are produced:

HyO = %0, + 2H + 2¢” (D

In very acid conditions (pH less than 4), excess chloride ions will be released at the
anode as chlorine gas:

2CI" - Cly + 26" (8)

Reactions 7 and 8 are not desirable. The acid will be attracted to the cathode, and
will attack the concrete, and chlorine gas is a health hazard. Consequently an alkaline
electrolyte is often used to prevent these reactions. The small amount of chloride gas
that is evolved under these conditions dissolves in the electrolyte and forms
hypochlorous acid and hypochlorite ion (NACE 2001):

Cl; + H,0O — HCIO +CI" + H* (9a)
HCIO —» CIO™ + H' (9b)

The rate of chloride extraction decreases with time. One reason for this is that
hydroxyl ions produced at the cathode are also attracted to the anode, and the rate of
removal of chlorides from around the anode accordingly decreases with the increase
in hydroxyl ion concentration.

Chloride extraction is sometimes carried out in stages. Between each stage the
current is turned off, and when it switched on again, the rate of chloride extraction is
higher than it was at the end of the previous stage. This phenomenon is related to the
binding of chloride ions by aluminate compounds in the hydrated cement paste.
When chlorides are removed from the pore solutions, the aluminates gradually
release the bound chlorides. These are then removed when the current is turned on
again. Tritthart et al. (1993) found that bound chlorides are released more rapidly
than otherwise during application of a direct current, so even if the process is carried
out in one stage a significant amount of bound chloride can be removed.

Extraction efficiency increases with increasing temperature.
After treatment, the area around the outer layer of rebar is left virtually chloride free.
Chlorides will not be removed from behind the reinforcement. Computer model

studies described by Manning & Ip (1994) suggest that, if current is applied
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intermittently, chlorides behind the reinforcement will diffuse into the cover zone
and migrate to the surface when the current is turned on again. However they
consider that the diffusion rate may be too slow for this to be a practical approach.
Laboratory ftrials by Arya etal. (1996) suggest that for a single layer of
reinforcement, these ‘internal’ chlorides might be removed by applying an anode to a
surface remote from the original source, or by applying an external cathode to the
surface opposite to the anode.

Between 40-95% of chlorides are removed. After treatment, chlorides remaining in
the concrete will eventually diffuse back into the treated area, either from within the
concrete or, unless the exposed surface is waterproofed, from an outside source.

5.2 Equipment

The equipment requirements are similar to those of ICCP: a DC power supply
(rectifier), an electrolyte, an anode, a cathode, and an electrical connection between
them. Connections must be corrosion-resistant. Anodes, electrolytes and the method
used to support them are the principal features of proprietary systems.

5.21 Anode Systems

As with CP, proprietary systems are usually differentiated by the anode system.

Anodes include:

. Sacrificial steel mesh: Does not generate acid or chlorine, but can corrode
unevenly, leading to uneven treatment, and can stain the concrete surface.

. Coated titanium mesh: The most commonly used anode because it can
withstand the high operating current densities, does not cause staining and can
be used several times until the surface coating is consumed. Titanium strips are
used for electrical connections.

. Aluminium foil: This is discussed by Mietz (1998) as a means of overcoming
uneven current distribution requirements on a surface, due perhaps to uneven
cover depths. The anode is sacrificial. Where current density is highest, e.g. at
sites of low cover or resistivity, it will dissolve fastest, eventually leaving a
hole in the foil which reduces the current density in the concrete under the hole
so that the rate of chloride extraction becomes more uniform.

5.2.2 Electrolytes

Electrolytes include:

. Water: Inexpensive, readily available and easy to dispose of but significant
acid and chlorine can be generated if used with an inert anode in a closed
system unless the water 1s replaced regularly.

. Calcium hydroxide (lime): More suitable than water for use with an inert anode
because its high alkalinity provides a buffer against acid and chlorine
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generation. It has a low solubility in water so if a reservoir of solid calcium
hydroxide is provided, it will replenish the solution as the dissolved material is
neutralised. It may reprecipitate in the concrete pores, particularly upon drying
after treatment, thus reducing the permeability of the concrete and increasing
its resistivity. Sodium borate has also been used.

. Lithium borate: Lithium borate has been reported to be better than calcium
hydroxide at maintaining alkalinity at the anode (Mietz 1998). Lithium
compounds are used to reduce the risk of alkali aggregate reaction. Safe
disposal of used lithium electrolyte may raise concerns.

Note that sodium carbonate solutions, as are used in realkalisation, will increase
concrete resistivity and reduce the efficiency of chloride extraction (Polder et al.
1995).

5.2.3 Electrolyte Media

A variety of methods is used to maintain the electrolyte on the concrete surface for
the duration of the extraction process:

. Paper maché (cellulose fibre): This is sprayed onto the concrete surface to
which the anode has been fastened, and is kept wet during the period of
operation. Can be applied easily to surfaces of any shape and can allow greater
anode spacing, but on vertical surfaces the electrolyte can run to the bottom of
the fibre layer. Both the application of the sprayed material and its disposal at
the end of the process are messy, and may sometimes be undesirable for
environmental reasons.

. Surface-mounted tanks: Purpose-built reservoirs (cassettes) containing the
anode and electrolyte are attached to the concrete surface. The reservoirs need
to be small to accommodate changes in surface profile and need to be well-
sealed or replenished regularly. The reservoir system is suitable for dry, porous
concrete and for large applications where the reservoirs can be reused.

. Blankets: The anode mesh is encased in electrolyte-saturated fabric (e.g. felt)
that is kept wet during the treatment, either from a reservoir of electrolyte, or
by covering the blanket with plastic film to prevent evaporation (or dilution
with rainwater). This system can be difficult to secure to large vertical surfaces,
but can be strapped to columns. Easy to dismantle and can be re-used.

5.3 Long-Term Performance

Early trials of chloride extraction in the 1970s were considered unsuccessful because
of problems associated with the high voltages that were used (Mietz 1998). Chloride
extraction was first applied in its present form in the mid-1980s so little is known
about its long-term performance beyond 10-15 years. Many of the case studies
recorded in the literature were reported 5-10 years after application.

45



ELECTROCHEMICAL TREATMENTS FOR REINFORCEMENT CORROSION IN CONCRETE BRIDGES IN NZ

Diffusion of chlorides remaining in the concrete after chloride extraction means that
a single treatment does not remain effective forever. Experience reported to date
suggests chloride extraction remains effective for at least 5-10 years. The ultimate
duration of its effectiveness will be determined by the amount of chloride remaining
in the concrete after treatment, the exposure to subsequent chloride contamination,
moisture and drying experienced by individual components, their geometry and
reinforcement configuration, and on chloride diffusion coefficients of the concrete,
which are determined by cement type and concrete quality. Long-term performance
can therefore be difficult to predict. The FHWA considers that the treatment can
extend the life of a bridge by 5-10 years (NACE 2001). Broomfield (1997) considers
that, if further ingress can be prevented the treatment may remain effective for 10-20
years. Repeat treatments, if required, could extend the life further.

Reduction of the chloride ion to hydroxide ion ratio at the steel as a result of
hydroxyl ions being produced during treatment means that, even if the chloride
content exceeds corrosion threshold values, actual corrosion rates may still be very
slow. SHRP trials showed low corrosion rates and potentials 10 years after treatment
even with modest amounts of chloride removed (NACE 2001).

Treatment on piers of the Burlington Skyway in Toronto, Canada, in 1989, has
reportedly remained effective (Decter et al. 1998, NACE 2001). On this structure the
principal source of contamination, leaking deck joints, was removed but the piers
were still exposed to wetting and drying.

Miller (1999) reported that no structure treated by modern chloride extraction
techniques had shown signs of remewed corrosion activity since they became
available in the late 1980s.

5.4 Design, Specification and Management Issues

Electricity, water and physical access to all concrete surfaces to be treated must be
available.

Before treatment the structure needs to be cleaned to remove surface contaminants.
Chloride extraction will be affected by previous applications of overlays, waterproof
or hydrophobic surface coatings or treatments or crack repair materials, and trials
will be needed to establish the presence and likely effects of any such materials.

The presence of prestressing steel, undeformed reinforcement or alkali-reactive
aggregates must be established before considering chloride extraction as a repair

option.

The effect of the treatment on electrically connected components of metals that
could produce a galvanic reaction, e.g. aluminium conduit, must be considered.
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If the electrolyte makes direct contact with the reinforcement, it will become the
path of least resistance for current flow, and all current will pass through this route,
creating a short circuit and preventing current flow through the concrete. Before
treatment, cracks, delaminations and voids (e.g. honeycombing) must be repaired
with materials that will allow ionic transfer. Impermeable, non-conductive materials
such as surface coatings, crack injection materials and epoxy patch repairs must be
removed.

Potential stray current effects must be identified and eliminated.

The application of chloride extraction is unique for each structure and features that
will affect the performance of the treatment need to be taken into account in the
design for each application. The efficiency of the process can be expressed as:

Cles =I1xtx CRE x G/F

where: Clee = amount of chloride extracted per m? of concrete surface
I = current density
t = time of current flow
CRE = chloride removal efficiency factor (‘chloride transference number?)
G = geometric factor
F = Faraday constant

The geometric factor accounts for the ratio between the surface area of the steel and
the surface area of concrete to which the treatment is applied.

The chloride transference number defines the proportion of the total current that is
carried by chlorides and is related to chemical parameters of ion mobility, ionic
charge and concentration. It ranges from 0.05 to 0.4, increasing with increasing
chloride concentration and decreasing concentration of other ions.

Operating parameters (current and charge requirements, electrolyte, chloride
removal efficiency, alkali reactivity of aggregates) and an estimate of the duration of
treatment are often established by laboratory testing of concrete cores from
representative parts of the structure as part of the design process.

As with CP, electrical continuity of reinforcement over the parts of the structure to
be treated must be measured before the system is designed. The closer the
reinforcement spacing the more effective chloride extraction will be. The
relationship of reinforcement to accessible surfaces (cover depth, spatial
distribution} will also determine its effectiveness and needs to be established.

The amount of contamination in cover concrete and beyond the reinforcement needs
to be established, as does the likely amount of chloride bound by the cement
hydrates. Bound chlorides and chlorides beyond the outer rebar are harder to
remove.
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Carbonated concrete is less permeable and its electrical resistance is higher than
non-carbonated concrete. Carbonation depths therefore need to be identified when
designing a chloride extraction system.

Reducing dynamic loads on the structure during the treatiment, e.g. by introducing
weight and speed limits, might be appropriate because of the possible reduction in
reinforcement elongation when current is applied (see Section 5.1 of this report).

Operating requirements will change during the process with changes in the
resistivity of the concrete, so a continuous monitoring system is required to optimise
treatment time. Either current or voltage can be controlled. The smaller the
individually controlled zones the more effective the treatment will be.

One of the critical aspects in chloride extraction is determining when the process
should terminate. This is decided by one or more of the following methods:

. Defining an ‘end point’ chloride concentration, decrease in chloride
concentration, or chloride/hydroxyl ion ratio for the concrete at the level of the
reinforcement, and regularly measuring concrete chloride contents until this
value is achieved.

. Defining an ‘end point’ chloride concentration, decrease in chloride
concentration, or chloride/hydroxyl ion ratio for the electrolyte at the anode,
and regularly measuring electrolyte contents until this value is achieved.

. Monitoring electrical resistance and turning the system off when it reaches a
defined maximum (related to the decrease in chloride ions in the concrete pore
solution).

. Monitoring changes in corrosion rate or steel potential, and allowing several
months for the rebar to depolarise after current is switched off.

. Turning the system off once an amount of electrical energy, predetermined by
experience, has been passed.

Sampling techniques and regimes must be appropriate for the accuracy required to
identify the end points determined by chloride concentrations.

Manning & Ip (1994) believed that a performance criterion such as reduction in
corrosion current is more appropriate than a prescriptive criterion such as chloride
concentration, for which the acceptance value will vary from structure to structure.

Treatment time is typically between a few weeks to three to four months, depending

on the amount and distribution of chlorides in the concrete, their source, concrete
quality, reinforcement distribution and cwrent distribution. Uneven current
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distribution related to reinforcement configuration and uniformity of concrete
quality and contamination will reduce the efficiency of the system.

Unless external sources of chloride contamination can be eliminated, chloride
extraction needs to be followed by application of a surface treatment to prevent
recontamination. Treatments range from breathable sealers or waterproofing to
prevent ingress of chloride solutions, to cementitious overlays to increase the
effective cover depth over reinforcement. Selection of the surface treatment will
depend on exposure to moisture and abrasion. A period of drying may be required
between completion of chloride extraction and application of the surface treatment.
Maintenance of the surface treatment must be considered when assessing long-term
costs.

With time, chlorides behind the treated bar and chlorides remaining in the bulk of
the cover concrete could diffuse to the steel surface. At the same time, alkalis could
diffuse away from the steel. These effects can depassivate the steel eventually, so
chloride ion distributions and/or corrosion activity need to be monitored as part of
the long-term management of treated structures.

Successive chloride extraction treatments as needed could be considered. This
approach requires ongoing monitoring of chloride contents and/or corrosion activity.

55 Benefits and Applications

Chloride extraction will reduce or prevent the corrosion of reinforcement caused by
chloride contamination of the concrete.

It can be used where it is not practical to remove all chloride-contaminated concrete,
either because the volume of material concerned makes the cost prohibitive or raises
structural concerns, or because the noise, dust and disruption during conventional
patch repair is unacceptable to the users of the structure.

It does not involve the permanent installation of hardware or the ongoing
maintenance of CP systems, and the appearance of the concrete surface is not
permanently altered by the treatment.

It is an effective alternative to CP on structures where contamination is limited to the
cover concrete, where recontamination can be prevented by sealing the concrete
surface after treatment or removing the source of chlorides, where the predicted time
to significant recontamination is longer than the intended life of the structure or of
traditional patch repairs, or where the concrete is relatively dry.

If the risk of chloride-induced corrosion is identified before damage occurs, chloride
extraction can be applied as a preventive treatment. This is possibly where it is most
cost effective because no concrete repair is necessary.
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Overseas, chloride extraction has been applied on structures contaminated with de-
icing salts, such as bridge decks and car park buildings, or with chlorides added at
the time of construction to accelerate strength development. It is also suitable for
concrete contaminated by industrial processes that use chloride salts in
manufacturing, wash-down, cooling or fire-fighting. It can be applied to concrete
containing materials that might shield the reinforcement, such as epoxy coating
applied to the rebar, provided these are identified and accounted for in the design.

5.6 Shortcomings

As noted in Section 5.1 of this report, it is not possible to remove all chlorides, and
significant contamination can remain beyond the surface reinforcement after
treatment. Neither does the process prevent recontamination. It is not suitable
therefore for components such as piles or piers that are directly exposed to seawater,
or for components that are deeply contaminated and exposed to rain or run-off,

It is not an appropriate treatment where deterioration is related to low cover,
especially where concrete beyond the outer layer of rebar is contaminated because of
the reduced efficiency of removal between bars. Neither is it appropriate where
contamination is related to poor consolidation of the concrete, because extensive
repair will be needed before treatment to prevent short-circuiting from direct contact
between reinforcement and electrolyte.

Chloride extraction should not be used on concrete containing potentially alkali-
reactive aggregate without taking precautions to minimise the risk of alkali aggregate
reaction.

Neither should it be used on pretensioned concrete because of the risk of hydrogen
embrittlement of the prestressing strands, but it might be possible to use it with
extreme care on post-tensioned concrete where the tendons are protected by ducting,
particularly if some load can be taken off the tendons during treatment. Strands and
tendons themselves cannot be protected by chloride extraction. There must be good
electrical continuity of reinforcement over the components to be treated otherwise
extra connections will need to be made.

The surfaces being treated cannot be trafficked during the process.

The present lack of information about its long-term performance may also be a
barrier to the initial use of chloride extraction but this should be overcome with time.
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6. Realkalisation

Mietz (1998) provides an extensive and independent review of realkalisation. A joint
state-of-the-art review by NACE and the UK Corrosion Prevention Association is in
preparation (Broomfield 2002).

6.1 Principles

The numbering used in this section to identify chemical reactions continues the
numbering system that was applied in Chapters 2, 3, 4 and 5 of this report.

Carbonation is the chemical reaction of alkaline hydroxides in concrete pore water
with atmospheric carbon dioxide that is dissolved in the pore water:

Ca(OH); + CO, — CaCO; + H,0 (10)

The reaction neutralises the alkalis so that the pH of the concrete drops to a level
where the steel reinforcement is no longer passivated (see Section 2.4} and will
corrode in the presence of sufficient moisture and oxygen.

Realkalisation reinstates high alkalinity in carbonated concrete, allowing a passive
film to redevelop on the surface of the steel reinforcing and thus preventing further
corrosion.

Realkalisation is a very similar process to chloride extraction. Each layer of
reinforcement is connected to the negative terminal of a DC power supply and a
temporary external anode, within an electrolyte covering the concrete surface, is
connected to the positive terminal.

As shown in Table 3.1, the current densities applied are much higher than those used
for impressed current CP.

The chemical reactions that occur at the anode and cathode are similar (o those
generated in CP.

At the rebar (cathode), hydroxyl ions are formed in the presence of oxygen and
water:

140, + H,0 + 2¢” — 20H )

After the available oxygen has been consumed, hydrogen atoms or molecules are
also generated:

H:0+e¢ - OH +H (52)
2H;0 + 2¢” — 20H + H, (5b)
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The hydroxyl ions produced in reactions 2, 5a and 5b will increase the alkalinity of
the water in the concrete, allowing the steel surface to repassivate.

The potential problems associated with hydrogen evolution and the build up of
hydroxyl ions are the same as described for ICCP (see Section 4.1.1) and chloride
extraction (see Section 5.1). The risk is higher than for CP because higher current
densities are used, but less than for chloride extraction because the treatment time is
shorter and therefore less electrical energy is used in total.

The anode may be sacrificial or inert. If sacrificial, the anode dissolves:

M — M™ +ne” (1)

If the anode on the concrete surface is inert and surrounded by an alkaline solution,
the hydroxyl ions are converted to oxygen and water:

20H — 40, + H,O + 2¢” (6)

If the anode is inert and the electrolyte is neutral (such as water), acid (H") is
produced:

H,0 — %0, +2H" +2e” (N
Reactions 2, 5, 6 and 7 are sometimes referred to as electrolysis reactions.

Although the production of hydroxyl ions at the cathode (reaction 2) is the most
important process in realkalisation, several ionic transport processes are also
involved and can be used to assist the ingress of an alkaline electrolyte:

. Electromigration (electrophoresis): Under the influence of the applied electric
field, negatively charged hydroxide ions in the pore solution will move towards
the anode and positive ions, such as sodium, will move towards the
reinforcement. This process is also utilised in chloride extraction.

. Electro-osmosis: 1t has been suggested that the liquid electrolyte is drawn into
the concrete by osmosis to reduce increased ionic concentration at the cathode,
or by electro-osmosis due to attraction to the negatively charged steel. This
attraction is related to the positively charged outer surface of water (or other
electrolyte) adsorbed on the pore walls. Miller (1999), the designer of one
proprietary system, claims that this process is the principal means of
introducing sodium carbonate electrolyte, which is used to prevent further
carbonation (see below). Mietz (1998) reports a lack of evidence of this effect.

*  Absorption: Depending on the moisture content of the concrete at the time of
freatment, electrolyte will be absorbed from the concrete surface. This process
can be utilised to realkalise the concrete by simply saturating the surface with
an alkaline solution without connection to a power supply, although this will
take a month or more (Miller 1999).
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. Diffusion: Tons will diffuse through pore solutions from areas of high
concentration to areas of low concentration. The rate of diffusion is probably
too slow to be critical to the performance of electrochemical realkalisation but
after treatment alkalis can diffuse away from the reinforcement, potentially
reducing the corrosion protection with time. The diffusion process by itself has
been used to redistribute alkalis in concrete tunnels, chimneys and deck soffits
by saturating the concrete then sealing it. The process takes about a vyear
(Miller 1999).

BRE (2000) considers absorption and diffusion to be the principal mechanisms of
electrolyte penetration. Andrade etal. (1998) describe the sources of variation in
surface electrochemistry that could contribute to conflicting observations of different
investigators.

After treatment, the hydroxide ions generated at the cathode can react with dissolved
atmospheric carbon dioxide to form sodium carbonate:

2Na” + 20H™ + CO; — Na,CO; + H,O (11)

The sodium carbonate then reacts with dissolved carbon dioxide to form sodium
bicarbonate:

Na;COs + CO, + H,0 — 2NaHCO; (12)

This prevents the significant reduction in pH after treatment that reaction 11 alone
would produce. In addition, it is a reversible reaction, and once the carbon dioxide
supply is reduced, e.g. by applying a coating, sodium carbonate is regenerated to
maintain a buffer against subsequent ingress of carbon dioxide.

6.2 Equipment

Equipment requirements are the same as for chloride extraction.

Steel mesh anodes can be used because the treatment time is shorter and the
problems of anode corrosion are reduced.

The electrolyte is generally sodium carbonate. After treatment, the sodium carbonate
that was drawn into the concrete pore solutions will react with incoming carbon
dioxide as shown in reaction 12 above. This prevents consumption of the hydroxyl
ion that is needed to passivate the reinforcement. Potassium carbonate can be used as
an alternative.

Calcium hydroxide electrolytes can also be used. When calcium hydroxide in the
pore solution reacts with carbon dioxide, calcium carbonate is produced
(reaction 10). The reaction is not reversible, so hydroxide ions are consumed and
there is not the long-term buffering effect that is offered by sodium carbonate.’
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Tap water can also be used as an electrolyte and, as with chloride extraction, lithium
compounds have been proposed for use on concrete containing alkali-reactive
aggregates.

6.3 Long-term Performance

Like chloride extraction, realkalisation has only been applied since the mid-1980s so
little is known about its performance beyond 10-15 years.

In theory, the effects of realkalisation should be permanent, particularly if sodium
carbonate electrolyte is used and treatment is followed by applying a waterproof
carbon dioxide barrier coating to the concrete (the coating will require maintenance
however). BRE (2000) suggest that unless sufficient electrolyte penetrates by
absorption or diffusion to the depth of the reinforcement, realkalisation might be
limited to the area immediately around the bar, which may allow subsequent
diffusion of alkali away from the steel.

Decter etal. (1998) report that protection was maintained seven years after
realkalisation and subsequent surface coating treatment of one building.

6.4 Design, Specification and Management Issues

Many of the considerations for chloride extraction (see Section 5.4) also apply to
realkalisation.

The treatment is applied until sufficient charge has been passed to generate the
required amount of hydroxide at the cathode. The time required is determined by the
carbonation depth, concrete quality, cover depth, distribution of reinforcement and
uniformity of current distribution.

The process is terminated when concrete alkalinity has been restored to a pre-
determined level, usually within two weeks. Carbonation depths are usually
measured with phenolphthalein indicator, which turns pink as pH increases above 8.
Steel passivation requires a pH of 10 or more (higher in the presence of chlorides), so
a more accurate means of identifying the end of treatment is required.

One option is to use other chemical pH indicators with obvious colour changes at
higher pH than phenolphthalein. Another option is to measure the sodium
concentration of the pore solution. This will indicate the pH once chemical
equilibrium between carbon dioxide, sodium carbonate and bicarbonate is achieved.
However it is difficult to extract the pore solution without altering its chemistry in
some way, and sodium concentration is not a direct measure of actual steel passivity.
A third option is to monitor changes in steel potential, provided that the measurement
accounts for the decrease in potential caused by sodium carbonate introduced during
treatment, and for polarisation of the steel that may remain for weeks or months after
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treatment. The presence of a homogeneous potential field is considered to indicate
that the steel has been repassivated. Yet another approach is to measure anodic
polarisation of the steel.

Although further carbonation after treatment is unlikely, particularly if sodium
carbonate electrolyte was used, it is prudent to treat the concrete surface with a
carbon dioxide-resistant coating after realkalisation. A surface coating will also
prevent alkalis being washed out of the concrete by rain or run-off. Coatings will,
however, require ongoing maintenance.

6.5 Benefits and Applications

Realkalisation offers a permanent solution to concrete that has been carbonated to a
degree that allows the reinforcement to corrode.

Carbonated but otherwise sound concrete does not need to be broken out and
replaced. Therefore realkalisation can be used where removal of all carbonated
concrete is not practical, either because the volume of material concerned makes the
cost prohibitive or raises structural concerns, or because the noise, dust and
disruption during repair is unacceptable to the users of the structure. Concrete
thickness does not have to be increased where cover is low, and the treatment does
not involve the permanent installation of hardware or the ongoing maintenance of CP
systems, so the profile, weight and appearance of the concrete is not altered by the
treatment.

Realkalisation is suitable for treating structures where poor concrete quality and/or
low cover depths have led (or will lead) to carbonation-induced reinforcement
corrosion. Patch repair followed by surface coating is a valid option where the
deterioration is localised and/or the structure’s remaining life is limited by functional
requirements, but realkalisation should be considered where carbonation is extensive
and an indefinite service life is required. Like chloride extraction, realkalisation
offers the greatest benefits if applied before corrosion damage appears, when little or
no concrete repair is needed. Even once the concrete is damaged, the disruption and
cost of repair will be less than for patch repair because less concrete will need to be
replaced.

Realkalisation can be applied in conjunction with chloride extraction (see Section 3.2
of this report and Woodhouse 2000).

6.6 Shortcomings

Realkalisation is not appropriate for concrete that is contaminated with chlorides
unless chloride extraction is applied first. Neither is it appropriate for concrete that is
highly porous (e.g. due to poor consolidation) because extensive repair will be
needed before treatment to prevent short-circuiting from direct contact between
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reinforcement and electrolyte. There must be good continuity of reinforcement in the
components to be treated otherwise extra connections will need to be made.

Sodium carbonate electrolyte and its residues will soften some surface coatings,
particularly oil-based ones, and can damage wood finishes. These effects are unlikely
to be of concern on bridges. Water can be used as the electrolyte if compatibility
with coatings is an issue.

When sodium carbonate electrolyte is used, some efflorescence will develop on the
concrete surface after treatment as the concrete dries. This may need to be removed.
The high alkalinity of the surface means that some decorative paints cannot be used.

Realkalisation should not be used on pretensioned concrete because of the risk of
hydrogen embrittlement of the tendons, but it might be possible to use it with
extreme care to protect the reinforcement in post-tensioned concrete where the
tendons are protected by ducting. It cannot be used to protect tendons themselves.
However carbonation should rarely be a problem on prestressed structures because
they usually use high strength, high cement content, low water/cement ratio
concretes that are resistant to carbonation.

Realkalisation should not be used on concrete containing alkali-reactive aggregates

without prior investigation to ensure that the risk of inducing alkali aggregate
reaction is minimal.
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7. Scope for Use of Electrochemical Treatments on
New Zealand Bridges

This chapter identifies the scope for cathodic protection, chloride extraction or
realkalisation to provide sound alternatives to patch repair of concrete on New
Zealand bridges damaged by reinforcement corrosion.

7.1 Incidence of Reinforcement Corrosion

About 20% of all bridges owned by Transit New Zealand and by a selection of local
authorities have been found to need some remedial work because of reinforcement
corrosion (Rowe & Freitag 1984, Bruce et al. 1999).

These investigations found that reinforcement corrosion is more common on bridges
older than 50 years, and is usually related to construction defects in these pre-1950
structures. The 1999 investigation showed that bridges more than 50 years old
comprised 32% of the approximately 2300 state highway bridges with concrete
superstructures, and an estimated 14% of the approximately 8500 local authority
bridges with concrete superstructures. Thus New Zealand has approximately 1920
bridges with concrete superstructures over 50 years old.

Bruce et al. (1999) also found that the incidence of reinforcement corrosion increases
with increasing exposure to seawater and seaspray, and that 61% of state highway
bridges and 45 % of local authority bridges are in the coastal perimeter (B1), coastal
frontage (B2) and tidal/splash (C) zones (which are defined by NZS 3101:1995).

These data suggest that there could be plenty of opportunity to use electrochemical
treatments on concrete bridges damaged by reinforcement corrosion.

Of all reinforced concrete structures, bridges represent some of the most likely
subjects for electrochemical treatments because of their well developed, uniform
design and good continuity of reinforcement. Many of the pre-1950 bridges were
built in the 1930s to a common design. Experience gained with electrochemical
treatment on the first few bridges should therefore be applicable in subsequent
installations. This should mean that once asset owners become confident in the
technology and start to apply it, design and installation should become increasingly
efficient with subsequent applications.

7.2 Technical Considerations for All Electrochemical Treatments

The risk of alkali aggregate reaction (AAR) must be considered in the design of
electrochemical treatments for structures made from concrete containing potentially
alkali-reactive aggregates as identified by CCANZ (1991). Aggregates known to
have caused significant AAR in structures and therefore of particular concern are
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Waikato River sands and other rhyolitic material, and andesites from Taranaki and
the central North Island.

Table 7.1 summarises the recommended use of each electrochemical technique in
relationship to the types of reinforcement that a bridge might contain. These
recommendations are based on comments made in the literature and described in the
previous sections of this report. They will need to be reviewed as the technologies
develop and more becomes known about managing the risks of bond loss and
hydrogen embrittlement.

Table 7.1 Recommended application of electrochemical treatments to protect rebar
and strand/tendons in reinforced and prestressed concrete.

Treatment Reinforced concrete Pre-tensioned concrete | Post-tensioned concrete
deformed plain rebar strand rebar tendon
rebar rebar
ICCP yes ves with care’ with care’ with care’ no’
Galvanic CP yes yes with care? with care’ with care? no*
Chloride extraction yes with care' no’ no’ with care® no?
Realkalisation yes with care' no’ no’ with care® no*

1. Risk is of bond loss due to high alkalinity at the steel-concrete interface.

2. Risk is of overprotection causing hydrogen embrittlement of high tensile steel strand and tendons.
Risk should be minimal with zinc-based galvanic CP. Note that although ducting might protect
post-tensioning tendon in theory, in practice it may have been damaged during construction, or
indeed be corroding itself. Stray currents also present a significant risk. The position of
strand/tendons in relation to the reinforcement will contribute to the level of risk. The suitability
of application to prestressed concrete must be considered on a structure-by-structure basis.

7.3 Cathodic Protection

CP offers the only permanent treatment for reinforcement in chloride-contaminated
concrete in the tidal/splash (C) zone defined by NZS 3101:1995. It can also be used
on concrete not in direct contact with seawater, i.e. on bridge elements in the inland
(A2), coastal perimeter (B1), or coastal frontage (B2) zones, although in these zones
the other techniques could also be considered.

ICCP is the most versatile CP treatment. The wide variety of anode materials and
configurations mean it can be applied to any part of a structure in any exposure
conditions, and individually controlled zones can be tailored to any size required to
accommodate variations in the design and condition of the elements being protected.
Chloride-contaminated concrete in the atmospheric and tidal/splash zones is most
effectively treated with ICCP. Concrete imumersed in seawater can be treated with
either ICCP or galvanic CP. This includes rebars and strand in pretensioned concrete
and rebar in post-tensioned concrete. Titanium-based anodes offer the best protection
to chloride-contaminated concrete in the tidal/splash (C), and coastal (B1 and B2)
zones. Surface anodes are suitable for inland (A2) environments.
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Galvanic CP offers a more economic option for elements that are permanently wet,
such as piles below low tide level or surfaces that are exposed to frequent splashing.
It 1s less effective on concrete that is exposed to drying because of the low current
densities it generates, although anodes that can tolerate non-saturated concrete are
available and these would be suitable for substructures in inland (A2) areas.

Rebar in prestressed concrete can be treated with either ICCP or galvanic CP. ICCP
allows close control of the potential developed by strand, tendons or ducting, while
the low current densities generated by the low driving potentials of galvanic CP
systems present an overall lower risk. To avoid hydrogen evolution with either
system the output must be closely controlled, stray cwrents avoided, and the
drainage of water from the structure carefully controlled to maintain uniform
concrete resistivity. Pretensioning strand itself might best be treated with ICCP
because of the degree of control achievable.

The proprietary encapsulated discrete internal zinc anode designed to prevent
incipient anode effects in patch repair has obvious application in any chloride-
contaminated structure where the service life or level of damage does not warrant the
cost of CP or chloride extraction. It will only be effective until it is consumed. It
would be difficult to replace, so the patch repair would then be left as the sole means
of protection to the rebar. Nevertheless, with an estimated anode life of 10 years, this
would still significantly prolong the life of many patch repairs, possibly for a further
10 years depending on exposure conditions.

For a quick comparison of anodes for ICCP and galvanic CP see Table 7.2. Note that
different authors use different terminology to describe anode products and systems
and there may be some inconsistency between the terminology in this table and that
used elsewhere. The surface-applied ICCP anodes are more suitable for low current
density applications, such as inland (non-chloride contaminated) structures.

Table 7.2  Comparison of anodes for ICCP and galvanic CP (based on Green 2001).

Metl‘lod ,Of ICCP Galvanic CP
Application

Surface-applied Conductive coating; Thermally sprayed zinc;
Thermally sprayed zinc: Thermally sprayed aluminium-zinc-
Thermally sprayed titanium; indium;
Conductive cementitious overlay. Zinc adhesive anode.

Encapsulated Titanium anode mesh overlay; Zinc mesh integral pile jacket;
Titanium ribbon mesh (slotted); Discrete internal zinc anode for patch
Discrete internal anodes; repairs.
Titanium mesh integral pile jacket.

Immersed Remote anodes of: Cast aluminium or zinc.
*  Mixed metal oxide titanium;
* High silicon iron;
* Lead/silver/fantimony.
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7.4 Chloride Extraction

The international popularity of chloride extraction is largely because of its ability to
prevent corrosion caused by ingress of de-icing salts. The most obvious New Zealand
application for chloride extraction is to protect the reinforcement in bridge elements
that are exposed to seaspray but not seawater, i.e. elements on bridges in the coastal
perimeter (B1) or coastal frontage (B2) zones, defined by NZS 3101:1995. These
elements can be coated after treatment to prevent subsequent recontamination. It
would be particularly useful for such elements where removal of large amounts of
contaminated concrete would create an unacceptable nuisance to nearby residents, or
incur excessive costs associated with compliance with the Resource Management
Act. It could also be applied to the same types of element as a preventive treatment.

If the recontamination risk and environmental aspects suggest that chloride
extraction is a realistic option, then its technical suitability needs to be assessed. This
is determined by the extent of damage, and by the physical features of the individual
elements of the structure as described in Section 5.4, such as cover depths, rebar
continuity, uniformity of steel/surface relationship and contamination.

The final stage of the assessment depends on the whole of life cost of the treatment,
International experience reported to date suggests it might be reasonable to consider
chloride extraction for medium term application, e.g. 20-30 years, for which more
than one cycle of patch repair would probably be needed. CP offers protection for
longer periods, say 50 years or more, with lower risk.

7.5 Realkalisation

Realkalisation could be a realistic option for protecting reinforcement where concrete
is not chloride-contaminated but is carbonated over a wide surface area because of its
poor overall quality (but not so porous that extensive repair is needed to avoid short-
circuiting). Treated with the right electrolyte, the concrete should not carbonate
again. '

In practice, opportunities for applying realkalisation on New Zealand bridges are
probably more limited than those of CP and chloride extraction. In the inland (A2)
and coastal perimeter (B1) zones defined by NZS 3101:1995, carbonation does
sometimes cause a loss of alkalinity at the rebar on concrete bridges. However
corrosion in this environment tends to be slow and the damage minor, particularly on
substructure surfaces that are not exposed to rain or run-off. In addition, concrete in
bridges is generally of reasonable quality. Corrosion in the A2 zone is usually related
to construction defects such as low cover and poorly consolidated concrete, which
tend to be localised and can often be patch repaired quite effectively. Corrosion in
the B1 zone is often of a similar nature but there is an additional risk of chloride
contamination that depends on exposure and needs to be investigated for the
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individual structure. Depending on relative costs, realkalisation could be considered
as a preventive treatment, either with or instead of a coating,

Prestressed concrete is an unlikely candidate for realkalisation because the quality of
concrete should prevent significant carbonation. Rebar in post-tensioned concrete
could be protected by realkalisation if necessary.

Reinforcement corrosion is most common and severe in concrete exposed to salt
water and sea spray, i.e. in the coastal frontage (B2) and tidal/splash (C) exposure
zones defined by NZS 3101:1995. In these environments, CP and desalination are the
appropriate electrochemical treatments because the corrosion is induced by the
ingress of chlorides.

7.6 Barriers to the Use of Electrochemical Treatments

CP became widely accepted in the US in the mid-1970s for protecting bridge decks
that were corroding because of chloride contamination from de-icing salts. In the UK
CP took much longer to be accepted, even though bridges were also suffering from
de-icing salt contamination. Boam (1993) reviewed the reasons why CP met with so
much more resistance in the UK and it is interesting to examine them here in the
context of introducing it (and the other techniques) into New Zealand some 12 years
later (his paper was actually presented in 1989). It must be noted however that a
major reason why electrochemical treatments are rarely considered for New Zealand
bridges at present is that the economic benefits of the treatments are based on whole-
of-life costs, while current procurement policy favours lower installation and short-
term costs.

One of the reasons for slow acceptance that Boam quoted was a lack of interaction
between corrosion engineers and civil engineers. In recent years corrosion prevention
specialists have recognised the potential market for their skills in rehabilitating ¢ivil
engineering structures. This was reflected at the Australasian Corrosion
Association’s 2001 conference, where about 15% of papers presented were related to
concrete. Their interest has helped to close the gap between the two technologies.

Another reason was engineers’ desire for categoric proof that CP would work
without any adverse side effects, and the lack of quantitative data available from
earlier US experience. This may be because the actual process is invisible and the
engineer must rely on indirect proof that it is functioning. Boam found this
expectation of performance difficult to understand in the light of the poor
performance achieved with repair techniques that were considered acceptable, and
felt that engineers should accept that success is not guaranteed with CP either. He
considered that CP should be considered as an option if it is technically appropriate
and cost-effective, and if the client and engineer appreciate that the job is not over
once the installation has been commissioned. These same comments about
expectations could apply here. In addition, New Zealand can now benefit from at
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least 25 years of US and UK experience, as well as from more recent experience with
up-to-date systems in Australia. Thus the risk of unsatisfactory performance should
be somewhat lower than it was in 1989. Case histories are given in Sections 8.3 and
8.4 of this report.

A third reason was that the service life expected from the US bridges was only 40
years compared to the 120-year design life for UK bridges. US engineers considered
a further 15 years service from the time of CP application to be adequate. Thus US
expectations of continued operation of the system and prevention of further
deterioration (as distinct from prevention of corrosion) were based on a much shorter
period, and an installation considered successful in the US might not have been
considered successful in the UK. Nowadays the service lives of the components are
better understood, and their replacement is factored into the whole-of-life cost.
Anodes with service lives appropriate to 100+ year service lives of structures are also
available now.

A fourth reason was a lack of skilled installers and a lack of support from equipment
suppliers. Boam compared this to the way in which inappropriate patch repair
materials were promoted by their manufacturers, which led to widespread failures.
This problem has been overcome with experienced corrosion engineers taking
responsibility for the design and operation of CP systems and the use of licensed
applicators for their installation (see Section 8.2 of this report).

Although these comments related specifically to CP, they could equally apply to
chloride extraction and realkalisation.
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8. Suppliers, Installations and Case Histories

8.1 Sources of Information

Part of the resistance to adopting a new technology is lack of confidence about its
performance. Electrochemical treatments do now have a history of previous
application, albeit relatively short, and so the best way to overcome uncertainty about
their installation and long-term performance will come from experience gained in
previous applications. This can be obtained by direct enquiry to designers, suppliers,
operators and owners of existing installations. Organisations with an interest in
corrosion control, such as the US-based National Association of Corrosion Engineers
(NACE International), the Corrosion Prevention Association (CPA) in the UK and,
in New Zealand, the Australasian Corrosion Association (ACA)’ will provide a
starting point for making appropriate contacts. Up-to-date codes of practice and
standards will also incorporate recent industry experience.

Case studies reported in the literature also provide useful information about the types
of protection that have been used in various environments. However papers reporting
long-term performance will always be limited even for mature technology. This is
generally because of commercial pressures: sensitivity about the deterioration of a
structure or about treatments that do not meet expectations, or simply that low
priority is given to publicising something done many years ago that is still
performing as designed.

Attempts were made to find out how many installations of CP, chloride extraction
and realkalisation had been made by major Australasian suppliers, and on what types
of structure, but were not entirely successful. Several companies can be involved in
the same installation so the data received were not clear enough to establish precisely
who had done what. Similarly, global data is often expressed as total surface area
treated, rather than as numbers of individual applications.

Information on long-term performance is probably best obtained directly from
owners of treated structures. Consequently there may be a role for a database of local
installations to help owners evaluate the suitability of a treatment for a particular
structure. This would involve minimal effort on the part of owners of treated
structures to make their experiences available to others, and would provide a source
of independent information to other prospective purchasers (see Chapter 10 of this
report).

> In 2002 the ACA introduced a two-day course on corrosion and electrochemical protection of

concrete structures for asset managers. The New Zealand branch of the ACA hopes to run this
course in New Zealand during 2003.
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8.2 International Experience

CP was first applied to reinforced concrete in 1973 when it was used by Caltrans
(USA) to protect a bridge deck. Since then it has been widely accepted
internationally as a means of overcoming corrosion problems caused by the ingress
of chloride ions from de-icing salts and exposure to marine conditions.

Miller (1999) estimated that CP had been applied to more than 2 million m® of
concrete surface. Broomfield (2002) estimated that 2 to 3 million m® of concrete
surface had been treated with ICCP. Corrpro Companies Inc. claims involvement in
the design/installation of more than 500 CP projects, involving around 1,300,000 m*
of concrete surface. GHD (formerly Taywood Engineering Ltd Australia) claims
involvement with 75 CP installations. Fosroc Limited claims that Galvashield XP (a
sacrificial discrete internal anode designed to prevent incipient anode effects) has
been installed on around 130 structures, mostly in the UK.

CP technology has been evolving continuously as operating systems are improved
and the shortcomings of early systems are identified and addressed. Because most
systems currently available are relatively new, little data is available about their long-
term performance.

Proprietary chloride extraction systems became available in the mid- to late 1980s
and have been widely used since then in both Europe and North America.

Realkalisation also became available in the mid- to late 1980s, after the realisation
that the technology used for CP and chloride extraction would also increase the
alkalinity of the pore solutions at the reinforcement. It has been widely used in
Europe and the Middle East, but not in North America. Whether this means
carbonation-induced corrosion is not a problem in the US, or whether it is over-
shadowed by the problem of chloride-induced corrosion is uncertain (Broomfield
1997).

International applications of realkalisation and chloride extraction up to 1995 are
summarised in Table 8.1. Broomfield (2002) estimates that 40,000 m” of concrete
surface have been treated with chloride extraction and 170,000 m? have been treated
with realkalisation. Miller (1999) reported that more than 250 structures had been
treated by chloride extraction and realkalisation. Martech Services (UK) claim
involvement in more than 110 realkalisation projects and over 70 chloride extraction
projects between 1991 and 1999.

Like CP, little information is available on the long-term performance of current
chloride extraction and realkalisation systems, although the technology involved in
their design and installation is well documented, as is their performance for up to
10 years after treatment.
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More information may become available with time, although this will depend on
owners and operators being sufficiently interested and motivated to publish the
information.

Table 8.1 Applications of chloride extraction and realkalisation up to 1995

(Pocock 1995).
Sector Realkalisation Projects Chloride l.Extractmn Total
Projects
Buildings 37 10 47
Highways 18 17 35
Housing 13 4 17
Car-parks 2 9 11
Industrial 1 4 5
Water 5 0 5
Jetties 0 3 3
Total 76 47 123

8.3 Australasian Suppliers/Designers

Major suppliers and designers of electrochemical treatments for concrete in
Australasia are listed in Table 8.2. These companies can design and commission CP
systems and some also supply anodes. Some of the companies also install CP
systems although independent contractors often do the actual installation. Fosroc Ltd
in New Zealand supplies proprietary products but does not design, install or
commission the systems. There are similar suppliers in Australia but they are not
listed because New Zealand installers are more likely to purchase from a local
supplier. The list does not include consultants who specify but have no detailed
design experience.

The Australian companies listed in Table 8.2 can all operate in New Zealand, as can
designers from further afield such as Europe and North America. Thus CP contracts
in New Zealand can be let using an open tendering process where overseas designers
partner with local contractors. For example the CP system on the National War
Memorial Carillon in Wellington was designed by Global Corrosion (a UK
company), which employed international expert John Broomfield, and was installed
by Surface Technologies Ltd, with Opus International Consultants Ltd as specifier,
project manager and technical advisor to the client. '

Australian-based CP designers can each claim involvement in at least 20
installations, and approximately 100 CP systems are operating at present on
reinforced concrete structures in Australia. However it is not possible to list projects
carried out by each company because each project tends to involve more than one
designer. For example, one designer may develop the specification for the client, and
a principal contractor takes overall responsibility for the project, employing an
independent designer to prepare the detailed design.
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Table 8.2 Australasian designers and suppliers of electrochemical treatments.

Company

Contact details

Capability

Solomon Corrosion Control

www.solcor.com.au

Supply of CP anodes;

Services Pty Ltd Design, installation and
commissioning of CP systems.

GHD Pty Ltd (Materials www.ghd.com.au Detailed design and commissioning

Technology group)’ of CP systems;

Design and commissioning of
chloride extraction and
realkalisation systems.

R M Watson www.rmwatson.com.au | Installation of CP, chloride
extraction and reaikalisation
systems.

Savcor ART Pty Ltd? www.savcorart.com.au | Supply of CP anodes;

Design, installation and
commissioning of CP systems;
Design, installation and
commissioning of chloride
extraction and realkalisation systems
(Norcure licensee).

Construction Techniques
Group Ltd

info@contech.co.nz

Supply of CP anodes;

Design, installation and
commissioning of CP systems;
Design, installation and
commissioning of chloride
extraction and realkalisation systems
(Norcure licensee).

Fosroc Ltd

www_fosroc.co.nz

Supply of ICCP anodes;

Supply of Norcure chloride
extraction and realkalisation
technology and hardware;
Supply of ‘Galvashield’ galvanic
anode systems,

1. GHD Litd Material Technology group includes staff formerly with Taywood Engineering Ltd
who joined GHD after the closure of Taywood in Australia.

2, Savcor ART Pty Ltd was formerly Remedial Engineering Ltd but was recently acquired by
Savcor Group from Finland. Savcor Australia has recently acquired Finn International Pty Ltd,
a CP installer and Norcure licensee, and Corrpro Companies’ Australian and New Zealand

operations.
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8.4 New Zealand Installations

New Zealand CP installations to 2002 are listed in Table 8.3.

Table 8.3 New Zealand installations of CP.

Site (Structure) Location Date Type Designer / Anode type
installed installer
Westminster Auckland 1990 ICCP | Construction Titanium mesh
Court apartments Techniques with plaster
(facade) overlay
Axon House Wellington | mid 1990s ICCP | Construction Titanium mesh
(basement walls) Techniques and slotted
anodes

Wool House Wellington | mid 1990s ICCP | Construction Slotted anodes
(basement slabs Techniques

and columns)

Bledisloe Wharf Auckland | Late 1990s ; Galvanic | Construction Sprayed zinc

{prestressed CP Techniques
beams)
National War Wellington 1999 ICCP | Global Discrete
Memorial Corrosion (UK) | internal anodes
Carillon (belfries) / Surface

Technologies

Ltd
Axis Fergusson Auckland 1999 ICCP | Construction Slotted anodes
Wharf (beams) Techniques
Seaview Wharf Wellington 2000 ICCP | Construction Slotted anodes
(head beams) Technigues
Seaview Wharf Wellington 2002 ICCP | Construction Slotted anodes
(approach Techniques

structure beams)

The recent increased rate and size of CP installations could indicate increasing
acceptance of the technology by owners, perhaps because of better understanding of
the potential benefits, or increased interest in whole-of-life performance. Partnering
arrangements between New Zealand contractors and overseas CP designers, such as
those used on the Seaview Wharf and Carillon projects, should open the way for a
more competitive tendering environment in future.

CP has not been installed on bridges in New Zealand, but in Australia has been
installed on bridges by RTA, VicRoads, Queensland Main Roads and the Tasmanian
Department of Infrastructure Energy and Resources, and various local authorities. It
is estimated that at least 30% of Australian CP systems are installed on bridges.
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Fosroc’s proprietary galvanic system ‘Galvashield XP® has been used on about 5
structures in New Zealand and 10 in Australia.

To date there have been about 10 applications of chloride extraction/realkalisation in
Australia. There have been none in New Zealand, although trials were carried out on
the Carillon before CP was installed.

8.5 Case Histories

The following sections list some case studies from the literature that describe CP,
chloride extraction and realkalisation applications that are relevant to New Zealand
bridges. This is not an exhaustive list of such applications. The performance of some
of these installations may be reviewed again at a later date and so these papers could
form the basis of a future literature search.

8.5.1 Cathodic Protection

Most case studies in the literature are of bridges contaminated by de-icing salts. The
case studies summarised here are limited to coastal applications.

Coastal reinforced concrete bridges, Oregon (Cramer et al. 2002):

. More than 40,000 m® of bridge surface repaired by ICCP and galvanic CP with
zinc anodes, plus demonstration projects with other surface anodes;

. Compared different types of surface anodes for ICCP and galvanic CP;
. Examined effect of treating anodes with humectants to keep them moist;
. Investigated tools for assessing potential corrosion problems in structures;

. Discussed applications for supplementary cementitious materials and stainless
steel rebar in coastal bridges.

Canvey Island Bridge, Essex, UK (El-Belbol & Das 2001):
. Built 1973 in tidal zone;

. Reinforced concrete abutments, piers, and bored cast in-situ piles with
chloride-induced corrosion evidenced by rust stained cracks;

*  Abutments and piers protected by remotely controlled ICCP, installed 1999;

*  Abutments and parts of piers in mud zones protected by MMO/titanium
groundbed anodes embedded in carbonaceous backfill;

*  Parts of piers in atmospheric and tidal exposure zones protected by ribbon
anode system.

Lynch’s Bridge, Victoria, Australia (Green et al. 2001):

. Piers in brackish tidal water protected by ICCP with discrete internal anodes in

the atmospheric and tidal zones, and with remote anodes in the submerged
zone (1999);

. Discusses design, installation, monitoring and performance of the system.
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Endeavour, Windang and Cathie bridges, NSW, Australia (Cheaitani et al. 1996):

[ ]

Reinforced concrete deck beams on Endeavour Bridge protected by ICCP with
combination of slotted titanium ribbon mesh anode and discrete internal anode;

Reinforced concrete pile on Windang Bridge protected by ICCP with combined
internal and strip anodes (see also Godson & Cheaitani 1998);

Failed epoxy patch repairs on piles of Cathie Bridge replaced and piles
protected by strip anodes (1995).

Windang Bridge, NSW, Australia (Godson & Cheaitani 1998):

Reinforced concrete piles in marine environment protected by ICCP;

Combined strip anodes in tidal zones, supplemented with discrete internal
anodes as required to accommodate variations in corrosion activity.

Mission River and Andoom Creek Bridges, Queensland, Australia (Godson &

Cheaitani 1998):
Bridges built early 1970s, deterioration evident by early 1980s;

Chloride-contaminated reinforced concrete headstocks and pilecaps,
prestressed concrete piles protected with remote controlled and monitored
1CCp;

Discrete internal anodes protect headstocks, pilecaps and piles above mean
high water level;

Water anodes protect piles below mean high water level. To avoid
overprotection, potential at every anode is automatically monitored and current
output adjusted every 5 minutes. Anodes tested every 24 hours.

Fremantle railway bridge, Western Australia (Godson & Cheaitani 1998):

L]

Built early 1970s, deterioration evident in 1985;
Chloride-contaminated reinforced concrete piers;

Pier headstocks and columns protected by ICCP using discrete internal anodes,
individual pier monitoring and control.

Tasman Bridge, Tasmania (Godson & Cheaitani 1998):

Built 1965;

Remote controlled and monitored ICCP installed 1994 to protect lower pier
columns on western interchange section where patch repair had failed;

Water/soil anodes used on submerged/buried parts of columns, with zinc
reference electrodes for monitoring;

Discrete internal anodes used above mean high water, divided into independent
zones for splash and atmospheric exposure.
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Deep Creek Bridge, Victoria, Australia (Andrews-Phaedonos et al. 1992, 1997):

* Built 1970, pier columns corroding due to chloride contamination, piles and
pile caps chloride-contaminated but not visibly corroding (due to low oxygen
availability), pier caps and superstructure not corroding;

. One galvanic CP system (water anode) trialled for protecting submerged zones;

. Two galvanic CP systems (unshielded zinc anode, zinc anode shielded from
contact with submerged concrete), and two ICCP systems (slotted
MMOf/titanium wire, surface-applied MMO titanium mesh/conductive tape
shielded from submerged zone) trialled in tidal/splash and atmospheric zones;

. Preliminary findings indicated all systems trialled would be suitable for small
to medium size columns/bridges where aesthetics are not an issue; that
shielding both the ICCP and the galvanic anodes in tidal zone from submerged
concrete was beneficial, that the galvanic systems were cost effective and
providing protection in tidal/splash zones and possibly also in atmospheric
zones although they were sensitive to tidal activity.

Moody’s Inlet Bridge (Andrews-Phaedonos et al. 1997):

. Sprayed zine galvanic CP system was applied to six columns in tidal water and
three in tidal mud, with galvanic zinc anodes buried or immersed to protect the
submerged or buried parts of the columns and to minimise consumption of the
sprayed material in the lower parts of the application.

Sunshine Tip Roadway (Andrews-Phaedonos et al. 1997):

. Reinforced concrete piles were cracked during pile driving, exposing
reinforcement to soil electrolyte;

. ICCP using MMO/titanium groundbed anodes in carbon backfill installed to
protect cracked piles;

. Full protection achieved within a week.

Mile Bridge, Victoria, Australia (Andrews-Phaedonos et al. 1997):
. 1995 installation;
. Slotted titanium anode system protects pier wall above mean high water level,

. A water/soil titanium anode in conductive backfill protects tidal/submerged
parts of pier wall.

Mordialloc Creek, Victoria, Australia (Andrews-Phaedonos et al. 1997):

. Zinc anodes submerged in water to protect submerged/buried and tidal sections
of columns;

. Galvanic CP anodes considered appropriate for submerged/tidal zones in
small/medium columns but ICCP water anodes would be more effective in
larger sections because of the greater amount of steel that needs to be
protected.
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8.5.2 Chloride Extraction
Bridge pier, Sydney, Australia (Collins & Kirby 1992):

*  Base, in tidal/splash zone, was treated for 36 days but was significantly
contaminated again after 16 months;

. Upper part, in atmospheric exposure zone, was treated for 65 days and
remained uncontaminated after 16 months,

Orealla Crescent overpass, Noosa, Australia (Cheaitani & Carse 1998):

. Reinforced concrete piers and pier caps in atmospheric exposure zone;
. Prestressed beams were more contaminated but not treated;

. Compared different electrolyte media;

. Identified factors that affected efficiency of chloride removal;

» Promised update on long-term effectiveness.

Burlington Skyway, Toronto, Canada (described by many authors; Decter et al.
(1998) report 8-year data):

. Treatment applied in 1989 to pier exposed to run-off from leaking deck joints;
. Leaks repaired;

. No new contamination or migration of chlorides after 8 years.

Salvoy Bridge, Norway (Nustad & Decter 1997)
. Coastal/marine environment;
. Treatment applied in 1995.

8.56.3 Realkalisation

The literature search carried out as part of this review uncovered several case studies
of realkalisation on buildings but only one application to a bridge. This may reflect
higher cement contents and lower water/cement ratios being used in bridges for
structural reasons compared with that used for architectural purposes. Mietz (1998)
also commented on the lack of documented site applications, and indeed many of
those that are reported are described by different authors in different papers.

Wardell Road Bridge, Sydney, Australia (article in Concrete in Australia, 2002):

i Girders, cross-beams and deck carbonated with extensive damage on edge
girders, and pier columns and tie beams subjected to high levels of chloride
ingress;

. Life-cycle cost analysis used to select repair methods and tests show the
bridge’s service life should be extended by at least 25 years;

. In 2001-2002 edge girders realkalised, internal superstructure patch repaired
and CP applied to pier columns and tie beams.
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9. Conclusions

9.1 General

Cathodic protection (CP), chloride extraction and realkalisation are electrochemical
treatments for concrete damaged by reinforcement corrosion. They are designed not
to repair the damage caused but to prevent further deterioration for considerably
longer than the typical 10-year repair cycle offered by traditional patch repair
techniques. They do not require the extensive removal of contaminated but sound
concrete that is required by patch repair.

Reinforcement corrosion is the most common and significant durability problem on
New Zealand’s concrete road bridges. The nature and uniformity of their design and
construction makes them ideal candidates for electrochemical treatments. The
similarity of many structures means that, although initial applications will involve
steep learning curves, lessons learned on one structure will be applicable to others.

Rebar corrosion severe enough to necessitate repair is usually caused by chloride
contamination. Depending on exposure conditions and the intended remaining life of
the structure, either CP or chloride extraction could be appropriate treatments for
chloride contamination.

9.2 Cathodic Protection (CP)

CP systems offer permanent treatment, i.e. for the remaining life of the structure,
although they require continued monitoring throughout their service life, and, like a
car, components within the system have a finite life.

Systems can be designed to suit all parts of a concrete structure in any exposure
zone: inland (A2), coastal (B1 and B2), tidal/splash (C) or submerged.

CP can be used to protect rebar in reinforced and prestressed concrete, although
particular care must be taken on prestressed concrete to avoid damaging prestressing
steel or ducting. CP can also be used to protect pretensioning strand but not tendons
used in post-tensioning.

Impressed current CP (ICCP) offers greater control and flexibility, while galvanic
systems may be more economic because less hardware is needed to control their
performance.

A proprietary galvanic anode system designed to prevent incipient anode effects in
patch repair could increase the life of patch repairs by an estimated 10 years

depending on conditions.
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CP has an extensive history of use over the last twenty years that is well documented
in the literature.

9.3 Chloride Extraction

How long chloride extraction remains effective will depend on the individual
circumstances of each structure, but if sufficient chlorides are removed and
recontamination is prevented, then the treatment could remain effective for 20-30
years. Treatment takes up to four months and no long-term maintenance is required.

Chloride extraction is best suited fo elements not in direct contact with seawater, i.e.
those in the coastal exposure zone (Bl and B2), that can be protected from
recontamination by coating after treatment.

It cannot be applied to pretensioned concrete. Under some circumstances it can be
applied to protect the rebar in post-tensioned concrete, but not the tendons. Particular
care must be taken when applying it to round (undeformed) rebar, and to concrete
containing alkali-reactive aggregates.

Chloride extraction has rapidly gained favour since its introduction in the late 1980s,
particularly for removing de-icing salt contamination. However there are fewer
reported case studies of treatments to marine concrete.

9.4 Realkalisation

For concrete that is extensively carbonated, realkalisation offers a permanent
solution. Treatment takes two to three weeks and no long-term maintenance is
required.

It is best suited to concrete that is not chloride-contaminated, i.e. in inland (A2)
exposure zones, but can be applied in conjunction with chloride extraction if
necessary.

Application to prestressed concrete has the same limitations as chloride extraction.

Although realkalisation is a technically sound treatment, in practice it is unlikely to
find a large market on New Zealand bridges because carbonation-induced corrosion
is not a major problem, and can usually be effectively treated with patch repair.
Indeed a search of international literature found only one reported case study of
application to bridges.
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10. Recommendations for Future Research

The next stage in evaluating the potential for using cathodic protection, chloride
extraction, and realkalisation on New Zealand bridges is to compare their up-front
and long-term costs with those of patch repairs. This constitutes Stage 2 of the
research, which is being carried out in 2002-2003. Note however that repair options
will always need to be evaluated specifically for individual structures.

A possible area for future research is to identify the need for some sort of
independent database of Australasian installations of electrochemical treatments.
This record could make it easier in the future for designers and asset owners to find
information on long-term performance, given that relatively few case histories are
likely to be reported more than 10 years after installation.

The 2002-3 research is likely to identify shortcomings in knowledge that could be
addressed by research. Similarly, technical or practical issues related to
electrochemical treatments may arise as they become more widely used. Future
research could be directed at refining the technology to make it more practical,
durable, efficient or economical as required.
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