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Abstract

One of the main causes of deterioration of reinforced concrete structures is the corrosion
of the reinforcement. This may be as a result of carbonation or chloride diffusion into
the concrete. During the lifetime of any reinforced concrete structure it is likely to
require maintenance and repair. Repair materials are used as a form of “corrosion
prevention” on deteriorated areas of a structure. The properties of the repair material
offer maximum protection to the steel at the repair. Combining two cementitious
materials with different properties can create a difference in oxygen or chloride
concentration between two materials, creating a galvanic cell. Matching the physical
properties of the repair and substrate materials may mitigate the corrosion of the
reinforcement. The theoretical and experimental work to support the idea of matching
properties is currently limited.

This project has examined the effect of combining repair and substrate materials with
different physical properties on the corrosion of reinforcement embedded in these
materials. The initial part of the experimental programme examined the physical
properties of typical repair and substrate materials to quantify the range of the
properties. This concentrated on mass-transport properties such as, the density, porosity,
permeability, chloride diffusion and resistivity of each material. The electrochemical
compatibility of the materials was measured using potentiodynamic polarisation
measurements. This showed that steel embedded in materials with lower permeability
coefficients had lower corrosion potentials. The permeability and chloride concentration
in the materials were used to produce test specimens with range of differences in cell
potentials between the steel embedded in the repair and substrate materials. The
specimens of the different repair substrate combinations were exposed to a saline
solution for twelve months. Measurements of the resistivity, half-cell potentials and
corrosion currents of the specimens monitored with time assess the corrosion rate of the
specimens. Two methods were used to measure corrosion currents, impedance
spectroscopy and linear polarisation resistance.

The half-cell potential measurements indicated that a low permeability material would
be anodic when combined with a high permeability material, which would be cathodic.
The corrosion current of the material identified as anodic by half-cell potentials was
higher for larger mismatch in permeability. This indicated a higher corrosion rate in the
anodic material for substrate repair combinations that result in large differences in half-
cell potentials. This would suggest that a galvanic cell was formed due to oxygen
concentration differences between the repair and substrate materials.

The results from the experimental work were used to model the distribution of current
between the anodic and cathodic sites. The model shows that it is the difference in
potential that has the greatest influence on the current flowing in the cell and the
resistivity of the material controls the distribution of the current within the cell. This
indicted that corrosion would be concentrated at the interface between the repair and
substrate material with the low permeability material being anodic. The study shows
that the corrosion resulting from a disparity in properties between repair and substrate
materials is likely to be small. However higher corrosion rates may occur at the
interface between repair and substrate that may require additional corrosion protection
systems to be used. Matching the permeabilities of materials would not be practical, as
permeability has been found to change with time altering the match between repair and
substrate.
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1.0 Introduction

During the life time of any reinforced concrete structure it is likely to require
maintenance and repair. The most usual scenario is to carry out repair to the structure as
and when it is needed. Repairs are carried out with a number of set aims in mind:

e Aesthetics - the look of the structure.

¢ To maintain the structural integrity.

o The durability of the structure. i.e. the prevention of further deterioration of the

structure.

The success will obviously be reliant on the repair meeting all these criteria to some
extent. Repairs are treated as a “one stop” solution and repair materials are designed to

enhance the performance of the structure at the site of repair.

One of the main causes of deterioration of reinforced concrete structures is the corrosion
of the reinforcement. Corrosion may be due to carbonation of the concrete or chloride
diffusion into the structure, breaking down the passive film on the steel allowing
corrosion to initiate. Repair materials are used as a form of “corrosion prevention” on
deteriorated areas of a structure. As a result repair materials are typically designed to
have the following properties:

e Low permeability to prevent water, chloride and oxygen ingress.

e High alkalinity to preserve the passive oxide film on the steel

e High resistivity to reduce the rate of corrosion reactions.
The properties of the repair material are such that they should offer maximum

protection to the steel at the repair, but often no consideration is given to the impact of



the repair to the entire structure or its implications to the long term performance of the

repair and the structure.

Problems can occur because the repair material provides a totally different chemical and
physical environment to that of the existing concrete. A single reinforcement bar may
have more than one repair along its length, therefore, the bar can be subjected to a
complex chemical and physical environment. To further complicate the situation, these
environments are constantly changing as a result of the interaction of the interior
environment with the exterior environment. It is recognised that variations in chemical
environment, such as oxygen and chloride concentration, can create galvanic cells on
the surface of a section of metal. This results in the separation of the anodic and
cathodic reactions involved in corrosion to distinct sites on the metal. The variations in
chemical environment can result in high corrosion rates of the anodic site and a

corresponding absence of corrosion at the cathodic site.

It is possible, therefore, that by applying a fresh alkaline repair material to a corroded
structure with the aim of preventing corrosion, it may actually initiate corrosion and
allow the formation of new galvanic cells. Depending on the properties of the materials
used, this “incipient corrosion” may occur in the steel embedded in the repair material
or may increase the rate of corrosion of the steel embedded in the substrate concrete.
Conversely it is also possible that the effect of this “mismatch” in properties on the
overall corrosion of the structure is negligible. There is a lack of basic knowledge ofthe
effect of the disparity in properties on the corrosion ofthe larger structure. This research
project is concerned with the durability of repairs and their success at preventing

corrosion in a structure.



1.1 SCOPE OF RESEARCH
As there is little or no published data in this specific area, much of the work involved in
this project will be novel. The project will concentrate on examining the following key

arcas:

1. The investigation of the mechanisms of macro-cell corrosion between the
reinforcement bar embedded in repair material and that embedded in the normal
substrate concrete, with a special emphasis on the interface between the repair

material and the existing structure.

2. The parameters required for the initiation of corrosion of the reinforcement bars

embedded in the repair material.

3. The long term performance of the repair patches with regards to corrosion.

The main objective of this research is to provide useful information and data to assist in
the development of repair materials, to provide durable repair systems capable of

increasing the longevity of the structure to which they are applied.

1.2 SCOPE OF CURRENT WORK

The primary aim of this project is to investigate the electrochemical systems developed
by the use of repair patches on reinforced concrete structures. This work requires the
assessment of the relevant properties of repair and substrate materials which create
galvanic cells. This will involve the study of a range of repair systems providing a

selection of property combinations with the substrate concrete.



The selected repair and substrate materials will be combined into specimens to allow the
study of the electrochemical cells developing from repair systems. The work
concentrates on the physical and chemical properties required to initiate corrosion and
in generating galvanic cells. The reinforcement at the interface between the repair and
substrate materials will be subjected to careful study. The electrochemical, physical and
chemical properties of the repair system and their variation with time will be included in

the experimental investigation on the electrochemical cells generated in repair patches.

Finally the project will theoretically model the development of incipient corrosion cells
initiated through concrete repair and assess the mechanism of corrosion in repaired
reinforced concrete structures. This work will fulfil the primary aim of the project to
produce strong and durable repair systems to improve the longevity of any structure to

which they are applied.

1.3 THESIS STRUCTURE

The thesis is divided into ten chapters. The first chapter is this introduction. Chapter two
is a detailed review of current literature on corrosion of reinforced concrete and related
subjects. This is split into five subsections covering, repair materials, corrosion of
reinforced concrete, mass transport in concrete, modelling corrosion and

electrochemical test methods.

Chapter 3 is an introduction to the experimental work undertaken in the study.

Chapter 4 covers the determination of physical properties identified from the literature

review as important to corrosion, for a selection of repair and substrate materials used in



the study. Four basic properties were examined; porosity, permeability, chloride

diffusion and resistivity.

Chapter 5 covers the measurement of corrosion in specimens made from combinations
of different repair and substrate materials over the period of the study. This has involved
a variety of experimental techniques and interpretation of the measurements. Five
measurement techniques were employed; linear polarisation resistance, impedance
spectroscopy, resistivity, corrosion potentials and potentiodynamic polarisation. Also
covered in this chapter is a comparison of the corrosion currents obtained by the linear

polarisation resistance and impedance spectroscopy techniques.

Chapter 6 examines the effect of the mismatch in properties on the corrosion of the
repair-substrate test specimens. This work identifies permeability as the primary
property in assessing the effect of a miss-match in properties between the repair and
substrate materials on the development of galvanic cells. In chapter 7, the effect of
differences in permeability between repair and substrate materials is used to model the
galvanic current. Techniques employed in modelling galvanic currents in chloride
macro-cells are used and the distribution of current in the cell is attempted. This allows
the assessment of the effect of the galvanic cell on the repair patch and at the interface

between the repair and substrate materials.

Chapter 8 provides a summary and conclusions. Chapter 9 makes recommendations on

further work. Chapter 10 lists the references.



2.0 Literature Review

21 REPAIR SYSTEMS

As the stock of older reinforced concrete structures increases it is inevitable that the
need for repair will also increase. The aim of repair is based on a number of
requirements [1]:

* To restore structural integrity

* To restore the original profile

* To arrest deterioration

* To disguise or seal cracks or other blemishes

* To restore the original appearance

Achieving these aims requires the selection of a repair system comprising the materials
and methods appropriate for the repair site on the structure. In order to choose the
correct repair system, Allen [2], has proposed that it is necessary to consider the

following questions:

1. What caused the damage?

2. Is repair needed?

3. What are the objectives ofthe repair?

Diagnosing the cause of damage will determine whether it was the result of an isolated
or a recurring event. After fire or mechanical damage, it may be possible to return the
structure to its original condition. However if the cause is from a recurring problem

such as an aggressive environment then the repair considerations may be more complex.

Diagnosis of the cause and need for repair is normally achieved through a series of

structural inspections and investigations [3]. Many of the procedures involved have



been standardised in a number of reports such as Concrete Society Technical Report 36.
Patch Repair of Reinforced Concrete subject to Reinforcement Corrosion [4]. A new
European Standard for concrete repair has been proposed.[5]. The aim of this work is to
provide cost effective repair and maintenance strategies for structures [6]. This requires
an understanding of the degradation processes occurring to provide an estimation of the
optimum durability of any repair system. With the knowledge of the costs, it is possible
to consider the cost effective of the repair systems alternatives in comparison to the
lifetime of the structure. Robery [6] gives examples of the typical split of repair costs

for a building and a bridge (see figure 2.1).

From figure 2.1 it can be shown that for the repair of a bridge access has a much larger
share of the costs than for 'a buiiding. For a building, materials have a larger share of the
costs. This type of assessment can have an effect on the repair materials chosen. The
assessment of access costs for the bridge is probably an underestimate in that the
associated economic costs from traffic delays can be huge. A repair material that
produces a durable long lasting repair while potentially more expensive would cut the
additional access charges and economic costs caused from repeated repairs to the
structure. Robery [6] calls this a “one hit” repair. A building however has lower access
but correspondingly higher materials costs. In this set of circumstances it may be more
cost effective to allow multiple repairs (figure 2.2) [6]. This view ignores any structural,

safety or aesthetic requirements considering only the economic costs of the repair.



Typical repair costs for a bridge.
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Figure 2.1 Typical repair costs [6].
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Figure 2.2: Comparison of a one hit repair to multiple repairs on design life.[6]

The term, “repair system” need not be restricted the use of cementitious repairs

materials. In the common application of patch repairs, [2] systems can also include the

use of epoxy primers or zinc rich primers to provide extra protection for the reinforcing



steel [7, 8]. Crack repair resins and the use of surface coatings to reduce the corrosion
risk to reinforced concrete can also be considered part of a repair system [7, 9]. A repair
system is the total package of repair, repair technique and protection applied to the
structure during the repair process. This definition of a repair system includes any
material used in repair of concrete structures. For the remainder of this project a repair
material is considered to be the cementitious material used to repair a structure, assumed

to be damaged by corrosion.

2.1.1 Nature of Repair Materials

The properties of the repair material will be controlled primarily by the structural
performance requirements of the repair:

o Strength in tension, compression and flexure.

e Modulus of elasticity in tension and compression and flexure.

e Coefficient of thermal expansion.

o Adhesion to substrate concrete and reinforcement.

o Shrinkage.

e Creep

The repair material will also need to respond to the techniques of the application method
such as [10]:

e Sprayed mortar or concrete.

e Hand applied mortar.

o Poured concrete or mortar with the aid of shuttering.
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In addition, the repair needs to be able to stop further deterioration of the structure, by
preventing corrosion. This requires knowledge of the corrosion mechanisms involved.
McCurrich et al [10] recommend that oxygen and moisture be excluded from the steel
and that the repair material maintains the passivity of the reinforcing steel. These
recommendations are the outcome of years of research into corrosion in reinforced
concrete. Thus the repair material needs the following properties:

Low permeability to oxygen, chlorides and water.

High alkalinity to preserve the passive oxide film.

High resistivity.

On an actual structure the situation is more complex, chlorides may not be evenly
distributed across a structure and areas of a structure contaminated with chloride may
not show signs of degradation [11]. Corrosion of the reinforcement may only be
observed in the section of steel reinforcement in the concrete exposed to highest
chloride levels, creating what is called chloride corrosion “macro-cell”. Chloride macro-
cell corrosion will be discussed further in Section 2.2.5. The repair of the chloride
macro-cell corrosion site with fresh cementitious material may only act to move
corrosion to a totally different area of the structure. This phenomenon is known as
incipient anode formation and suggests that repairing one area of a structure merely
moves corrosion to another area. This can be further complicated by variations in

oxygen and moisture availability.
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2.1.2 Properties of Repair Materials

Repair materials have been designed to offer improved properties compared to normal
concrete [12]. A wide variety of such materials have now been developed. These
materials have also been found to offer improved corrosion resistance, in that they are

more impervious.

Polymer modified concrete materials were developed mainly for their enhanced
properties [13]. Polymer emulsions such as latexes are used to improve the adherence of

fresh concrete or mortars to hardened concrete and so are well suited to repairs.

There are three basic types of polymer modified concrete:

Polymer-impregnated concrete. Here conventional OPC concrete is dried then saturated
with a liquid monomer such as methylmethacrylate or styrene. Polymerisation is then
achieved using gamma radiation or thermo-catalytic methods. This technique is not
used for concrete repair.

Polymer concrete, formed by mixing a monomer with the aggregate and using a curing
agent or chemical catalyst to achieve polymerisation. This type of material is not
cementitious.

Polymer Portland cement concrete. Although most organic polymers are incompatible
with mixtures of Portland, cement water and aggregates, some substances such as
latices of rubber, acrylics or vinyl acetates can be added either as an aqueous or

powdered form of the monomer and polymerised in-situ.
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Ohama et al [14] found that polymer modified mortars showed a decrease in pores in
the range 240nm or greater and an increase in the pores of 140nm or less compared to
ordinary Portland cement. It was concluded that this refinement of the pore structure
resulted in the lower oxygen diffusion coefficients of polymer modified mortars.
Kobyashi et al [15] found similar results. For polymer modified cements with a

polymer/cement ratio of 15%, the oxygen diffusion coefficient was 1/10 that of OPC.

Kobayashi et al [15] also examined the oxygen diffusion coefficients of various
cementitious materials. The oxygen diffusion coefficient was found to be dependent on
curing conditions i.e. poor curing will give a high oxygen diffusion coefficient. The
effect was greater for those cement types with slower rates of hydration. When the
water/cement ratio was lowered from 0.8 to 0.4 the oxygen diffusion coefficient
increased by about 15 times. Repair materials generally have a lower water/cement
ratio. This generally results in a lower oxygen diffusion coefficient of mortar than for
concrete. Different cement types give different diffusion coefficients, blast-furnace slag
as 60% cement replacement gives a diffusion coefficient 33-50% that of ordinary

Portland cement.

Other types of repair materials use mixtures of replacement materials such as PFA and
superplasticisers to keep low water/cement ratios. These together with shrinkage
compensation compounds produce dense impermeable high strength repair materials.
There is relatively little published work available on the properties of commercial repair
materials. However some research has been conducted on the corrosion behaviour of
different cement blends and types. Parrot [16] found that carbonation was strongly

dependent on cement type as opposed to curing conditions. The carbonation front was
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found to correlate with the air permeability of the concrete. Nilson et al [17] found that
chloride diffusion was linked to porosity and so depended on water/cement ratios,
cracks and compaction. However they also stated that pozzolans such as fly ash, blast
furnace slag and microsilica had a beneficial effect on chloride diffusion. Pozzolans are
widely used in repair materials and contribute to the low chloride diffusion coefficients

of the material, (see section 2.3.3 on chloride diffusion).

Additions of fly ash, slag and micro silica have been found to refine the pore structure
of concrete mixes after the initial set. This continued refinement of the pore structure
during hydration reduces the permeability of the material to chlorides, oxygen and
moisture, the main requirements for corrosion. Many repair materials are based on
replacements for cement [18] and are assumed to be ideal for the purpose. Research
clearly shows that these repair materials slow corrosion initiation by reducing chloride
diffusion and carbonation. In addition they lower oxygen diffusion and reduce corrosion

rates.

2.1.3 Effect of Property Mismatch

Ping Gu et al [19] examined the effect of combining materials with differing properties
such as porosity. This work concentrated on chloride induced corrosion and found that
at first the oxygen concentration was similar both in the low porosity cement and the

high porosity cement. This led to general corrosion across the entire metal surface.

As the oxygen concentration fell due to consumption by the corrosion process, this was

buffered in the high porosity material by the ease of diffusion of air to the steel cement
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interface. However the low porosity material rapidly became oxygen deficient. The
effect of this depletion of oxygen was to make the low permeability material anodic i.e.
a site for the reaction for metal dissolution and the high permeability material cathodic

i.e. the site for oxygen reduction.

This indicates that a low porosity repair material used next to high porosity substrate
would result in corrosion of the reinforcement in the repair. In fact the repair material
reinforcement would corrode in preference to that in the substrate concrete. This
argument has been further developed by Ping Gu et al [20] examining the

“electrochemical incompatibility of patches in reinforced concrete”.

Cusson et al [21] in considering the durability of repair materials extends the discussion
beyond the matching of porosity and resistivity to that of the relationship between the
physical and mechanical properties of repair and substrate. Many failures of repairs are
linked to the premature cracking of the repair material. This is caused by the low
water/cement ratio and high cement content of the repair materials making them
susceptible to shrinkage. This generates strains within the repair leading to the
premature cracking. This has led in part to the idea that there should be a match between
the mechanical properties of the repair and the substrate concrete in order to produce a
durable repair system. This has been developed into the system concept for designing
and constructing durable repairs by Emmons et al [22, 23]. This suggests a systematic
approach to concrete repair by treating the structure as a whole rather than just the
repair site. Cusson et al [21] recommend the general property requirements of patch

repair materials for compatibility (see table 2.1).
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Table 2.1: General requirements of patch repair for compatibility [21]

Property Relationship of repair material (R) to
concrete substrate (C)

Shrinkage Strain R<C
Creep (Compression) R<C
Creep (Tension) R>C
Thermal Expansion Coefficient =C
Modulus of elasticity =C
Poisson’s ratio =C
Tensile strength R>C
Fatigue Performance = - R>C
Adhesion R>C
Porosity & Resistivity =C
Chemical reactivity R<C

Table 2.1 recommends the matching of properties such as porosity and resistivity to
prevent the creation of these macro-corrosion cells. To match properties however means
dispensing with the corrosion protection potential which a traditional dense high
resistivity repair material was designed to provide. It suggests that repair cannot be
considered as a method of corrosion protection and needs to be used in conjunction with
other techniques such as inhibitors or cathodic protection. The work implies that repair
can initiate macro-cells between the steel embedded in the repair and substrate
materials. The theoretical and experimental work to support this is unclear. Fresh highly

alkaline repair material will make the steel passive, therefore for corrosion to initiate in
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the repair a mechanism for the depassivation of the steel leading to active corrosion is
required. Page et al [24] showed that the oxygen level can fall low enough to destroy the
passive oxide film in water saturated concrete specimens. However, the resistivity of
repair materials can be high, this would hinder the movement of charged ions between
anodic and cathodic and prevent the completion of the electrochemical cell. It is not
clear from the current work if the theoretical electrochemical mismatch between repair
and substrate is possible and there is little experimental work to support it. The work of
Ping Gu et al [20] on the analysis of the electrochemical impedance spectra measured
failed to be conclusive, relating to porosity mismatch and not specifically to repair

material/substrate concrete mismatch.

Other work has been conducted on the performance of repair materials. Wheat et al [25]
determined corrosion rates of repaired reinforced concrete specimens, using
electrochemical impedance spectroscopy to track corrosion. The results were not fully
analysed, but concluded that the quality of concrete and the mixing and placing
procedure had a large effect on the corrosion behaviour of the specimen. Other work by
Lambe et al [26] has investigated the effect of repair on corrosion. This work concluded
that it was important to view the region of repair-and surrounding concrete as one
electrochemical system. However it also suggested that from diffusion measurements
that mortars with low diffusion coefficients for oxygen, chloride and moisture give

better protection to the repair.
Schiessl et al [27] and Raupach [28] examined the effects of the repair on galvanic

currents flowing between repair and substrate. The tests were performed on typical

repair systems in use today. The specimens varied in water/cement ratios and were
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subjected to various types of attack e.g. moisture, chloride and carbonation. The
corrosion rate was found to be only significantly affected by moisture levels but the
presence of carbonated or chloride contaminated concrete at the repair site was found to
establish macrocells leading to a high corrosion risk at sites near the repair. This is
shown by the results obtained by Raupach [28] in figure 2.3. When an area of concrete
subject to corrosion through contamination of chlorides or carbonation is repaired, it
will become passive and a cathode. Areas of the steel adjacent to the repair which still
contain chloride contamination now become anodic and begin to corrode. This is an
example of incipient anode theory, with repair moving the active sites of corrosion
around the structure. This work was confirmed by Hollinshead et al [29] using naturally
exposed repaired specimens . This work found the interface between repair and
substrate to be very vulnerable to carbonation and chloride ingress. This could spread
along the reinforcement if voids were present. This effect was minimised with good
compaction of the repair and in this situation diffusion of chlorides from the substrate

into the repair became more important.
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2.2 CORROSION OF REINFORCEMENT IN CONCRETE

Reinforcement corrosion in concrete has been well researched and the basic

mechanisms of corrosion are well understood. A number of review papers and books

exist to cover this area [31-33] and the basic theory ofcorrosion in concrete is well

accepted. The high pH of concrete produces a passive film on the surface ofthe steel. A

significant corrosion rate is only possible if this passive film is removed. The break

down in the passive film is achieved in two ways:

* The lowering of pH of'the concrete by carbonation to a point when the passive film
is no longer stable (pH 9).

* The ingress of Cl" into the concrete causing breakdown of the passive film.

In addition 3 basic factors are required for corrosion [30]:

1. Electrolyte, such as the pore solution in concrete

2. A metal, the steel reinforcement.

3. An oxidant, in this case oxygen, which can be reduced.

Corrosion of the reinforcement in concrete is a system of electrochemical reactions.

This requires mass transport of chlorides and/or carbonation to cause breakdown of the

passive film to initiate corrosion and the diffusion of oxygen to maintain the corrosion

reaction.

2.2.1 Electrochemistry of Corrosion

Corrosion is an electrochemical redox reaction consisting of separate anodic (oxidation)
and cathodic (reduction) halfreactions. The principle anodic reactions are:
FerFe2t2e

The oxidation of iron to iron2* ions.
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FeSFe’*+3e
The oxidation of iron to irort* ions.
A number of different intermediate anodic (oxidation) reactiors are also possible:
Fe +30H S FeO.0OH + H,0 +2e
Fe** S Fe’t+e
The formation of Fe** and FeO.OH' are the most thermodynamically stable reactions.
The main cathodic reaction is the reduction of oxygen, which in the alkaline
environment of concrete takes the form:
02 +2H,0 +4e 5 40H
An alternative cathodic reaction also exists in the hydrolysjs of water. This involves the
evolution of hydrogen and can generate particular corrosion problems such as, hydrogen
embrittlement and hydrogen induced cracking. |
2H,0 +2e S H, +20H
This is common in acidic solutions, but can occur in highly alkaline environments such
as concrete, when the electrochemical potential is unduly low due. For example, in
poorly operated cathodic protection systems. However in the normal steel concrete
environment the reduction of oxygen is the most thermodynamically stable half
reaction. The complete redox corrosion reaction is the combination of the anodic and
cathodic half reactions, an example of which is the production of iron hyd roxide:

2Fe + 2H,0 + O, 5 2Fe(OH),
Bazant [215] suggests that the following reactions are also anodic reactions.

Fe’* + 20H & Fe(OH),

4Fe(OH); + O, + 2H,0 5 4Fe(OH)3
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The first reaction is not an oxidation half reaction, but an intermediate reaction. The
second reaction is the oxidation of Fe?* to Fe** but is the complete redox reaction not an
anodic half reaction. The author stated [215] that these reactions are anodic reactions
and used this to argue that a supply of oxygen was required at the anodic site. This is

not the case and the cathodic reaction is the site of oxygen consumption.

The value of the electrochemical potential is related to the activity of the .reduced and
oxidised species in the electrolyte and is given by the Nernst equation [36]:

RT n [oxid]
zF  [red]

E=E°+ 2.1

Where F is the standard electrode potential, T is the temperature, z the number of
electrons transferred and R and F are the gas and Faraday’s constant. The possible
reactions involve the reduction of oxygen and oxidation of iron and will produce
hydroxide (OH) and hydrated protons (H"). The Nemnst equation suggests that the cell

potential of these reactions will be dependent on pH.

Pourbaix diagrams [34] are used to show the theoretical stability of different oxidation
products in terms of electrochemical potential and pH. Pourbaix diagrams are used by a
number of authors [31, 37, 38]. to explain corrosion processes. Figure 2.4 shows the
Pourbaix diagram for the iron water system. It indicates that over the normal pH range
expected for concrete, steel is either passive or immune from corrosion. The stability of
the oxidation products in the Pourbaix diagram are based on theoretical calculations for
the solubility of iron in pure water. This would be different in water with a higher
degree of ionic activity, such as, concrete pore solution. A better approximation for the

actual situation can be seen in figure 2.5 when chlorides are present in the water. Here a
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Corrosion can also be described by the use of Evan’s diagrams (figure 2.6) [31, 38, 39]
Corrosion under these situations is described as being under anodic control, mixed

control or cathodic control.

Anodic control is a condition best demonstrated by the dissolution of passive metals in
dilute acid solutions [36]. Here metal ions have to penetrate an oxide film causing a
high anodic polarisation. Increase of corrosion with the diffusion of chlorides and or
carbonation, produces a situation similar to anodic control in concrete [31], as these

agents act to breakdown the passive oxide film on the steel.

Cathodic control (figure 2.6) occurs in water-saturated concrete, where oxygen
availability will control the rate of corrosion. The rate of corrosion is limited by oxygen
diffusion through the concrete, as oxygen reduction is the most likely cathodic reaction

in the corrosion of reinforcement steel in concrete.

Another situation that may occur in concrete corrosion is resistance or ohmic control.
This occurs when the concrete is dry the lack of electrolyte, the low conductivity of the
concrete prevents corrosion from taking place. Where isolated pockets of electrolyte are
available corrosion can occur but is limited. Ohmic control also occurs in corrosion
cells when the corrosion products act to shield the corrosion site, preventing further

corrosion. Corrosion in these situations could be described as under ohmic control.

The mechanism of control will be dependent on the environmental conditions present

on the structure. Dry concrete would be under ohmic control, atmospherically exposed

concrete would be predominantly under anodic control and submerged concrete under
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cathodic control. Mixed control is normally taken to be a combination of anodic,
cathodic and ohmic control [36]. The type of control mechanism affects the corrosion
potential, cathodic control gives a more noble corrosion potential, anodic control gives a
less noble potential and for mixed control the potential varies according to

circumstances.

There are clear similarities between atmospheric corrosion, underground corrosion and
corrosion in concrete [39]. Atmospheric corrosion shows the dependence of corrosion
on moisture thickness on the surface of the steel. In a dry atmosphere, no corrosion can
occur. When the electrolyte is thin (100A - 1um) the corrosion products shield the
anodic site reducing anode efficiency and reducing corrosion rate. However, when the
moisture layer is thicker than lum then availability of oxygen at the cathodic site

controls corrosion. This is an example of mixed control.

Underground corrosion or corrosion in soils is very similar to concrete. Soil has a
capillary porous structure filled with water or air very similar to concrete. It might be
expected that the corrosion problems exhibited in soils will be similar to concrete.
Escalante [40] examined the effect of soil resistivity and soil temperature on the
corrosion of galvanically coupled metals in soils. This work found that in soils that are
well aerated, resistivity has a strong influence on the corrosion rate. In poorly aerated

soils oxygen diffusion controls corrosion.

The main difference between corrosion in soils, the atmosphere and concrete, is the

passivation of the steel by the high alkalinity of the concrete. The time of wetness [38,

39] is strongly recognised to have an effect on corrosion. i.e. dry concrete exhibits a
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high resistivity and therefore low corrosion rate. The highest corrosion occurs in

concrete with pore solution at the steel concrete interface. In saturated concrete the

corrosion rate falls due to restricted oxygen access.

Arup [41] suggested four states of corrosion in concrete.

1.

Passivity, brought about by the high pH and the availability of oxygen. In the
absence of chlorides, the passive potential range is very wide +200mV to —700mV
vs CCS.

Pitting corrosion, brought about by the ingress of chloride ions and the localised
breakdown of passivity. The potential range for pitting is —200 mV to —500 mV vs
CCS.

General corrosion, from the loss of passivity due to carbonation or excessive
amounts of chloride. The typical potential range is —450 mV to —600 mV vs CCS.
However carbonation would increase this range according to the Pourbaix diagram
and depending on the pH.

Active low-potential corrosion. This occurs in environments where the oxygen
content is very low. If the oxygen level falls below the level that the passivation
current density cannot be supported then the passive oxide film will break down and
the steel will become active. However the oxygen level will be so low that the rate
of corrosion it can support will be very low. The equilibrium potential that this will

occur is around —1000 mV vs CSS.
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2.2.2 Passivity of Steel in Concrete

The nature of the passivity provided to the reinforcement by concrete is important in
predicting the initiation of corrosion. A number of papers examine passivity. Kruger
[42] reviews the general state of understanding of passivity of metals. The paper
considers the basic definitions of passive when applied to corrosion science. The
definition of passive given in ASTM (G15-83) is “ passive — the state of metal surface
characterised by low corrosion rates in a potential region that is strongly oxidising for
the metal”. This is a definition of passivity in terms of kinetics. Kruger studied the
thermodynamics of passivity using the Pourbaix diagram for iron and water system, and
the kinetics of film formation using polarisation curves. Kruger also examined the
nature of the passive film using a variety of chemical analysis techniques. This showed
the passive film on iron to be an oxide film, which has a multilayered structure of

mixed oxides principally Fe,O3 and Fe;Oy4.

The breakdown in passivity results in localised corrosion such as pitting, crevice
corrosion and intergranular attack. This causes rapid loss of steel section at very small
“localised sites” as opposed to corrosion of the entire surface by general corrosion. The
rate of loss from genéral corrosion can normally be predicted and allows the calculation
of service lifetimes for repair and maintenance, this is not the case for localised
corrosion. Many theories exist to describe the initiation of localised corrosion, however
certain conditions are required to initiate localised corrosion;

1. A critical potential must be exceeded.

2. Damaging species such as halides (CI°) are required to initiate corrosion.

3. An initiation period exists to the start of breakdown.

4. Breakdown occurs at highly localised sites.
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Three models for initiation are discussed;

1. Adsorbed ion displacement model, where adsorbed CI ions displace the oxygen
forming the passive film. After a CI” ion is adsorbed on the surface it weakens the
bonding of the metal ions in the metal lattice.

2. Ion migration or penetration model. Here the anions move through the passive film
and breakdown is complete when an anion reaches the metal/film interface.

3. Breakdown repair model. Here the adsorption of the damaging anion is said to lower
the interfacial surface tension at the solution film interface, because of mutual
repulsion of absorbed anions. When these forces are great enough it will cause the
film to crack. The exposed metal can now be attacked by anions unless the

conditions exist where rapid repair (repassivation ) of the film can occur.

Leek [37] examines passivity in terms of steel in concrete. The formation of the passive
film is discussed using Pourbaix diagrams similar to Kruger [42]. However, protection
generated from the cement paste is also considered. Concrete provides an interfacial
layer between the steel and the concrete matrix. This layer is an aggregate free zone
disrupted by inclusions of CSH gel. It acts as a barrier to oxygen diffusion and an
alkaline buffer to pH reductions from anodic corrosion reactions. The structure of the
concrete matrix covering the steel is recognised as being important in controlling the
ingress of aggressive agents sich as CO; and CI.. It is also recognised by Page and
Treadaway [30], that the concrete provides a physical barrier to corrosion and
increasing the concrete quality or cover increases the time to initiation of corrosion.
This means that the initiation of corrosion by carbonation or chloride ions is a function
of the concrete cover as well as the nature of the passive film that protects the steel. In

addition the concrete also controls the diffusion of oxygen to the steel and therefore in
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situations where the corrosion is under cathodic control, concrete quality will control

the rate of corrosion.

Martin and Olek [43] also studied the nature of passivity of the reinforcing steel in
concrete. This was an experimental study and used electrochemical techniques to
examine the effect of chloride ions and corrosion inhibitors on passivity and corrosion
rate. This showed that mild steel is able to retain passivity in the presence of significant
concentrations of chlorides provided the pH is high. Corrosion inhibitors appear to
reduce corrosion rate but can compromise the passive oxide film due to a drop in pH in

the pore solution.

2.2.3 Carbonation

In carbonation, carbon dioxide from the atmosphere dissolves in the pore solution of the
concrete to produce carbonic acid [37, 30].
H,0 + CO,; 5 H,COs

This will destroy the alkalinity of the concrete from the acid base reaction between the
carbonic acid and calcium hydroxide, which will produce calcium carbonate. When the
pH has fallen to around pH 9 then the passive film on the steel will break down and
general corrosion may start in the presence of moisture and oxygen. If carbonation
occurs in conjunction with chloride ions then the passive film may breakdown at a

higher pH than would be expected in the absence of chloride ions.

The concrete quality and cover acts as a barrier to the movement of the carbonation
front. A parabolic relationship exists between depth of penetration (x) and time (t) that

can be represented by the relationship.
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1

x=ke? 2.2
Here k is a constant dependent on the material properties of the concrete. This is
controlled by the tortuosity of the pore structure. The longer the diffusion path for the
CO; the longer it takes the carbonation front to reach the steel. Once the carbonation

front reaches the steel the passive film breaks down.

Parrot [16] found that carbonation was also strongly dependent on cement type. The
carbonation front was found to correlate with the air permeability of the concrete.
Gonzalez et al [44] studied carbonation with electrochemical techniques such as linear
polarisation resistance. They found that carbonation on its own does not create
appreciable levels of corrosion. In addition a relative humidity of above 50% is
required. This fits the generally accepted requirement for corrosion that an electrolyte is
required. This suggests that the relative humidity may need to drop below 50% to stop
corrosion. The presence of chlorides within the carbonated mortar also was found to
increase corrosion. The use of corrosion inhibitors was found to reduce corrosion. Houst
et al [45] examined the diffusion of CO; in concrete. Diffusion was found to strongly
depend on porosity. The diffusion of CO, was found to be lower than O,. To model the
diffusion of CO, it was necessary to use two levels of porosity. In fine capillary pores,
diffusion was strongly influenced by water content. In the second level of coarser pores,
water content was found not to have such a strong influence. This was said to explain
the formation of non-carbonated islets in an otherwise carbonated matrix. Diffusion was
found to be based on Knudsen diffusion with pores separated into three domains of
cylindrical pores, corresponding to different hydraulic radii where different transport

mechanisms take place.
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There is little work relating carbonation to repair materials and repair systems. However
the work of Parrot [16] linking carbonation to different cement types and Houst et al
[45] linking carbonation to porosity are relevant to the study of repair materials. The
research suggests that by controlling porosity particularly by using different cement

types it is possible to produce a cementitious material with lower rates of carbonation.

2.2.4 Chloride Induced Corrosion
Page and Treadaway [30] reviewed the loss of protection by chloride ions as did Leek
[37], This work indicates that there is a threshold level of chloride above which
corrosion will be initiated. There does not appear to be one level for all types of
concrete and environment. The value of the chloride threshold has been the subject of
considerable research [17, 46] The following threshold values have been recommended
by the Building Research Establishment Digests 444 [47], which gives the degree of
risk associated with a chloride content;

Low - up to 0.4% by weight of cement or 0.05% by weight of concrete.

Medium - from 0.4% to 1% by weight of cement or 0.05% to 0.15% by weight

of concrete.

High - above 1% by weight of cement or 0.15% by weight of concrete.
This is for chlorides added to the concrete during the mix, for chlorides diffusing into
the concrete risk is much greater and significant corrosion has been found to occur at

levels as low as 0.05 % by weight of concrete.

These values for chloride threshold are not universal and different authors have different

threshold values [17, 46]. It was recognised by Leek [37] that pH was related to the
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threshold chloride content required to initiate corrosion. Martin and Olek [43] showed
that mild steel is able to retain passivity in the presence of significant concentrations of
chlorides provided the pH is high. Many authors have attempted to identify a chloride
threshold. Wheat et al [11, 48] concluded that it was not a unique value but a function of
pH , oxygen content and surface condition. Page et al [49] and Mangat et al [50] studied
the effect of pH on the chloride threshold level. Page et al [49] found that the method of
applying external chlorides produced different effects in the pore solution chemistry
with alternative wetting and drying having the greatest effect on chloride concentration.
The chloride threshold concentration was expressed as the CI/OH' ratio and a critical

ratio of 3 was found.

Concretes with different compositions have been found to exhibit different CI7OH
ratios. Mangat et al [51] stated that for the generally accepted chloride threshold values
of 0.15 to 0.4% suggested a CI/OH of 0.61. However experimental work suggested
much higher values were applicable with values reaching 11 being recorded.

Depassivation of rebars was found to occur quicker in cements for higher w/c ratios.

Kayyali and Haque [52] examined the threshold value in terms of CI/OH ratio. A
variety of different concrete mixes including the use of fly ash and super-plasiticisers
were used in the experimental study. The study investigated chlorides added with the
mix and from external diffusion through the concrete. The pH, chloride content and
evaporable water content were measured for each mix and pore fluid was also extracted
to measure the pH and chloride content in the pore solution. It was concluded that the

critical threshold CI/OH ratio varied for different concrete mixes.
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Yonezawa et al [53] used a pore solution expression technique to examine the CI7OH
threshold level. As with other authors they found a much higher threshold ratio than
those expressed by Gouda or Hausman [53, 68]. The passivity of the steel was
maintained at higher C17OH" ratios for steel in mortar than in experiments that used
artificial pore solutions. The mortar was said to provide a higher level of protection than
pore solutions alone. The dissolution of calcium hydroxide crystals at the steel cement
interface act to restrain any pH drop at the steel and act as a protective mechanism. The
threshold level was not to be a simple parameter of pore solution but depends on the

steel —mortar interface conditions.

Chlorides are introduced into the concrete as part of the original mix materials, either as
contaminants or additives. These react with the calcium aluminate minerals in the
cement and form solid compounds that are effectively immobile. Hydration slows with
time, but in a good quality concrete hydration can occur for many years. This means
that concrete has a capacity to absorb chlorides when cast into the concrete and can still
be combined, but at a slower rate until hydration is complete. Not all chlorides will be
combined whether cast or diffused into concrete and the remainder will remain as free
chlorides. Different concrete mixes have different abilities to bind chlorides accounting
for the differing threshold levels of CI/OH' ratios for different concrete’s. There are two
different types of chlorides present in concrete:

e Bound Chlorides

e Free Chlorides.

Free chlorides, as the name implies, remain in solution and are free to move, usually

within the cover zone, by ionic diffusion through the pore solution. Free chlorides
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increase the electrical conductivity of the pore water and as a result of their
electrochemical properties, increase the rate of dissolution of the metallic ion, so

forming corrosion products.

The ability of concrete to bind chlorides is controlled by the tri-calcium aluminate,

(C3A) content of the cement. Low C3A cements have a lower threshold at which

corrosion can start. The binding capacity of fresh concrete is at its maximum but the
shear amount of chloride added at mixing can be so large that significant levels of free
chlorides remain. It is unlikely that an absolute threshold chloride level could be found,
one reason is that concrete has a finite chloride binding capacity and this will effect the

free chloride level in the pore solution.

The chemical binding capacity of concrete has attracted research interest as it would
appear to offer a method of producing a concrete more tolerant to chloride induced
corrosion. Tang et al [54] examined the binding capacity of OPC pastes and mortars.
The chloride binding capacity was found to be strongly dependent on the CSH gel
content in the concrete and independent of the w/c ratio and aggregate content. The
relationship between bound and free chlorides could be described by binding isotherms,
which obey Freundlich equation at high chloride concentrations and Langmuir equation
at low concentrations. Some of the bound chlorides are bound irreversibly, while others
can unbind as free chloride concentration decreases. Mangat et al [55] found binding
capacity to increase with w/c ratio in contrast to Tang et al [54]. Silica fume was found
to result in greatly reduced chloride binding capacity, due to the lower alkalinity of the
resulting mortar increasing the solubility of C;A in the pore solution. The chloride level

was found to correspond with corrosion rates. Suryavanshi et al [56] found that

35



chlorides bind by increasing an equivalent amount of hydroxide ions in the pore
solution. Two mechanisms of chloride binding due to Friedel salt formation, by
adsorption and ion exchange, were identified based on the Afm (aluminate ferrite mono)

structure.

There is little research into the effect of the disparities in chloride thresholds and
binding capacities on the corrosion of steel embedded in these materials. Many
commercially used repair systems have different binding capacities and chloride
thresholds when compared to the substrate concrete to which they are applied. It is
possible that differences chloride levels, and therefore corrosion macro-cells, could

develop between repair and substrate sites.

2.2.5 Chloride Induced Macro-cell Corrosion

There has also been a significant level of research nto the corrosion mechanisms that
occur after initiation. The work has used a variety of techniques to study corrosion. The
theoretical conditions for corrosion can be predicted using the Pourbaix diagram
(figures 2.4 and 2.5 modified for the presence of chlorides). These do not fully represent
the actual conditions in a structure, but show that the steel may exist in one of three
different states: passivity, localised breakdown of passivity (characterised by pitting
corrosion) and active corrosion. The mechanisms that will occur are dependent on the

environment within the concrete.

Once the chloride level has exceeded the threshold level localised corrosion can begin

and this will continue unless environmental factors, such as a limited supply of oxygen
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intervene to limit corrosion. Hawkins et al [57] examined environmental effects on

corrosion rates and found corrosion rate increased with chloride concentration. However
increases in humidity and surface moisture levels and temperature also increased
corrosion. Mangat et al [58] found that corrosion rates were higher in different concrete
mixes and this appeared to relate to chloride content. However chlorides are not directly
consumed in the corrosion reaction. Logic would suggest that once the steel had
depassivated then chloride would not continue to increase the rate of corrosion.
Gonzalez et al [44] found that a 2% addition of CaCl, to carbonated concrete increased
the corrosion rate by up to 10 times. According to Arup [41], pitting corrosion is most
likely to develop in concrete with a moderate chloride content, with higher levels of
chloride general corrosion is the most likely. In carbonated concrete, however, chlorides
may play another role besides causing the depassivation of the steel, in depolarising the

anodic steel to a more active corrosion potential.

Corrosion damage of steel can be controlled by concrete quality even in the presence of
chlorides [59]. Wheat et al [48,11] found that because of the variation in permeability in
concrete it could not be assumed that a specimen exposed to a salt solution would have
a more negative corrosion potential. Rather than exposure to chloride the corrosion
potential was a better indicator of the corrosion state of the steel. Corrosion is, therefore,
dependent on other factors besides chloride content such as oxygen levels and moisture

content.
In a concrete structure the levels of chloride at the steel will vary from location to

location, particularly with different cover depths. The differing chloride concentrations

will produce differing anodic polarisation curves for the steel (figure 2.7)[60].
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Figure 2.7 Schematic Anodic Polarisation Curves for Chloride

Contaminated Concrete

If for example a piece of steel embedded in concrete has three different chloride
concentrations along its length, it will also have three different critical pitting potentials.
In figure 2.7 Ep; represents a situation with no chloride, Ep, and Eps representing
increased chloride concentrations. A higher chloride concentration has a lower critical
pitting potential. The steel at Ep; with the higher chloride concentration would pit at a
lower potential than the other chloride concentrations. The steel at Ep; would pit in
preference to the other sites. As all the sites are electrically continuous the concrete at
sites Ep; and Ep, would be cathodic to site Ep; even if these sites were above the
threshold potential. If site Eps was repaired and the polarisation curve returned to a
situation without chloride like Ep;, then Ep, with the next lowest pitting potential would
begin to corrode. The corrosion would be moved from site Eps to Ep,, the moving of

corrosion from one site to another on a structure is known as incipient anode effect.
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Unless the concrete is completely dry corrosion activity can be related to differences in
potential. Any areas of the concrete where the chloride is above the threshold level will
become active and tend to have a more negative potential when compared to passive
areas. If the steel is continuous between the two sites, the difference in potentials could
create corrosion macro-cells. The sites with the lower potentials will be the anode areas
while the higher potential site will be cathodic. A current will flow from the anodic site
to the cathodic site. In dry concrete the size of the cathodic site is often limited by the
high resistivity of the concrete reducing the size of the macrocell current. In fully
immersed (in water) concrete the resistivity is lower and the cathode to anode size ratio
is much larger. This means that even when the oxygen levels are low, as in submerged
structures, the cathodic area can bé large and carry a very high current to a small anode
[61]. Repair of a site damaged by macro-cell corrosion will move the anodic site to the

next highest chloride concentration, so moving corrosion around a structure.

One particular example of macrocell corrosion is in cracked concrete. In sound concrete
a good quality of concrete cover will prevent the depassivation of the reinforcement.
This is not the case in cracked concrete, where carbonation and chlorides can penetrate
much more readily. Capillary suction in the crack plays an important role and the
distance from steel to crack tip is shorter than the level of cover. This enables
differentials of chloride concentration to occur readily around a crack tip and large
macrocells can develop [28]. This has been widely recognised and studied [28, 62, 63,

64, 65].
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Suzuki et al [65] and Ohno et al [66] measured potential, linear polarisation resistance
and macrocell currents of cracked specimens. The test consisted of single cracked or
multi-cracked specimens made from concrete mixes of different w/c ratios. Changing
the steel stress could also alter crack widths. Corrosion was found to initiate readily at
the major crack in the specimens, samples with wider cracks were found to depassivate
quicker. The minor cracks also depassivated but the steel at the widest crack started to
corrode much earlier. The most important factor influencing the degree of corrosion is
the w/c ratio. Macro-cell corrosion increased as the w/c ratio increased. However while
these results show that corrosion initiates at cracks, it is not clear that this was caused by

macrocell corrosion.

Raupach [28, 62] used a segmented steel bar with zero resistance ammeters to measure-
the macro-cell current flowing between the segments. This showed that the steel at the
crack acted as the anode and steel behind the crack acted as the cathode and a current
flowed between them. Steel up to several decimetres from the cracks was found to act as
the cathode. Higher w/c ratio also appeared to increase the macrocell corrosion
validating the work of Suzuki et al [222] and Ohno et al [224]. Shorter crack distances
were found to limit the corrosion mte as it limited the cathode size. However using

small bars to reduce crack widths resulted in higher percentage losses of cross-section
nullifying the effect of the shorter crack distance. The conclusion was that adequate

concrete cover and quality was the only protection from corrosion. Berke et al [63, 64]
also looked at corrosion of cracked concrete and found that Ca(NO,), inhibitor
significantly improved corrosion resistance of embedded steel when cracks were
present. Other work on inhibitors in chloride contaminated concrete has been carried by

Ping Gu et al [67] and Gouda et al [68] .
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Macro-cell corrosion has been studied outside of cracked concrete. Noggerath et al [69]
produced an experimental and mathematical model of macro-cell corrosion. Schiessl et
al [70] designed a concrete corrosion cell to experimentally examine parameters that
influence macro-cell corrosion. Gulikers et al [71,72] also designed a galvanic corrosion
probe and completed numerical analysis of galvanic interaction in reinforcement
corrosion. In this case modelling is used to study the macro-cells that arise from
differences in oxygen supply, chlorides or carbonation. The galvanic current Jgal, in the

macro-cell was modelled using the following equation;

—— E:O"I' _E:Jrr 2 3
gal T pa c .
R;+R, +R

E? . =anodic potential

corr

E¢,. =cathodic potential

corr
R, =anodic polarisation resistance
R} =cathodic polarisation resistance

R, = concrete resistance

The size of the galvanic current is dependent on the cell geometry and the area of the
anodic and cathodic sites. Raupach [28] included correction factors for area (A, —
anodic area, A — cathodic area) and cell geometry (k);
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The measurement of the area involved in the anodic and cathodic processes is not
practical. It is, therefore, not possible to measure corrosion rates by this method. Arya et
al [73] studied the effect of the anode to cathode ratio using a segmented bar to measure
the current flowing between anode and cathode. The maximum anodic current was

found to occur at relatively low anode to cathode ratios. This was not related to different
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environments. For example, changes in concrete moisture content would have altered
the anode to cathode ratios obtained. Even though a limited size effect was found for
cathode to anode ratio, it was found that even when the distance between anode to

cathode was over a metre a significant current still flowed.

These effects are important in repair situations where it has been shown that the
incipient anode effect moves corrosion around a structure. There is little work that
examines the effect of the mismatch in properties between repair and substrate concrete

on corrosion

2.2.6 Differential Aeration Corrosion

Differential aeration is macro-cell corrosion caused by differences in oxygen
concentration. Its importance has long been recognised in corrosion science by Evans
and Pourbaix [34] and it is an important corrosion mechanism in soils [40, 74]. The
differential aeration process is similar to that from chloride induced macro-cells. From
the Nernst equation (equation 2.1) an area of the steel with a higher oxygen
concentration will have a higher (more +ve) potential than an area with a lower oxygen
concentration. If these two areas were electrically continuous a galvanic cell would be
created. The area with the highest oxygen concentration would be cathodic and the area

with the lowest oxygen concentration would be anodic.

This is the oppos‘ite of what might be logically expected with the level of oxygen
consumption controlling the rate of corrosion. This would suggest an area with low
oxygen concentration would have a lower corrosion rate than an area with a higher
oxygen concentration. This is the situation in soils if the steel in the two areas is isolated

from each other [74]. Steel in soil with a low oxygen concentration would have a lower
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corrosion rate. However when the two areas are connected the situation is reversed and

the corrosion rate in the low oxygen concentration area is higher.

Escalante [40] found that in well aerated soils, resistivity has a strong influence on the
galvanic corrosion current. In poorly aerated soils the oxygen diffusion was found to
control the magnitude of the galvanic current. In addition at a depth of Im, the
resistivity of the soil was found to be independent of seasonal moisture and temperature
changes. The situation in concrete would be expected to be similar with the resistivity
controlling the development of the size of the galvanic cell. However Pourbaix [34]
states that differential aeration operates in different manner depending on pH of the
solution:
e pH<7: abnormal opération with a small current flow between the anode and
cathode and a small change in corrosion rate.
e pH 7 to 10 : normal operation — passivation of the cathode and a large current
and corrosion rate at the anode.
e pH 10 to 13: abnormal operation with passivation of the anode and cathode
without current flow.
e pH above 13 normal operation similar to at pH 7 to 10 but less vigorous.
The normal pH of concrete falls in the range 12.5 to 13.5 (i.e steel is passive) this would
put it in the border between abnormal behaviour and normal behaviour for differential

aeration.

Differential aeration has not been widely investigated in concrete. Chloride ingress or
carbonation is normally assumed to control corrosion. Some work has been carried out

into the influence of oxygen on corrosion in einforced concrete. Raupach [75, 76]
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carried out work similar to that in chloride induced macro-cell corrosion [28]. The role

of oxygen was found to be dependent on environment conditions and it was defined for

four cases in which different parameters dominate corrosion rate.

1. Constantly dry concrete, no corrosion due to lack of electrolyte and therefore,
oxygen concentration is irrelevant. |

2. Short term wetting, here oxygen access is not impeded and corrosion rate is
controlled by resistivity.

3. Wetting, the water content restricts oxygen access to the steel which causes
corrosion rate and potential to drop when the wetting ends and the corrosion rate
and potential rise back to the oﬁgiﬂal level.

4. Constantly water saturated, once any residual oxygen is consumed the corrosion rate
and potential falls to a diffusion-limited rate of corrosion.

Gonzalez et al [77, 78] have proposed mechanisms on the role of oxygen diffusion on

corrosion in concrete. As with Raupach the degree of pore saturation was found to have

an effect on corrosion and in fully saturated concrete oxygen diffusion was found to
control corrosion rate. Gonzalez et al [78, 155] also proposed a mechanism for
corrosion involving the establishment of crevice corrosion conditions in concrete at
interfaces between coarse aggregate and the steel. A crevice forms behind the coarse
aggregate and as the residual oxygen is consumed a differential aeration cell is set up
between the area of steel at the crevice and the steel in the rest of the concrete. This
initiates corrosion in the crevice and leads to the localised acidification of the solution
in the crevice. Eventually the situation will be reached when the potential and pH will
allow an alternative cathodic reaction of hydrolysis and hydrogen evolution. Once this
situation is reached corrosion in the crevice will be autocatalytic and independent of

oxygen diffusion.
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This is the classic crevice corrosion mechanism, however it relies on the ability to
establish a differential aeration cell to initiate crevice corrosion. Pourbaix [34] suggests
this will not happen unless the pH > 13 or chlorides are present to depassivate the steel.
If chlorides were present they would have to be greater than the threshold concentration
at the aggregate rather than in the concrete mortar. This would probably require chloride
contamination of the aggregate. In addition the localised fall in pH assumes that the
calcium hydroxide at the steel interface will not buffer the pH at a higher value. There
may be situations where this does occur, but the mechanism has not been generally

accepted in literature.

Ping Gu [19] connected the reinforcement of samples made using different w/c ratio
concretes. One sample has a high porosity (easy oxygen access), the other low porosity
(poor oxygen access). The specimens are immersed in 10% NaCl solution or with 3%
NaCl cast into the samples. The low porosity side of the cell with low oxygen
concentration was found to have a higher corrosion rate than the high porosity side. This
is said to indicate the establishment of a differential aeration cell. However, the
experimental results are obtained using impedance spectroscopy and general changes in
impedance and phase angle are taken to indicate an increase in corrosion activity. No
Nyquist plots are presented in the data and the analysis of the results is not clear. This
work is used as a justification for a differential aeration corrosion mechanism (figure

2.8) used in subsequent work [20, 22].
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Figure 2.8. Differential Aeration Mechanism (27)

Suzuki et al [80] conducted similar work but with embedded stainless steel plates and
mild steel reinforcing bars. The samples were in a 3.1% NaCl solution at 65°C. The
stainless steel is nobler than ordinary steel. When the two are connected the mild steel
becomes the anode and corrodes at an enhanced rate. However, the stainless steel
embedded in the concrete when connected to a mild steel bar in solution shows a
reversal and the steel becomes the cathode and the stainless steel the anode. This was
found to be irrespective of chloride concentration. This would suggest the establishment
of differential aeration, but the mild steel cathode was not embedded in concrete and at
the temperature of 65°C used, oxygen concentration would be very low. This is not a
normal application as it does not show if differential aeration conditions can be

established in concrete.
The work on the role of oxygen diffusion on corrosion in reinforced concrete is not

conclusive. The work into differential aeration does not provide any widely accepted

mechanisms. However it has been used to justify corrosion models by some authors.
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2.3 MASS TRANSPORT IN CONCRETE

The proposed mechanisms of corrosion indicate that the following factors are important

in initiating corrosion and controlling the rate of corrosion:

e Moisture content in the pores, i.e. the presence of an electrolyte which controls the
resistivity of the concrete

e Chloride ingress or carbonation, which control depassivation of the reinforcing steel
in concrete.

e Oxygen level in the concrete, which controls the rate of the cathodic reaction.

Mass transport studies in concrete are normally concerned with diffusion of chlorides,

oxygen and moisture. The diffusion properties of concrete are controlled by its

microstructure and in particular the pore structure. Modification of the pore structure is

an important factor in the durability of concrete repairs and needs to be considered in

corrosion studies.

2.3.1 Porosity

Porosity is a volume property and it represents the total pore content of the material [81,
82]. These pores will vary considerably in size and this has a large impact on the
mechanical properties of the concrete. Permeability is a measure of the continuity of the
pores and the resistance they offer to the passage of a fluid or gas. It is an important

indicator of mass transport properties.

Pores are formed during hydration of concrete, the initial porosity being determined by
the volume of mixing water, entrained air and accidental voids from incomplete
compaction of the concrete. As the cement hydrates new material, composed of mainly

calcium silicate hydrate (CSH) gel, will partially occupy the water filled space between
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cement grains. Thus the changes in the porosity of the material can be classified as
follows:

1. Porosity of the original aggregates

2. Voids filled with water and air after partial hydration of the cement.

3. Voids filled with water and air after consolidation and final set.
The porosity of cement for most practical purposes depends on the water/cement (w/c)
ratio and the degree of hydration. The w/c ratio will determine the original porosity and
the degree of hydration how much the original pores are filled with new solid products.
Two classes of pores can be identified, capillary and gel pores. Gel pores form
approximately 28% of the total gel volume and range in size form 1 tol0 nm [83].
Capillary pores range in size from 10 nm to 10 wm. The gel pores are only an order of
maghiéude greater than the size of water molecules. Capillary pores, particularly the

larger pores, generally have the largest influence the porosity of the cement paste.

Porosity is typically measured by liquid displacement techniques. A sample is vacuum
saturated in liquid and weighed in the saturated surface dry condition (Ws). The buoyed
weight (Wy) of the sample is measured by suspending it in a liquid. The liquid is then
removed by drying in an oven at 110°C until a constant weight (Wg) is reached. The

percentage porosity can then be calculated using:

W, -Ww.
%Porosity = —-ﬁx 100 2.5
s~ b

The porosity measured from displacement of water is higher than that measured using
displacement of other liquids such methanol or isopropanol, as water can be absorbed
by the cement paste. An alternative method of measuring porosity is mercury intrusion

porosimetry [84]. This technique can measure pore sizes ranging from 200pum to 2nm.
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Other techniques to measure pore sizes involve image analysis of samples typically by

scanning electron microscopy [83].

It has been shown that supplementary cementitious or pozzolanic materials such as fly
ash or blast furnace slag, hydrate later than ordinary Portland cement [85]. This refines
the pore structure of concrete and leads to blockages of capillary pores without reducing
the percentage porosity measured. This implies that there is no definitive link between

permeability and porosity (figure 2.9) [81, 82].

High porosity, low permeability Low porosity, high permeability
Figure 2.9 Illustration of permeability and porosity [13, 8]

Garboczi et al [86, 87, 88] have conducted work on modelling the microstructure and
transport mechanisms of concrete. The methodology uses the ideas of percolation
theory to model the microstructure and physical properties at various scales in the
concrete. However the model has not been widely adopted and will not be considered

further in this project.
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2.3.2 Permeability
Permeability is a measure of the resistance to the flow of water or gasses. As corrosion
rates are generally controlled by diffusion rates into concrete, it is assumed the more
impermeable the concrete the lower the corrosion rates. A review of techniques and
theory of permeability can be found in Concrete Society Technical Report 31 [82].
Permeability is strictly related to the flow that occurs under an applied pressure.
However it is frequently used to describe other transport mechanisms such as
absorption, adsorption and diffusion.
e Adsorption is the process by which molecules adhere to the surface of the
concrete by either Van der Waals forces or chemical bonds.
e Absorption is the process by which the concrete takes in fluid to fill spaces
within the concrete.
¢ Diffusion is the process by which a liquid or gas moves under a concentration
gradient and is defined by a diffusion coefficient.
The permeability of a concrete can result from a combination of absorption, flow and
diffusion. The measurement techniques employed would be dependent on the moisture

content in the sample.

Diffusion studies use Fick’s Laws to calculate diffusion coefficients for various
concrete mixes. In gas diffusion tests the diffusion coefficient of a gas such as carbon
dioxide or oxygen is measured for a concrete sample [89]. Ionic diffusion tests monitor
the diffusion of ions such as chlorides from one side of a sample to the other and are

analysed using Fick’s Law. Water vapour diffusion is a measurement of the weight of
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water diffusing into a sample, the concentration gradient being achieved by maintaining

the sample at varying relative humidities [90, 91]

Absorption measurements have been characterised and standardised in BS1881:122
[102, 82, 103] and relate to water uptake in concrete. The tests normally involve the
intake of fluid into the sample by capillary suction as a result of the surface tension
forces. Water absorption capacity tests are carried out to obtain information on the water
holding capacity of concrete. The capillary rise has been found to show a linear
relationship with ‘the square root of time and the proportionality constant of this

relationship is termed sorbtivity [89].

Absorbtivity tests determine either the quantity of water absorbed in a specific direction
or the time needed for the absorption of a specific quantity of water. It is not essential
that the water is absorbed from one surface as in the sorbtivity tests. The most common
absorption test used is the ISAT test [89, 94, 95]. It has shown potential as a

measurement of the durability of concrete mixes [94].

Diffusion, absorption and permeability are functions of the pore structure, the
constituent materials of the concrete and the environment of exposure. Investigations in
the laboratory can be undertaken under controlled moisture conditions but this is not
easily achieved on site. There are a number of different methods of measuring
permeability, both on site [89, 96, 97] and in the laboratory [81, 82, 98, 99, 100, 101],
but comparing the results from different methods can be difficult. Permeability from

saturated flow tests will be considered in this study. This test involves subjecting a
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saturated specimen to a pressure head. The measurement of the flow through the sample

allows the calculation of the permeability coefficient K from Darcy's Law:

et
2.6
dq _

E—the rate of flow of water (m?/s)

A = cross sectional area (nt’)
L = sample thickness (m)
Ah = pressure head (m)
K = Darcy coefficient of permeability (m/s)
The saturated flow technique also allows the intrinsic permeability coefficient (k) to be

calculated from the Darcy coefficient by;

=t 2.7
pg

p= density of the permeant
U= viscosity of the permeant
g= acceleration due to gravity

For tests carried out using water at 23°C, this simplifies to:

k=9.75x10°K.

The intrinsic permeability coefficient enables the estimation of the pore radius as

follows:

j =g 2.8
8n
= pore radius
p= density
V= porosity
g= acceleration due to gravity
1 = viscosity

The main advantage of adopting the saturated flow test to measure permeability is that

only one transport mechanism is involved due to the flow of water through pores. A
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further advantage is that the saturation mechanism does not cause any damage to the

existing microstructure of the sample [81].

With the progression of the permeability test the flow is found to decrease [81, 101].
This is due to the self-sealing property of concrete under hydrostatic pressure that can
interfere with the measurement of the permeability of concrete as it may take several
days to reach a steady flow rate. The cause of the self-sealing phenomenon is not clear.
The most quoted cause is from physical clogging of pores by loose debris in the sample.
According to Hearn et al [101] self-sealing is permanent and irreversible and it is
unlikely that physical blocking plays a significant role. Dissolved and re-crystallised
material especially silicate hydrates are likely causes as water has been found to interact
with the cement matrix under test. This supported by the observation that when samples

were tested using propan-2-ol instead of water self- 'seéling did not occur [101].

Experimental techniques that can be used to define the operating parameters for
permeability tests are described in the literature [82, 102]. Concrete Society Technical
Report No. 31, Permeability testing of site concrete [82] provides recommendations on
good practice for the measurement of permeability by flow. These guidelines have been
adopted from the work of Jeffries at King’s College London and provide a basis for

defining the test parameters.

1. Capillary forces in the material would control the initial flow of water and act
until water has passed through the full length of the specimen. Until this happens
Darcy's Law does not govemn the flow. This means that true permeability can

only be measured on saturated specimens.
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2. Any leaks in the system can have a large impact on the accuracy of flow rates
being measured. Both the inflow and outflow should be monitored to allow
compensation to be made for leaks.

3. Water free voids in the sample will disrupt the movement of water through the
specimen. Applying a backpressure of 2 bar will dissolve any entrapped air in
the specimen or apparatus.

4., Temperature of the apparatus must be kept constant, changes may cause
fluctuations in low flow rate measurements.

5. Water flow rate can be expected to vary in a non-Darcian fashion with applied
pressure. At low pressure gradients chemical interactions may result in the
generation of osmotic pressures between the concrete and the pore water. High
pressures can result in the compression of the pore structure resulting in a lower
calculated permeability and may damage the specimen. Test pressure should be
chosen as near as possible to the practical situation and quoted along with the
calculations. A constant test pressure should also be used during the test as
changes in pressure could result in movement of the specimen.

6. Leaching of calcium hydroxide etc, from high and medium permeability
concretes may affect the permeability of the material. It may be advisable to use
calcium hydroxide solution as the permeating fluid. However the effectiveness
of this remains unclear from literature and there seems only a small chance of

significant leaching from the low permeability materials.
Materials with very low permeabilities can take many days to achie ve steady state flow.

This makes determining permeability by saturated flow a lengthy procedure. It is also

possible to measure permeability by depth of penetration. Khatri et al [102] found
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relatively good agreement between penetration measurements and flow measurements
of penetration. However according to previous work [101, 102] penetration tests would
involve diffusion, absorption, capillary and flow mechanisms and therefore show poor

agreement with the saturated flow technique test results .

The measurement of intrinsic permeability allows a comparison of permeability of
liquids and gases [103]. Permeability from a gas is normally defined by the equation:

Ox2P,

== 2.9
AR -F)

k = intrinsic permeability

A = area of flow

x = depth of penetration

Q = volume flow rate

P; =upstream pressure

P, = downstream pressure
Bamforth [103] found significant differences in intrinsic permeability between those
determined using a gas and those from a liquid. The differences were considered and a
conversion factor proposed based on the gas slippage theory. Gas permeability has been

studied by Dinku et al [98], while Hearn et al [99] proposed a permeability cell that

could be used for liquids and gases.

2.3.3 Chloride Diffusion

The time taken for the threshold at which a critical CI'/OH' ratio is reached and chloride
induced corrosion occurs, 1s largely dependent on the diffusion of chloride ions through
the concrete. The diffusion coefficient for chloride is related to concrete quality and
controlled by properties such as porosity and permeability. The diffusion properties of

chlorides into concrete have been well researched [17].
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The movement of ions in a solution can be described by three properties of the ion in
solution, migration, convection and diffusion. Migration is movement under the
influence of a potential gradient, convection is movement under the influence of a
temperature gradient or mechanical mixing and diffusion is movement under the
influence of a concentration gradient. Diffusion is [17 36] expressed in terms of Fick’s

First Law:

J==-D— 2.10
ox

Where J is the flux of species, dc/dx is the concentration gradient and D is the diffusion
coefficient. The diffusion coefficient is the value calculated by most authors when
studying chloride diffusion in concrete. This has been used as a material property for
comparing different concrete mixes. Fick’s First Law has been used to obtain diffusion |

coefficients for concrete [104 - 107].

The diffusion coefficient (D) normally varies between 10> and 10cm?/s in aqueous
solutions. The diffusion coefficients found for concrete are several orders of magnitude
lower. Page et al [106] found chloride diffusion coefficients increased with the
water/cement ratio. The diffusion coefficients found, were in the order of 10 cm?/s.
Dhir et al [105] also used a similar technique to study chloride diffusion. The coefficient
of diffusion for chloride was found to be in the order of 10 cm’/s, and to vary with the
introduction of pfa and different curing techniques. Atkinson et al [102] found the
diffusion coefficients to be in the range 10” to 10"® cm*/s depending on w/c ratio with

lower w/c having lower D values.

Short term experiments are used generate chloride diffusion data [104] for different

concrete mixes. A potential or concentration gradients can be used to accelerate
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diffusion tests to produce measurable data over short time periods [105,110]. These
tests are largely used to rank the differences between concretes, rather than to accurately

predict long-term performance.

Diffusion under the application of an applied electric field is known as migration
[108,109]. The Nernst-Einstein relationship is used to calculate diffusion coefficients

from chloride profiles and resistivity measurements.

1 = Z?F*D,

i 2.11
RT

A; =ion conductivi ty

z, =valency of ion

F =Faradays Constant

R =1Ideal Gas Constant

T = Temperature

D, = Diffusion Coefficient

Alternatively the diffusion coefficient can be calculated from measuring the diffusion

limited current I [105 - 107] given by:

I= nFAD(E) 2.12
dx

n = number of ions

F =Faradays Constant

A = Area of Electrode

dc/ox = Concentration Gradient
D =Diffusion Coeffiecient

A test method based on the migration principle has been standardised in the AASHTO
T227 test (American Association of State Highway and Transportation Officials) and
described by Andrade et al [104]. This method relies on measuring the amount of
charge passing through a 100 mm by 50 mm disc in a six hour period under an applied

potential of 60V. The test is a qualitative test for ranking purposes.
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The corresponding “natural diffusion measurements” test, using a concentration
gradient, is a 90 day ponding test covered in AASHTO standard T259. Andrade et al
[104] compared both test methods and found that natural diffusion and migration were
controlled by the same basic principles and regulated by the diffusivity or mobility of
the ions. This meant that similar chloride profiles were achieved comparing the
AASHTO T227 and T259 tests. However the 90 day ponding test in AASHTO T259
produced higher apparent diffusion coefficients, this was attributed to the short term
nature of the tests. This indicated that while both tests were useful in quantifying
differences between materials, the tests would need optimising to be able to predict the

long-term performance of concrete structures.

An alternative approach for finding the diffusion coefficient is from the application of

Fick’s Second Law;

oc _ Dazc

— — 2.13
ot ox?

A common solution when the diffusion coefficient D is constant with time is:

pe
Cy=Cyll1-e 2.14

Where Cy is the effective surface chloride concentration and Cy ) is the concentration at

a depth of x at time t. Therefore to calculate the diffusion coefficient requires the
measurement of the chloride content of the cementitious material at a variety of depths
and times. A typical method of obtaining the chloride level is to measures the acid
solubk chloride content [51, 58, 111-113 ]. Dust samples from a known depth of

concrete are added to dilute nitric acid, to dissolve the acid soluble chlorides. The
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solution is filtered and a Mohr titration carried out. The chloride concentration is found
from the following formula;

%ClI~ =w 2.15

10w

N is the concentration of AgNOs3, v is the volume of AgNO; and w is the mass of the

powder sample.

This approach allows the calculation of the diffusion coefficient for the concrete. The
results can be used to predict long-term chloride concentrations in actual structures
[114, 115]. This offers the opportunity to predict time to initiation of chloride-induced
corrosion. Many authors have investigated the possibilities of using diffusion data for
predicting the long-term corrosion in reinforced concrete structures [105, 116 - 121].
There are differences in the techniques employed for making these predictions. Dhir et
al [116] used a series of nomograms calculated from Fick’s Second law for various
levels of concrete cover, surface chloride concentration levels and water soluble
chloride levels. This provided an estimate of the time to reach a certain chloride
concentration. This is a practical solution to the problem in that an accurate diffusion
coefficient calculation requires a large amount of chloride penetration data and that this
is generally unobtainable for site concrete. The nonograms can cope with variations to
materials, curing, cover, initial chloride content and surface chloride concentration
However as yet exposure conditions such as temperature and humidity variations have
not been considered. These factors are important considerations in chloride penetration

of actual structural concrete this provides a limitation to the work.

Berke et al [121] found that while the examination of chloride profiles in field structures

provided useful data on the initiation of corrosion, data from existing concrete was not
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reliable for predicting chloride diffusion in new concretes. Materials over 70 years old
were found to have significantly lower diffusion coefficients than 27 years old concrete
due to different mixing techniques. The authors claim good correlation from the use of

ASTM Test Method C1202.

Not all authors accept the accuracy of this method of chloride prediction. Bentz et al
[122] found that the application of the error function solution to marine exposed
concrete samples revealed significant errors. The errors appeared to be more marked for
concretes with lower diffusivities. This work did not use a correction factor for changes
in diffusion coefficients with time. The diffusion coefficients were calculated over a 2 to
4 year period and did show a reduction with time. Nilson et al [17] also came to the
conclusion that the application of Fick’s 2™ Law to the estimation of chloride

concentrations with time produces gross over estimations of the chloride levels.

Mangat and Molloy [119,120] investigated the use of Fick’s Second Law of diffusion to
predict long-term chloride concentration in concrete. Good agreement was found
between surface concentration values and predicted surface values. It was shown that
the diffusion cboefﬁcients decreased with time. An empirical relationship between the

effective diffusion coefficient (Dc) at time t and the exposure period was proposed:

D, =Dst™" 2.15
Di is the diffusion coefficient after 1 second and m is an empirical coefficient. This was
related to the water/cement ratio as follows;

m=2.5w/c)-0.6 2.16

Taking account ofthe fine variation of the diffusion coefficients produced the following

modification to Fick’s second law of diffusion:-
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c=Cll-ef al 2.17

2 Di t(l—m)
(A—m)

The solution for Fick’s 2" law assumes diffusion in one dimension in a plane surface of
infinite size. This is not the case in real life as most structures are composed of complex
shapes. Sagues et al [123] modelled chloride diffusion for corners and round columns.
The normal way to solve Fick’s 2" Law is to use a Laplace operator (V). The solution
then becomes;

o

§'=DV2C 218

The Laplace operators in various coordinate systems are of a standard form. This

approach may not find a real solution in every case.

Cartesian Coordinates i-;-i+i
ox dy oz
o . d 10 0
lindrical Coordinates — +——+— 219
Cy, oordinates — v35 " 3
Spherical Coordinates —a—+l_a—+ 1 9

or rd0 rsinf o

However inaccurate the predictions of chloride concentrations are with time, the method
of fitting concentration curves to a solution of Ficks 2nd Law does allow the calculation
of a chloride diffusion coefficient. This has been used as a material property to assess
the performance of different concrete mixes to chloride ingress. Polder [124] studied
five different concrete types in a marine environment, calculating the effective chloride

diffusion coefficient and time to depassivation. The estimated service lives were found
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to be in the range 10 to 80 years. The addition of blast furnace slag, fly ash and silica
fume by improving the resistance to chloride ingress was found to lengthen estimated
service life as compared with ordinary Portland cement. Bentz et al [122] also found fly

ash to improve resistance to chloride ingress.

Mangat et al [58,111] examined chloride diffusion in blended cements and microsilica
concrete. Microsilica was found to produce cement with a higher intruded pore volume
but a lower chloride diffusion coefficient and corrosion rate. Fly ash was also found to
produce a higher pore volume and a coarser pore size. As with microsilica the chloride
diffusion coefficient was lower, but a higher corrosion rate was measured. Slag was also
found to improve chloride resistance and lower corrosion rate while increasing pore
volume. This suggests that chloride diffusion is not linked to the structure of the paste

matrix.

Nilson et al [17] found that chloﬁdé diffusion was linked to porosity and so depended
on water/cement ratio, cracks and compaction. However they also stated that pozzolans
such fly ash, blast furnace slag and microsilica had a beneficial effect on chloride
diffusion. Pozzolans are widely used in repair materials and contribute to the low

chloride diffusion coefficients of the materials.

The factors effecting chloride diffusion do not act separately but in combination so the
following will contribute to the chloride diffusion coefficient of a concrete [17];

¢ Quality of cement (Composition, Fineness, Alakali content)

¢ Addition of Pozzolans (PFA, Slag, Microsilica)

e Admixtures (super plasticisers, polymers, air entraining agents)
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e Aggregate (Porosity, Transition zone)

Concrete Composition (w/c, Binder content, Grading Curve)

Curing (Refines Pore Structure)

Cracking (Cracks increase chloride access (Mangat et al[119, 120])
The chloride level in the environment, the type of concrete and its microstructure are the
important factors in predicting the time for the threshold chloride level to be reached. At

this point corrosion would be initiated due to depassivation of steel.

2.3.4 Oxygen Diffusion

A number of authors have investigated the oxygen diffusion rates into concrete [14, 15,
106, 125] by employing a similar approach to the study of chloride diffusion in
concrete. An Arrenhius equation has been used to determine diffusion coefficients
experimentally (see equation 2.20 ) [14, 15]. In water, the bulk diffusion characteristics
of oxygen and chloride are the same. However, for cement mortars and concrete the
diffusion rates for oxygen have been found to be far higher than those measured for
chloride. As the concrete/mortar mixes get denser (i.e. lower water/cement ratios, (0.35-

0.40) then this difference gets greater. This has been used to suggest [15] that the charge

carried by the CI” jon has an effect compared to the neutral O, molecule.

D, =D, exp (R_l;) 2.20

D= Effective diffusion coefficient

Dy = pre-exponential diffusion coefficient
U = activation energy

R = ideal gas constant

T = temperature (K)

Although different authors have used different techniques to investigate the oxygen

diffusion characteristics of cements their findings have been very similar:
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Oxygen diffusion coefficient is dependent on -

e Curing conditions. Poor curing will give a high oxygen diffusion coefficient.
The effect is greater for cements with slower rates of hydration.

e Moisture content of the concrete. When the water/cement ratio is lowered from
0.80 to 0.4 the oxygen diffusion coefficient is about 15 times higher [15]

e Type of cement and replacement material. Oxygen diffusion coefficient of
mortar is lower than that for concrete and different cement types give different
diffusion coefficients. Blast-furnace slag as 60% cement replacement gives a
diffusion coefficient % to 1/3 that of ordinary Portland cement. Cement with

15% added polymer has an oxygen coefficient 1/10 that of OPC [15].

Other effects have been noted. Hansson (125) found that the rate of diffusion through
water saturated mortars was nof dependent on cover thickness and had to be controlled
by other factors such as cast surface layer at the steel/mortar interface. The presence of
chlorides in the environment will reduce oxygen diffusion by an amount greater than
that expected by the »decrease of oxygen solubility in the pore solution. A possible
explanation for this is the precipitation of chloroaluminates in the pores resulting in
reduced porosity. However there seems to be no direct relationship between the

diffusion of oxygen and chlorides into concrete.

The results also show a difference in diffusion coefficients of dry and saturated
concretes. Kobayasi [15] and Ohama [14] studied the diffusion coefficients of dry
concrete specimens and obtained results in the order of 108 cm?/s. Measurements on
wet concrete samples by Yu et al [106] and Page et al [24] using electrochemical

measurements of oxygen flux gave results of the order of 10" cm?/s. In comparison, the
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oxygen diffusion coefficients in water are in the range 10 to 10 cm’/s. Houst et al
[45] also carried out measurements of oxygen diffusion coefficients over a range of
relative humidities and water contents of samples and confirm the results of other

studies.

Page et al [24] modelled the diffusion coefficients of oxygen in water saturated
concrete. They concluded that for water saturated concrete the level of oxygen diffusion
is so low as to be unable to maintain the exchange current required for passivity of the
steel. This has been taken to indicate that the passivity of the steel could be borderline in

water saturated concrete.

The work on oxygen diffusion suggests that materials with longer diffusion paths have
lower oxygen diffusion coefficients. This would appear to be linked with pore structure
and porosity. The degree of connectivity of the pores would appear to be important.
Therefore permeability would be an important indicator of oxygen diffusion. Repair
materials tend to have low permeabilities and correspondingly low oxygen diffusion

coefficients.
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2.4 MODELLING OF CORROSION IN REINFORCED CONCRETE

There have been a number of models of the corrosion of reinforcement in concrete. The
approach the models take varies from service life and whole life costing predictions

[126] to physical models of the electrochemical corrosion processes [96, 215, 216].

Tuutti [126] developed a basic model in 1983 which has been developed further by
other authors such as Andrade et al [132]. This model recognises an initiation period
which represents the time taken for aggressive agents (chloride or carbonation) to
depassivate the reinforcement. The propagation period is then regarded as a linear
relationship controlled by oxygen diffusion, temperature and relative humidity (figure
2.4.1). The service life is then taken as the time when an unacceptable degree of

corrosion has taken place or the time before repair is required.

A
'
Unacceptable Corrosion i
|
5 i
@ 0., T,RH i
2 |
S i
@) 1
Gy ]
5] i
3 i
& i
[ |
A . i
CO,,CT Time !
’ 1
. ' >
Initiation Propagation
> < >
Lifetime or time before repair
< >

Figure 2.10 Service life model (Tuutti) [126]
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The work of Tuutti was extended and refined to identify the following parameters;
e The aggresivity of the environment.

e Definition of service life.

e Consideration and calculation of the propagation parameters.

e Effect of protection methods on service life.

The initiation area has been well quantified by previous work into the diffusion of
chlorides and the movement of the carbonation front through concrete. This uses Fick’s
2" Law to predict chloride concentration at the steel (Cy):

X

2Dt

The prediction of the carbonation front is given by the expression:

C.=C(-ef ) 221

X =Kt 222

Where: X= carbonation front

K= proportionality constant

t= exposure period
In addition, knowledge of the relevant CI7OH' threshold value for the depassivation of
steel is required. There is enough research information available to model the initiation
period [114]. The assessment of the service life can be proposed in a number of ways.
Time to cracking [128] of the concrete is a key parameter and requires information on
the extent of corrosion to cause cracks in the cover concrete. A simpler method [132] is
to consider the loss of section of the reinforcement bar. Calculations of the load capacity
of beams and columns make possible a prediction of service life from known corrosion
rates. Recent research, however, has shown that cross-section bears no relationship

with loss of strength and serviceability of corroded reinforced concrete structures; the
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structural performance is governed by the loss of bond caused by the corrosion products

and consequent cracking [133].

Predictions of the propagation period require knowledge of how corrosion develops
over time. The suggestion of a linear relationship for this period would appear to be
simplistic (figure 2.9). Previous research has shown moisture availability to have a key
influence on corrosion. Knowledge of environment changes with time such as seasonal
changes in temperature and relative humidity may therefore be needed. In addition the
effect of concrete quality and pore structure need to be quantified and related to oxygen

diffusion for different concrete types.

Physical models for the corrosion of steel-in concrete have been developed by Bazant
[35, 38]. These models are technicain more advanced than Tuutti service life
prediction. The author uses mass transport formulae to predict the concentration of
chlérides and oxygen. These values can be used to calculate cell potentials and currents
to model the development of corrosion rates with time over a structure. This work is
continued by Balabanic et al [127] who e Bazants work as the basis for their own
model. However the work has not gained general acceptance from other authors. A
further limitation of this model is that it is based on concrete structures saturated with

seawater and so is not directly applicable to land based situations.
Other techniques have been employed to model corrosion of steel in concrete.

Hausmann [129] uses a probability model using a Monte Carlo simulation of

passivation and corrosion. The model can cope with oxygen variation and CI/OH
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variations. The model has been compared with the work of other authors, but not

extensively tested to take into account variations in concrete quality.

Models of cathodic protection systems [130, 131] provide techniques that can be
applied to concrete corrosion. The electrochemical reactions are the same in cathodic
protection as in corrosion. Koretsky et al [131] developed a two dimensional finite
element model of cathodic protection system behaviour. The model uses oxygen flux to
predict oxygen concentrations and the Butler-Volmer equation to predict current density
resulting from the oxidation reactions. The Butler-Volmer equation is only strictly
accurate for processes activated by a single reaction. For reaction sequences of more
than one stage it may not be applicable. In addition, if oxygen diffusion is the limiting
step of the reaction then a diffusion-limited current will be generated and the Butler-

Volmer equation will not be applicable.
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2.5 ELECTROCHEMICAL TEST METHODS

A variety of electrochemical tests have been employed by authors to study corrosion of
reinforcement in concrete. An understanding of the limitation of these tests is important

for the experimental study in the project.

There are a number of sound technical reasons to use electrochemical methods to

measure corrosion;

e Corrosion is an electrochemical reaction and electrochemical monitoring techniques
provide mechanistic information about the type of corrosion

e By employing Faraday’s Law it is possible to calculate corrosion rates. This
provides a method for measuring low corrosion that is more sensitive than the
alternative gravimetric techniques.

e It is possible to adapt some of the laboratory monitoring techniques as a non-

destructive assessment tool for site management [199, 215, 216].

Rodriguez et al [134] assessed the features of many of the most common techniques
currently available for assessing the rate and extent of corrosion (see table 2.2). Other

similar surveys have also been published, for example, Andrade et al [33].

The comparison between visual observations and electrochemical methods given in
table 2.2, indicates that the visual observations provide little quantitative information in
the absence of lengthy and destructive investigations. Electrochemical measurements
can offer the prospect of quick, quantitative and highly sensitive measurements of

corrosion.
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2.5.1 Half-Cell Potentials

One of the first widely used electrochemical measurements was the half-cell potential
and have been in regular use since the growth in use of cathodic protection for pipelines
after World War II. The measurement of a half-cell potential is relatively easy in
comparison to other techniques and hence a large amount of research has been
conducted. A commonly used standard for half-cell potential measurements is ASTM
C876. In the standard potential measurements in certain ranges are related to the

probability of corrosion (table 2.3)[48, 135, 136, 137, 138, 145].

Table 2.3 Half-Cell Potential Measurements ASTM C876

Half-Cell Pot. Wrt Cu/CuSO4 Probability of Corrosion
<-200mV <5%
-200 to —350mV Uncertain
>-350mV >95%

The measurements according to ASTM C876 have been widely used on site to assess
corrosion damage to structures. However, this relationship of potential to corrosion is an
empirical relationship. This relationship has been based on studies of the corrosion of
concrete that have not always proved to be accurate. For concrete in carbonated
structures, cell potentials higher than —100mV can still indicate high rates of corrosion.
Conversely in repaired structures with dense low permeability repair patches half-cells

readings lower —500mV can still indicate low corrosion rates.

Many papers relate the use of ASTM C876 for measuring the extent of corrosion on site

[18, 60, 95, 139 - 144]. The potentials are usually displayed as a potential contour map
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with areas of highest activity related to the ASTM C876 values. The technique does
require skilled interpretation, with knowledge of factors such as the IR drop in the
concrete to give an accurate representation of the level of corrosion. Other
measurements such as resistivity and chloride and carbonation measurements often

accompany the on site potential measurements, to provide additional data

The Nernst equation [199] is the justification for half-cell potential and is the
relationship between cell potential and the activity of oxidised and reduced species in

the corrosion reaction.

E=E, +2Lp(%10] 223
nF | a[R]

Where:

E= Cell potential

E,= Standard Electrochemical potential

o.[O]= activity of oxidants

a[R]= activity of reductants

R= ideal gas constant

T= temperature (Kelvin)

F= Faraday’s constant

n= number of moles of electrons transferred for a mole of

reaction.
This shows that the cell potential measured is dependent on the concentrations
(activities) of the oxidised and reduced ions in the chemical reaction. For the cathodic
reaction:

0; +2H,0 +4e 5 40H

Oxygen is the oxidant and the hydroxide ions are the reduced species. If the activity of
oxygen falls then the value of In([O]/[R]) will be negative and the cell potential will be

lower. Therefore, sites with lower oxygen concentrations such as in dense repair patches

[37] tend to have lower half-cell potentials. The Nernst equation only gives an
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indication of the cell potential, not the cell current and so does not measure the
corrosion rate. The Butler — Volmer equation can relate potential to current density

[41,76].

23(E®-E%
[-—(——)]

.. 2
i=ie

1= current density

i, = exchange cumrent density 2.24
b = Tafel constant

E® =Std. Cell Potential

E*! = equilibrium potential

This procedure is only truly valid for charge transfer controlled processes and not
strictly for diffusion controlled processes as may apply in concrete. Therefore this
process is not commonly applied in practice and the empirical relationship of ASTM

C786 is preferred.

Half -cell potential measurement is a common technique used in experimental studies of
reinforced concrete mainly due to the ease of taking measurements [11, 50, 58, 63, 64,
68, 148 - 152]. Most of these studies do not carry out rigorous interpretation of cell |
potentials, but use them as evidence of corrosion activity in conjunction writh other
techniques such as LPR or galvanic currents. In these situations changes in potential
with time are the important criteria. Therefore, a potential that becomes more negative
with time is taken to show increased corrosion activity. Alternative assessments look at
the development of distinct difference in potential between an anode and cathode to

indicate macro-cell corrosion.
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Electrochemical noise measurement involves a more detailed assessment of potentials.
A large number of rapid and accurate potential measurements are taken and statistically
examined. This is a highly specialised technique with a limited amount of work
available in reinforced concrete [153, 60, 144]. Noise measurements give mechanistic
information on the type of corrosion and are particularly useful in measuring localised
corrosion phenomenoh such as pitting. It is also possible to relate the standard deviation

of the noise to changes in E.qr and Leorr.

2.5.2 Potentiodynamic and Potentiostatic Polarisation Curves
Potentiodynamic and potentiostatic polarisation curves are commonly used for assessing
the kinetics of a corroding system and standardised in ASTM G5 and G61. The
experimental procedure is to sweep through a range of potentials either side of the
corrosion potential. Measurements of the electrochemical potential between the
reference electrode and the working electrode are taken, and the current flowing
between the counter electrode and the working electrode. The results are then plotted as
potential versus log current density curves (figure 2.11). The curves are used to study
mechanisms of corrosion and measure corrosion rates.

Anodic
Curve

‘. /Slope= Pa
Tafel region

......

Ecorr === — — — =
S Slope=Pc

Cathodic
- Curve

-
icorr log i(mA/em’)

Figure 2.11 Polarisation curves showing Tafel extrapolation
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Although polarisation curves provide mechanistic information for the measurement of
the corrosion rate [143, 152, 155], to generate these curves you are required to sweep
through a large voltage range. Polarisation test are destructive and require a new test
specimen for each measurement. The accuracy of measurement of Tafel slopes may also
be a problem. Under ideal conditions these are as accurate as weight loss measurements.
However, in most cases the Tafel regions do not extend over a reasonable range for
accurate measurement. Knowledge of the Tafel constants is also used in the calculation
of the corrosion current from linear polarisation resistance (LPR) measurements [50, 58,

63,137, 138, 149, 152, 156 — 162].

transpassive

E passive

active

ianodic

Figure 2.12 Anodic Polarisation Curve Showing Active-Passive Transition

The use of schematic polarisation curves is common in explaining corrosion theory [31,
204]. Figure 2.12 shows the predicted behaviour for steel exposed in an alkaline
environment such as concrete. The curve is divided into three section. The active zone
covers the potential range over which the steel is actively corroding, with an increase in
current with potential measured. In the passive zone the steel is protected by an oxide

film, which acts to prevent corrosion hence a low constant currents is measured. The
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transpassive zone covers the range of potentials over which the passive film is no longer

stable and localised corrosion such as pitting can occur.

However this stylised curve differs from what is actually measured. The behaviour of
the metal in a particular environment is also dependent on the relative positions of the
anodic and cathodic curves. The measured polarisation curve is dependent on whether
the working electrode (steel in this case) is anodic or cathodic at any given point.
Therefore a piece of steel embedded in concrete will produce a polarisation curve

dependent on the position of the cathodic curve (oxygen reduction).

Examples of measured curves in different environments for a piece of steel exhibiting
active, passive and transpassive behaviour can be seen in figure 2.13 [163]. Case 1
shows a situation where the cathodic curve (oxygen reduction) crosses the anodic curve
(metal loss) in the active zone of the theoretical polarisation curve. This would indicate
general corrosion giving a wide range of possible corrosion rates. Case 2 the cathodic
curve intersects the anodic curve at three potentials, one active two passive. If the
middle active passive zone is not stable very high corrosion rates are possible at these
upper and lower intersections. In case 3 the cathodic curve crosses in the passive region.
This indicates a metal which has formed a passive oxide film and therefore low

corrosion rates, in many cases the desired situation.

There is little actual published experimental data of polarisation curves for steel
embedded in concrete [143, 155]. Cigna et al [155] studied the effect of different
concrete mixes on the polarisation curves, with very low corrosion rates being measured

in the test samples. The effect of oxygen saturation was also examined and samples
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tested in nitrogen purged solutions exhibited very low limiting corrosion currents. The
corrosion rates determined from polarisation curves were found to be similar to those

obtained from linear polarisation resistance test. However no attempt to calculate Tafel

constants was made.

Theoretical Measured

P

anodic
curve

............ Cathodic
Curve

Case 1

P

anodic
curve

........ .. o Cathodic
: Curve

Case 2 ___ anodic

curve

------------ Cathodic
..................... Curve

-————_»
Case 3
Figure 2.13 Theoretical & Measured Polarisation Curves [163]
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2.5.3 Linear Polarisation Resistance (LPR)

This has become one of the most common electrochemical techniques employed in the
corrosion monitoring of reinforced concrete and a large body of literature exists. The
basis of the LPR test is that the relationship between potential and current in a

polarisation curve approximates to a linear relationship as it passes through the origin

[31, 33, 164] figure 2.14.

1 (overpotential mv) 4\ Exponential

Region

~
i 7~
{1 (current density mA/cn?®)

A\

Linear Region

Figure 2.14. Linearity of polarisation curves.

The linear region extends over an area of +/- 20mV about the corrosion potential
(Ecorr). The exact extent is dependent on the system under test. In this region the
polarisation resistance (Rp) is the slope of the linear region (figure 2.14) in accordance

with Stern’s relationship [33, 162].

AE
=— 2.25
R Al
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The polarisation resistance can be related to the corrosion current icor from the Stern

Geary relationship;

S - 226
23(B,+B)R,

Where B, and B are the anodic and cathodic Tafel constants, derived from the Tafel
curve. It is clear that a full polarisation curve would be required to determine the Tafel
constant. However i is relatively insensitive to changes in the Tafel constants

allowing them to be equated into a single constant B;

=_%_ 2.27
B 2.3(8,+8.) )

Then the relationship between icorr and Ry, will simply be as follows:

;i =B 2.28

corr
R

14

For many different corroding systems approximate values of B of 26mV for actively
corroding systems and 52mV for passive systems have been found. This is the technique
that has been investigated by large number of authors to study corrosion in concrete [30,
33, 156, 164]. LPR has been compared to other techniques and the advantages of the
technique have found to be:

e The non-destructive nature of the test .

e The ability to measure a quantifiable corrosion rate.

e Speed of making corrosion rate measurements.

e Very high resolution of corrosion rate can be made using Faraday's Law as follows:
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p < Mot
pzF
P = penetration (cm)
t =time (s)
p =density (g/cm?) 2.28

F =Faradays constant (96500 C/mol)
M =molecular weight (g)
z =number of electrons transfered per atom

Gonzalez et al [164] has examined errors inherent in the measurement, this work
recognises the disadvantages of the measurement technique, but considers them
acceptable in the light of the advantages. The main problem of the technique is that it is
an approximation of corrosion rate rather than an accurate measurement. A corrosion
rate from LPR measurements may be in error by as much as a factor of 3. This is
recognised by some authors [33, 134, 164 - 166] but many however ignore the question
of the inherent inaccuracies. [38, 50, 58, 63, 138, 149 - 152, 157 - 162]. The
approximation for the constant B used in the Stearn Geary equation has been developed
over a long period of time from use in measuring corrosion rate in the process
industries. There is little published data available on the applicability of this approach to
reinforced concrete measurements. Some authors point to work suggesting that this

approach is applicable [43, 167].

Weight loss measurements to confirm LPR measurements are difficult to achieve for
reinforced concrete due to the low rates of corrosion and the difficulty in removing the
concrete from the test coupons. There is a lack of published Tafel constants from
polarisation curves to show the accuracy of the approximation, Sagues and Kranc [166]
detail some values for B which suggest a value of 16-19 is more appropriate than 26mV

used for actively corroding systems. Sagues and Kranc also suggest that the B value of
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52mV for passive systems is a method of adjusting the underestimation of corrosion rate

during the transition from passive to active behaviour.

A number of authors have investigated the use of LPR as a commercial structural

assessment technique [33, 95, 158, 165, 168]. Flis et al [165] found that the commercial

LPR units had several problems;

e The area of steel polarised is undefined. This produces an unquantifiable error in the
lcorr measurements made.

e Localised corrosion such as pitting is underestimated using LPR.

The commercial LPR units use “guard ring” electrodes to identify the area of rebar
polarised in the test. The different units produce a wide range of corrosion rates, higher
than those produced using a potentiostat polarising the entire rebar under test. Flis et al
[165] suggest that the units all overestimate the corrosion rate. The measurements do
produce similar levels of reproducibility, showing that they can detect changes in

corrosion (table 2.4)

Table 2.4 Corrosion levels in reinforced concrete related to the corrosion current

measured by LPR
Teorr (MA/c) Condition
0.1t00.2 Passive
02t00.5 Low to moderate corrosion
0.5t0 1.0 Moderate to high corrosion
>1.0 High corrosion rate
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The values quoted in table 2.4 would seem to be low in comparison to those from other
surveys [165]. The approximation used in the calculation of corrosion current means
they are not absolute values. However as relative measurements to show changes in

corrosion rate with time the evidence suggests that they have value.

Berke et al [167] has compared LPR measurements to macrocell corrosion current
measurements. This work suggests that macro-cell corrosion currents underestimate
corrosion rate. They are also difficult to quantify as corrosion rates as the relative
cathodic and anodic areas are difficult to estimate. Sagues and Kranc [166] suggest that
polarisation measurements significantly underestimate corrosion rates especially from
localised corrosion. The conclusion from the published data is that LPR is the simplest
method for measuring wrrosion rate and for detecting relative changes in corrosion.

This is despite the inherent errors from the Stearn Geary approximation.

2.5.4 Impedance Spectroscopy

Impedance spectroscopy is a relatively new technique for studying the electrochemical
behaviour of reinforcing steel in concrete. The technique has been used to study
corrosion for a number of years and has been particularly useful in the study of coatings.
Rodriguez et al [134] and Andrade [33] review the major techniques for studying
corrosion in reinforced concrete and cover the use of impedance spectroscopy. The
technique is similar to LPR except that an AC signal of 10- 20mV about the corrosion
potential (Ecorr) is applied to the working electrode. The signal is applied over an
extensive frequency range.

V =V, sin ot 2.29
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Where Vo is the maximum amplitude and o is the frequency (rad s™'). The response is a
current, which is phase shifted relative to the input signal.

I=1,sin(ot+¢) 2.30
Where ¢ is the phase shift between the perturbation and the response. The ratio between
V/I is a impedance (Z), according to Ohms law. Impedance can be represented as a
combination of reactances on real or imaginary planes. The magnitude of Z can be
represented by the magnitude of |Z| and angle ¢. Alternative it can be specified by real

(2’) and imaginary (Z”) components.

Z'=Zcos¢ 231

Z"=Zsn ¢ 232
In complex notation;

Z=2+jz" 2.33

The real and imaginary components can be plotted on a Nyquist chart (figure 2.15).

The Nyquist chart will show a pattern of semicircles or straight lines at 45°. These
patterns have the characteristics of electric components and can be modelled by using
equivalent circuits. This is the strength of the impedance spectroscopy technique.
Information on the use of impedance spectroscopy is available from textbooks such as
Bret et al [36] and J. R. Macdonald [74]. Many general papers on the use of the
technique are available [169 - 172]. These are not written specifically for use with
concrete but contain basic ideas on the modelling and interpretation of data. Figure 2.15
shows Nyquist plots and the equivalent circuits that produce them. These allow the
modelling of the electrode processes and the characterisation of the system. In the case
of a basic corrosion process the Randles circuit (figure 2.15) models a semicircle in the

Nyquist plot. The diameter of the semicircle is the charge transfer resistance (Rcr ) and
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is equivalent to Rp from LPR measurements. In this situation the corrosion rate can be
readily calculated from [171, 172];

I, (Alem?) =——020 234
R, (Ohms/cm*)

Measuring the size of Rcr from the Nyquist curve allows the corrosion rate to be
calculated. The position of the semicircle is shifted by an amount equivalent to the
solution resistance without affecting the size of the semicircle. This is unlike the effect
solution resistance has on IR drop in LPR measurements. The Randles circuit (figure
2.15) is not universally applicable. In situations controlled partly or entirely by diffusion
results in a line at 45° to the real axis at low frequencies. This can obscure the Rcr semi
circle as it will no longer intercept the real axis at low frequencies. It may not be
possible to resolve a value of Rer from the Nyquist plot. A mathematical model of a
suitable equivalent circuit will be required to analyse the results from the measurement.
In concrete this normally requires the use of a Warburg parameter to represent the

diffusion process in the measurement.

The elements of the circuits such as impedance, capacitance and Warburg impedance
can be combined according to electrical theory. Impedances in series are summed and
for impedances in parallel the reciprocals are summed. This allows a mathematical
model for the equivalent circuit to be generated. However, producing an equivalent
circuit from the experimental data and fitting that model to the system under tests is a
process prone to error. It requires a considerable amount of knowledge about the system
under test and the experimental method. The same experimental data derived from

different equivalent circuits will produce different results. (see figure 2.16).
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CoL Rsol Rer

Z,

Figure a. Randles Circuit

Z”A

Figure b. Warburg Diffusion Impedance
Rso1 = Solution Resistance
Rer = Charge Transfer Resistance
CpL = Double Layer Capacitance
W = Warburg Impedance

Figure 2.15 Equivalent Circuits and Resulting Nyquist Diagrams [36, 171]
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Figure 2.16 Flow Diagram for evaluating experimental impedance results [36, 74]

87



LALETALUTE REVIEW = LLIEctrocnemilcat L est vietnoas

The extent to which different authors analyse their results varies considerably. Wheat
[25] used impedance spectroscopy in the examination of corrosion rates in repaired
reinforced concrete specimens. He postulated the equivalent circuit seen in figure 2.17.
However, the author conducted a limited analysis of the results based on a mathematical
model and did not determine corrosion rates from impedance spectroscopy. Lemoine et
al [173] used a more complex equivalent circuit, but did not include a Warburg
diffusion term. Lemoine et al went someway towards a mathematical analysis but did
not apply the model to experimental data. Hatchani et al [174] (figure 2.17) used a
simpler model without a Warburg diffusion. Sagoe-Crentsil et al [21] used another

equivalent circuit model (figure 2.17) and partially analysed the experimental data from
the model. All the experimental data presented by these authors are similar in form and
magnitude, yet the equivalent circuits produced are different. Many authors do not fully
analyse their data with models. It may be that the data does not fit the proposed model.
Complex models are awkward and difficult to analyse while simpler models do not

provide good fit to the data.

The complexity of data analysis overlooks the strength of impedance spectroscopy as a
technique. From the measurement of impedance over a range of frequencies in the order
of 10" to 10 Hz, it is possible fully to characterise a cementitious material. The high
frequency end of the spectrum produces information on the bulk material properties
such as the properties of bulk cement paste. This can be determined from the
appearance of an arc in the high frequency part of the spectrum [19, 176 -179]. The high
frequency arc is modelled using a capacitor and resistor in series and accounts for the
appearance of Cportar, O Cyy Capacitor in many of the equivalent circuits used by authors

[21, 25 173, 174]. The size of the arc will be related to the conductivity and dielectric
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response of the cement. It is likely that this is related to the pore structure and the
constituent materials of the cement. Some work has been done in this area [19, 176,
177]. Coverdale et al [176, 177] used impedance spectroscopy in the study of early
hydration and were able to use the high frequency arc to part model the early hydration
of cement paste. Ping Gu et al [19] also examined the high frequency arc and concluded
that it was mainly reflected the liquid phase and the microstructure of the solid phase.
They proposed that there was a relationship between porosity and impedance while the
conductivity of the pore solution was constant. From this work impedance spectroscopy
has shown potential for the study of early hydration of cements and the study of time

dependent changes in the porosity in the materials [201, 214, 236].

The low frequency behaviour from around 10 Khz to 10 Hz is the region largely
effected by the electrochemistry of the system. This is the region of the spectrum, which
gives a measure of corrosion rates. The spectra produced from this area by different
authors do show a lot of similarity. In the 10 KHz to 10 Hz range many authors find a
spur or partially formed arc [202, 30, 21, 171, 174]. This is represented by the capacitor
and resistor in parallel. This can be seen in many of the equivalent circuits in figure 2.17
such as that of Sagoe-Crentsil et al [21]. The arc is represented as C¢ and Ry produced
by an interfacial film linking the steel to the concrete matrix.. A similar feature is found

by Lemoine et al [30] but who proposed that it was related to the Ca(OH); layer.
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Figure a. Equivalent Circuit from Wheat [25]
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Figure c. Equivalent Circuit Sagoe-Crentsil et al [21]

Hachani et al [174]

Figure 2.17 Equivalent Circuits Used to Represent Corrosion in Reinforced Concrete

90



ireraiure xeview - Liectrochemical 1est Methoas

Beyond the interfacial arc the classic electrochemical arc is found. This contains the
Helholtz double layer capacitance at the surface of the electrode represented by Cpr and
the charge transfer resistance Rcr. As with the Randles equivalent circuit Rer is the
value, which is equivalent to R, in LPR tests. However even at low frequencies @1o0*
Hz) the arc does not appear to be fully resolved [173, 178, 180]. It is not possible in this
situation to accurately measure Rer from the Nyquist chart. The appearance of the arc
approaches a straight line at 45° at low frequencies. This has led many authors to
include a Warburg diffusion impedance in series with Rcr in the equivalent circuit.
[144, 173, 178, 180, 181]. The assumption is that the reaction here is under diffusion
control. The slope of line is usually lower than unity [180] and the line appears to reach
a limit at low frequencies. This is more consistent with a time limited diffusion
impedance. In many measurements the arcs are depressed below the origin. This would
make the fitting of data to the equivalent circuits difficult. Most of the work done with
this type of equivalent circuits is not fully analysed [19, 144, 173, 181], R¢r values and
corrosion rates are not calculated. Other authors take a simpler approach and remove the
Warburg impedance [174, 178]. This makes analysis simpler and values for Rcr can be
considered. However Rcr is treated in the same way as R;, in LPR tests and has the same

inaccuracies of the Stern-Geary equation.

Impedance spectroscopy is being used to study the corrosion in reinforced concrete in a
variety of situations. Ping Gu et al [90] has used impedance spectroscopy to study the
effect of inhibitors on corrosion. Lee et al [182] study Epoxy-Coated reinforcement

steel. Coatings are routinely studied by impedance spectroscopy and a lot of general
work exists in this area [171]. Kazumi et al [183] used impedance spectroscopy in a

surface mounted corrosion probe as opposed to embedded electrodes. The influence of
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the counter electrode position was studied by Pech-Canul et al [175], who found that
surface position was important for achieving a stable contact required for reproducible
spectra. Ping Gu [19] used the technique to examine the effect on corrosion of uneven
porosity in cement paste. The spectra were not fully analysed, but changes in impedance
and phase angles were used to show evidence of increased corrosion. A similar
approach was used by Wheat [25] in examining corrosion of repaired concrete
specimens, as did Aguilar [184] in studying the effect of oxygen access on corrosion in

partially submerged concrete slabs.

It is clear that impedance spectroscopy has achieved widespread use in a variety of
areas. The ability of impedance spectroscopy to characterise cementitious materials for
properties such as porosity and for the examination of corrosion shows the technique to
be potentially very powerful. Impedance spectroscopy can give mechanistic information
on corrosion not available for other techniques. However analysis is complex and many
authors have failed to produce detailed analysis of their results. Even if Rcr values are
measured any corrosion rates calculated will be as potentially inaccurate as LPR

measurements.

2.5.5 Galvanic Corrosion Currents

This is a common method of monitoring corrosion of the reinforcement in concrete in
the laboratory. It requires a corrosion cell to be set up with distinct anodic and cathodic
sites. The current that flows between the anode and cathode is measured with time. The
technique has also been described as macro-cell current [27, 28, 69, 80, 143] or
corrosion current measurements [57, 59, 75, 185]. In all cases a galvanic cell is created
and therefore galvanic current would appear to be the correct description for the

technique.
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The distinction between anode and cathode can be achieved in different ways. Some
authors use a different metal normally stainless steel for the cathode [38, 7'3, 80, 143].
Stainless steel is nobler and therefore more cathodic than the mild steel reinforcing bar,
which will be anodic. An alternative method is to separate the environment of the
anodic bar and the cathodic bar. This is achieved by adding chlorides to the concrete
around one bar thus making it corrode and by leaving the other bar in uncontaminated
concrete. The actively corroding bar in the chloride contaminated concrete will be at a
lower potential than the uncontaminated concrete and this will create a galvanic cell.
The steel within chloride contaminated concrete will form the anode and the steel in the

uncontaminated concrete will be the cathode.

The major problem with the measurement of galvanic currents is that the current
measured is not the corrosion current and so cannot be directly related to the rate of
corrosion. What is being measured is the net current flow between the anodic site and
the cathodic. The magnitude of this current will be affected to some degree by the
cathode to anode area ratio [27]. It is difficult to convert this value to corrosion rate as it
ignores the possibility that the anodic and cathodic sites may contain complete
macrocells independent of the measuring circuit. Under ideal conditions it may be
possible to relate the galvanic currents to a corrosion rate [28, 71, 72]. However other
authors report that galvanic currents underestimate corrosion rate in comparison with
other techniques such as LPR [27]. A key advantage of the technique is the ability to
record changes in galvanic current with time, without complex instrumentation.
Changes in galvanic current yield a lot of information about the effect of different

experimental conditions on the corrosion of the reinforcement bars.
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Gulikers et al [71, 72] prepared test specimens from steel rebars in carbonated concrete
to act as the anode and steel in repair mortar to act as a cathode. This created a
“galvanic corrosion probe”. The galvanic currents were modelled and related to the
polarisation resistance. With this form of numerical analysis it was argued that the

corrosion rate could be calculated and from monitoring the galvanic current as follows:

I gal = Eco" —Eco” 2.35
R, +R, +R

Iga= galvanic current

R, = Polarisation Resistance
Rcon = Concrete Resistance
Ecorr = Corrosion potential

? = anode

¢ = cathode

Guliker et al designed a probe based on embedding active steel and some passive steel
in a repair mortar. This however, would suggest that the current that flowed between the
anode and cathode would be proportional to the conductivity of the concrete between

them, rather than a measure of the state of corrosion in the steel in the structure.

Raupach [28] developed a similar theory to Guliker and related his model to the
corrosion of cracked concrete and to corrosion between concrete repair and substrate
concrete. Raupach uses the changes in galvanic current to show the establishment of a

macrocell in the test environment. Similar work was done by Schiessl et al [27].
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Raupach [75, 76] and Cao et al [59] apply a potential between the anode and cathode

and measure the current that flows to show the influence of oxygen on corrosion.

The work carried out with galvanic corrosion cells suggests that they are extremely
efficient at detailing the conditions by which a macrocell may be established in
concrete. However they cannot accurately represent corrosion rate and are generally
unsuitable for work outside the laboratory. The technique assumes by its definition that
the anodic site must be entirely anodic and the cathodic site must be completely
cathodic. If this is not the case the ratio between the area of the anode and the area of
the cathode cathode could cause an error in the modelling of the galvanic current. In the
laboratory it may be possible to contrive a situation where this is so. In most cases the
galvanic current is likely to be strongly influenced by the conductivity of the concrete
making the areas of anode and cathode impossible to calculate. This possible error in
the modelling and interpretation of galvanic currents is not taken into account by most
authors. Raupach [28] includes the factors in the published model, but not how to

estimate the anodic and cathodic areas.

2.5.6 Resistivity

Resistivity has been recognised as a diagnostic technique for measuring the tendency of
the reinforcement in concrete to corrode. The technique is often used in conjunction
with corrosion potentials to give an actual indication of corrosion rate [186]. Values of
resistivity that correlate to corrosion rates have been drawn up from practical experience

as shown in table 2.5 [186].
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Table 2.5 Relationship between resistivity and corrosion rates.

Resistivity (kQcm) Corrosion Rate
<5 | Very High
5-10 High

10-20 Low/Moderate
>20 Low

Resistivity is measured by the Wenner technique. This uses four equally placed
electrodes in contact with the concrete surface [160, 186, 187]. Figure 2.18 shows the

arrangement of the four electrodes. [186].

Figure 2.18 Resistivity Electrode Arrangement [186]

A known alternating current I is passed between the outer electrodes and a potential
difference V is measured between the two inner electrodes. The spacing between all

four electrodes is constant at a. The resistivity is then given by:
p= ZM; 2.36

Resistivity varies with water content, temperature and with conductivity changes in the

pore solution of concrete. While a change in resistivity indicates a change in the
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concrete it does not follow that this is representative of the corrosion rate. A strong link
exists between water content in the concrete and the initiation of corrosion when under
resistance control. Also the ingress of Cl” would lower resistivity and indicate the
initiation of corrosion. However the resistivity of the concrete at the surface does not
indicate the state of the steel or the corrosion rate of the steel. Another problem is that
resistivity is a function of the materials of the concrete and the structure of the concrete
[186, 188]. Corrosion is largely a function of the electrolyte and the ability for diffusion
through the concrete. A concrete mix made up high resistivity materials would still have
a high resistivity irrespective of the resistivity of the pore solution. Conversely a
material with a high porosity could still exhibit a low resistivity even though the pore
structure is discontinuous and diffusivity in the material is low. These problems are not

successfully addressed by authors researching the area.

Fiore et al [189] shows that resistivity is a function of relative humidity and cement
type. Resistivity was found to fall with increasing relative humidity Carassiti et al [160]
found the relationship between corrosion rate and resistivity required further work to
clarify the position. Other authors suggest that the relationship is a valid

method of detecting the change between passive state and active corrosion [187]. The
technique has also been used for a considerable period of time in soils. Escaltante [40]
found that soil resistivity had a strong impact on the magnitude of galvanic current in
well aerated soils. However in poorly aerated soils, oxygen controlled the magnitude of
galvanic current rather than resistivity. At a depth of 1m the resistivity of soils was
strongly influenced by soil temperature and was only slightly affected by seasonal

moisture changes. This was also likely to be the case for concrete. As the mechanism of
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corrosion changed from resistance to diffusion control the ability of resistivity

measurements to detect corrosion rates would fall.

Other authors have used resistivity measurements in different ways. McCarter [190]
used resistivity measurements to evaluate the properties of the concrete cover zone. The
measurements were successfully used to monitor the ingress of water into the cover
zone and showed considerable promise as a method of assessing the effectiveness of
concrete surface treatments. Hunkler [191] examined the resistivity of the pore solution
as a parameter of rebar corrosion. The author found a lack of fundamental research on
the effect of resistivity and a lack of systematic studies in the subject. Resistivity of
concrete was found to have a strong relationship to pore volume and relative humidity.
The resistivity of the pore solution was highly effected by ionic concentration such as C1”
concentration. It was also shown that not all water in the cement mortar was conducting,
some water being retained in the gel pores. There was no satisfactory model available to
describe the formation factor between the resistivity of the concrete/mortar and the
resistivity of the pore solution. Other authors have used impedance spectroscopy [72] to
measure the solution resistance of the corrosion cell. This measured the resistance of the
path from reinforcing steel through the concrete/mortar and included the effect of pore
solution and concrete structure. As this covered the actual diffusion path for oxygen or

aggressive ions involved in corrosion it should provide scope for further measurements.
Resistivity has a long history of use for the measurement of corrosion in concrete and in

soils. However research indicates that the relationship is not as simple as suggested by

initial research.
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2.5.7 Other Techniques

Galvanostatic or coulostatic electrochemical techniques have been used by relatively
few authors [30, 33, 150, 192, 193]. Rodriguez et al [134] indicate that these tests are
quick, non-destructive and provide quantitative information in terms of an Icor
measurement. The technique involves applying a potential step +/-~ 10mV and
measuring the current response. From the response, the solution resistance the
polarisation resistance and double layer capacitance can be calculated. The technique
does reduire the use of an equivalent circuit as with impedance spectroscopy. This

makes the technique difficult to interpret.

Harmonic analysis has also been applied to concrete by Gonzalez et al [199]. The
technique is similar to impedance spectroscopy in applying a small amplitude AC signal
to an electrode and measuring the first three harmonics from the response signal. It is
faster than impedance spectroscopy and can be used to calculate I.or and the anodic and

cathodic Tafel constants [194, 195,-197].

Corrosion monitoring techniques are required to investigate incipient corrosion in
concrete repair. A wide variety of techniques are available for this purpose and
amongst these, electrochemical tests have been seen as one of the best solutions. Most
of the tests are based on polarisation techniques largely developed by Stern in the late
1950s. All the authors have applied these techniques for studying the corrosion of steel
reinforcement in concrete and a significant history of use for these tests has been built
up. Gonzalez et al [164, 196] have studied the limitations in accuracy for all the major

tests.
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3.0 Introduction to Experimental Work

3.1 INTRODUCTION

The primary aim of this project is to investigate the corrosion of the steel reinforcement
in repair patches on reinforced concrete structures and to provide an insight into the

influence of concrete repair on the corrosion of the structure.

The corrosion arising from the use of repair materials on a reinforced concrete structure
can be the result of factors such as:

e Repair methods and placement techniques. This would include the workmanship
employed in making the repair to the structure.

e Incompatibility in mechanical properties between the repair material and
substrate concrete. This has been identified as a prime cause of the failure of
repair on a structure [21 - 23]. This can lead to cracking of the repair due to
shrinkage and the redistribution of load in the structure due to creep. The cracks
offer sites for corrosion macrocells to develop and as a consequence have been
extensively studied [28, 62 — 66, 197].

e Incompatibility in physical properties of the repair material and the substrate
concrete. The low permeabilities of repair materials to aggressive species
provides a potential mismatch in physical properties between the repair and the
substrate concrete. An hypothesis has been proposed that this allows macro

corrosion cells to develop between the repair and the substrate [20 — 23, 169].

It is not possible to investigate all three areas in the present study. The effect of repair
methods and workmanship is highly subjective and difficult to study experimentally and

the effect of cracking on corrosion has been extensively studied. Therefore, the current
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work will study the effects of the mismatch in physical properties between the repair
and substrate on the development of corrosion within the repair patch. Previous work in
this area [20 — 23, 169] shows a lack of experimental results and understanding of
possible mechanisms involved. This area, therefore, offers the greatest scope for

original work and contribution to knowledge.

A greater understanding of the effects of mismatch in the properties of repair material
and substrate concrete would allow the production of more durable repair systems. This

should improve the longevity of the structure to which they are applied.

3.2 AIMS AND OBJECTIVES OF THE EXPERIMENTAL PROGRAMME

The aim of the current study is to investigate the effect of the mismatch in physical
properties between a repair material and the substrate concrete on the corrosion that
develops in both materials. The study will involve test specimens made from
commercially available repair materials and representative substrate concrete mixes.
The specimens will combine a repair material and a substrate concrete, both
representing a wide range of property mismatch and will also incorporate continuous
reinforcement bars through the two materials. Standard corrosion monitoring techniques

will be used to measure the development of corrosion in the specimens.

The experimental work will examine the following key areas:
1. The investigation of the long-term performance of the repair patches in
resisting corrosion. This will involve
e Study of the variations in the electro-chemical, physical and chemical

properties of the repair system over time.
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o Investigation of the possibility of an equilibrium between the
corrosion of the parts of reinforcement bars passing through the
repair material and those parts embedded in substrate concrete.

e Determination of the requirements for initiating corrosion in the
repair patch.

2. An investigation of the mechanisms and the relationship between the macro-
cell corrosion of the reinforcement bars embedded in the repair material with
those embedded in the substrate concrete, with special attention to the
interface between repair and substrate materials.

3. The effect of the repair patch on corrosion within the substrate concrete.

3.3 EXPERIMENTAL PROGRAMME

Test specimens that combined both a repair material and a substrate concrete in a single
specimen were prepared. The samples were then exposed to an environment designed to
accelerate the corrosion of reinforcement in the specimens. The corrosion rates were
monitored over a period of time. The relevant physical properties of the repair and
substrate materials used were measured in order to quantify the level of property

mismatch between the two materials.

The experimental programme falls into two distinct sections:

1. Measurement of the relevant physical properties of the materials used and the
identification of the mismatch in properties between substrate and repair. The
literature review has identified that the physical properties important for initiation
and continuation of corrosion are those which govern mass transport processes in
the materials. In addition, it has been recognised that the physical properties can
change with time as hydration continues within the cementitious materials. The

following properties were identified as important for the corrosion processes and
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were measured over a period of time to establish the level of property mismatch:
porosity, permeability, resistivity and chloride diffusion.

2. The monitoring of corrosion within the specimens over a period of time to assess
the corrosion rate of the steel embedded in the repair, at the interface and within the
substrate material. The literature review identified a number of suitable techniques
for corrosion monitoring. It was decided to use more than one technique to prevent
over reliance on a single set of measurements and consequently provide more
reliable data. The following techniques have been employed to monitor and identify
the corrosion processes involved: Linear polarisation resistance, impedance
spectroscopy, potential measurements, resistivity and polarisation curves.

The experimental investigations reported in the thesis have, therefore, been split into

two distinct sections:

e Physical properties of the test materials.

e Corrosion testing

34 TEST MATERIALS

Three commercially available repair materials were selected based on manufacturer’s
information to provide a wide range of properties and to represent the typical range of
repair materials currently available in the market. In addition, two substrate concrete
mixes were used to represent a high and low grade substrate material. These allowed a

range of combinations of repair and substrate materials to be studied.

3.4.1 Repair Materials
3.4.1.1 Repair Material A
Material A was a blend of low alkali Portland cements with microsilica and fly ash

(PFA) admixtures combined with high purity limestone aggregate graded to a Smm
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average size. The material was shrinkage compensated in the both the plastic and
hardened state using an ettringite forming binder system. The equivalent sodium oxide
content of the material was less than 3.0 kg/n?® and the aggregates were deemed by the
manufacturer to be unreactive to alkali silica reactions or any form of alkali aggregate
reactions. The mix was specified as containing no chlorides or carbon particle
dispersions. The material was supplied as a complete mix in the form of a powder
blend. According to the manufacturer’s literature, the powder when mixed with water
produced a nomrshrink, homogeneous microconcrete that is non-slumping and has
excellent adhesion and low permeability. The material was mixed according to the
manufacturer’s directions using a 12% water to powder ratio. Table 3.1 shows the

expected properties of material A from the manufacturer’s literature.

Table 3.1 Typical Manufacturers Data for Repair Material A

Property Value
Density 2210 kg/nr
28 day Compressive Strength 60 MPa (min)
Modulus of Elasticity 24 GPa
Bond Strength 2.4 MPa
Shrinkage (28 days) >0.01%
Coefficient of Thermal Expansion 11.1x10°°C
Water Permeability 2.4x 107 m/s
Coefficient of Chloride ion Diffusion 23x 107" m'/s
Resistivity 9.4 kQcm
Working life 30 minutes at 20°C

104




LInroQulliun U Laperiinenia:s rrorn

3.4.1.2 Repair Material B

Repair Material B was a low density, high strength, shrinkage compensated mortar
suitable for structural repair rendering and profiling of both vertical and horizontal
surfaces. The material was supplied as a blended powder based on a styrene acrylic
polymer modified cement with microsilica, fibre reinforcement and a graded aggregate
of 2.5 mm maximum size. The material was mixed according to the manufacturer’s
directions with fresh water using a 16% water to powder ratio. This produces a rapid
hardening, low density mortar. Table 3.2 shows the expected properties for material B

from the manufacturer’s literature.

Table 3.2 Typical Manufacturer’s Data for Repair Material B

Property Value
Density 1700 - 1750 kg/m’
28 day Compressive Strength 48 MPa (min)
Modulus of Elasticity 19.6 GPa
Bond Strength 4.3 MPa
Flexural Strength 8.1 MPa
Water Permeability 9.65x 107 m/s
Coefficient of Oxygen Diffusion 2.72x 10 cm’/s
Working life 60 minutes at 20°C

3.4.1.3 Repair Material C

Repair material C was an acrylic polymer modified cementitious mortar mix with
lightweight fillers. The material was supplied as a blended powder and only required the
addition of fresh water to produce a lightweight mortar suitable for application to both

horizontal and vertical surfaces. The powder was mixed with fresh water in accordance
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with the manufacturers directions, using a 12.5% water to powder ratio. Table 3.3

shows the expected properties for material C from the manufacturer’s literature.

Table 3.3 Typical Manufacturer’s Data for Repair Material C

Property Value
Density 1420 kg/nr
28 day Compressive Strength 30 MPa (min)
Tensile Strength 2.5 MPa
Flexural Strength 5.5 MPa
Water Permeability 1.21 x 107 m/s
Shrinkage 0.005% cured above water at 20°C
Working life 30 -40 minutes at 20°C

3.4.2 Substrate Concrete Materials

Two substrate concrete mixes to represent a high and low quality substrate were used.
The easiest method of achieving this and still héve a chemically similar mix was to vary
the water cement ratio of a standard concrete mix. Two concrete mixes used to represent
the substrate concrete were:-

e Substrate Concrete mix 1: Mix proportions (by weight) of 1:2:4 (cement:
fine aggregate; coarse aggregate) with a water/cement ratio of 0.4. This
resulted in a concrete with a typical cube compressive strength of 40 MPa

e Substrate Concrete mix 2: Mix proportions (by weight) of 1:2:4 (cement:
fine aggregate; coarse aggregate) with a water/cement ratio of 0.8. This

resulted in a concrete with a typical cube compressive strength of 28 MPa.

106




lntroauction (o experimenital yroris

No attempt was made to keep the placement properties (such as workability) of the
materials constant. It was decided to determine the properties of the materials (substrate
and repair) in the laboratory. This ensured the use of a common set of test procedures
for all materials, instead of different techniques adopted by different manufactures of
repair materials. Details of the constituent materials used to make the substrate
concretes are given in the following sections.

3.4.2.1 Ordinary Portland Cement

Ordinary Portland Cement, from Ketton, was used for the substrate concrete mixes. The
cement complied with BS EN 197-1:2000, CEM I 42,5N (1) and had an average
fineness 0f 400 m2kg. The particle size distribution of the cement is given in Figure 3.1

and the typical chemical composition is given in table 3.4

Figure 3.1 Particle size distribution for Ketton OPC.
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Table 3.4 Typical chemical composition of Ketton Ordinary Portland Cement

Compound % %
SiO, 20.95 Insoluble Residue 0.38
ALO; 4.51 Free CaO 1.5
Fe,03 2.77 Total Alkali Na;O (Equiv)] 0.62
Ca0O 63.92 LSF (x 100) 93.7
MgO 1.1
SOs 3.17 Cement compounds
K0 0.68 by calculation
Na,0 0.17 CsS 52.5
Cl 0.02 C.S 20.1
Loss on Ignitiong 1.17 C:A 7.2
Not Detected 1.54 C4AF 8.4
Total . 100 CaCOs Rem
3.4.2.2 Sand

A medium grain sand from Belmoor quarry was used. The grading curve is presented in

Figure 3.2. Tarmac Quarry Products Ltd supplied the sand. Its chemical composition is

presented in Table 3.5.
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Figure 3.2 Grading curve for Belmoor sand
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Table 3.5 Chemical composition of Belmoor sand

ELEMENTS Content [%]
Silicon dioxide (SiO,) 93.6
Aluminium oxide (ALO3) 3.2
Iron oxide (Fe,03) 0.9
~ Magnesium oxide (MgO) 0.2
- Calcium oxide (CaO) 0.3
Sulphate (SO3) 0.01
Potassium oxide (K,0) 1.0
Sodium oxide (Na,O) 0.1
Na;O, =0.658 - K,0 + Na,O 0.76
Chlorite(Cl) <0.01
Loss of Ignition 0.7
Bulk Density (kg/m3) 1765 to 1620
CaO+ MgO+ ALO; 0.04
SiO,
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3.4.2.3 Coarse Aggregate

The coarse aggregate used was a mon-reactive crushed graded gravel between 5 and 14
mm maximum size in accordance with BS 882. The grading curve for the aggregate is

given in figure 3.3. The aggregate was washed before use to make it free from clay, silt,

organic impurities and chlorides.

Figure 3.3 Grading curve for coarse aggregate
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4.0 The Physical Properties of Substrate and Repair Materials

4.1 INTRODUCTION

The initial stage of the experimental programme was the measurement of the corrosion related
physical properties identified in Chapter 3 for the repair and substrate materials. The following
properties were identified as important to corrosion processes: porosity, permeability,
resistivity and chloride diffusion. These properties are used to define the level of mismatch
between the repair and substrate materials, which will then be related to the reinforcement
corrosion measured in test specimens produced with different combinations of repair and

substrate materials.

4.2 POROSITY

4.2.1 Introduction

Pores or voids in concrete consist of pores in the hardened cement paste, entrained or
entrapped air voids and voids in the aggregate. These are created during mixing and initial
hydration of the cement and are further refined by the setting and continued hydration of the
cement paste with time. Other void spaces can be created as a result of effects such as

bleeding, honeycombing and air pockets.

Most of the important properties of hardened concrete can be related to the volume and size
distribution characteristics of the various types of pores in it. The mechanical properties such
as strength and elastic modulus are primarily affected by the total pore volume, not their size or
continuity. The durability properties of concrete involve mass transport phenomenon of

deleterious substances and are concerned with the permeability and ionic movement in the
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concrete. The volume, size and continuity of the pores have been found to influence these

types of properties.

4.2.2 Experimental Procedure

4.2.2.1 Test Materials

Three commercially available repair materials were selected to provide a wide range of
properties and to reflect the typical variety of repair materials currently available in the market.
Details of the materials, A, B and C, used are given in section 3.4 The two concrete mixes, of
0.4 and 0.8 w/c ratios, represented the substrate concrete. The repair materials and substrate

concrete mixes represent a wide range of permeability and porosity values.

4.2.2.2 Test Specimens

The materials were cast into cylindrical steel moulds 100mm diameter X 200mm high. The
cylinders were filled in three layers, each layer was compacted on a vibrating table. The
moulded cylinders were covered with polythene and cured overnight in a mist curing room.
The specimens were demoulded 24 hours after casting and then cured in a water tank for 28

days at 20°C. Two cylinders were cast for each test material.

After 28 days curing, one of the two cylinders of each test material was sectioned across the
100mm diameter cross-section using a masonry saw. Two discs 25mm thick and 100 mm
diameter were cut from the top and bottom of each cylinder and discarded. The remaining 150
mm length of the cylinder was cut into three discs of 100mm diameter X 50mm (+/-5mm)
thick. These disc specimens were used to measure the porosity. Following cutting and prior to

testing all disc specimens were stored in a water tank at 20°C for approximately 3 to 7 days.
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The second cylinder of each material was cured in a water tank at 20°C for 12 months,

following which it was also cut into discs as described above.

4.2.2.3 Experimental Technique

Porosity was determined by measuring the evaporable water from the disc specimens. The
experimental technique of BS3921 (1985), for the determination of porosity of bricks, was
used. The disc specimens were dried at 105°C until a constant mass was achieved and were
then cooled down to 20°C in a dessicator and weighed to give the dry mass (my ). The
samples were then vacuum saturated according to BS3921. The mass of the water-saturated
sample (my) was taken, followed by the buoyed mass of the sample suspended in water ().
The buoyed and water saturated mass measurements were taken in water at a constant
temperature of 20°C (+/- 2°C). This minimized errors in the calculations from changes in
water density with temperature. A Qalue of 998.21 kg/m’ was taken as the density of water,
pw, for the calculations. Standard methods allow the calculation of porosity, bulk density,
percentage water absorbed and apparent solid mass from the experimental data as shown in
the next section. Each calculation represents the average of the three disc specimens tested for

each material at each age.

4.2.2.4 Calculations
Total Volume
Total volume of solids and voids, V7, is equal to the buoyed mass of the test specimen

suspended in water, m3, after correction for the true density of water (p,)-

Vy =8 [cm ] 4.1

/4
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Volume of Voids
Total volume of voids in the specimen, V', is calculated by subtracting the dry mass of the
sample, mp, (solids plus voids filled with air) from the saturated mass, ms, (solids plus voids

filled with water).

m, =mg—myp [kg]

Where m, = mass of water in the saturated voids.
mV

Py

Ly = T o

w

V, =

4.2

Volume of solids
Volume of solids in the specimen, Vg, is calculated by subtracting the volume of voids, Vy,

from the total volume, V7.

Ve=V,-V, [cm] 4.3

Bulk Density

Bulk density, p g, is the mass of the whole material per unit volume, reflecting the density of

the mineralogical content of the material and the amount of pore spaces. It is usually specified

as mass per unit volume e.g. g/cnt’ or kg/n?’.

mp
Ppun =7
Vr
Substituting for ¥, from equation 4.1 gives: 4.4
Ppue =—>— [g/em’]
5/ Pw
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Apparent Solid Density

Apparent solid density, p ,,,ren soia » 18 the density of the solids in a material, which is due

purely to the mineralogical components of the material. It is usually specified as mass per unit
volume e.g. g/en?® or kg/m’. However, using the vacuum saturation method, the measurement
of the volume of the sealed pores is impossible. Picnometry is the only method which can
calculate the true solid density of the material. Therefore, the solid density determined in this

investigation is not the true solid density of the material but the apparent solid density.

mp
p Apparent Solid —
VS

Substituting for V, from equation 4.3 gives: 45

p Apparent Solid

- —_— /
7 [g/cm’]

T vV

Apparent Porosity
Apparent porosity, p [%], is the amount of voids expressed as a percentage of the total

volume V7 and is given by the expression.

0 VV
P[A)]=7'100 46
T
Water Absorption

Water absorption (w,) is the amount of water taken in by the material under normal
temperature and pressure. Water absorption of each specimen was calculated as the increase

in mass resulting from submersion, expressed as a percentage of the mass of the dry specimen.
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w, = 7M0) 100 (%] 4.7
m,, ,

4.2.3 Results and Discussion

Table 4.1 presents the values for bulk density, solid density, water absorption and porosity of

the test materials after 28 days and 12 months of curing. The results are consistent with under

2% variation in calculated values for the three disc specimens of each material. All the

materials showed a slight increase in porosity between 28 days and 12 months. The reason for

this is unclear, but the variation for most materials was under 1% (Figure 4.1).

The technique was sensitive enough to detect differences in the mix proportions of the
materials. The 0.4 w/c and 0.8 w/c substrates have similar solid densities, reflecting the fact
that they have the same solid constituents, but different bulk densities reflecting the different
water content. Repair material A also has a similar solid density to the substrate materials. This
would be consistent with repair material A, containing PFA as a cement replacement material,
but otherwise containing similar solid constituents. Repair materials B and C are both polymer

modified materials and this is reflected in lower solid densities.

The 0.4 w/c substrate had the lowest porosity of 10.79%. The 0.8w/c substrate and repair
materials A and B all had porosities in the range 20-25%. Repair material C had the highest
porosity 34 - 37%. The higher porosities of the repair materials result from the different
constituent materials used. The repair materials contain finer aggregates, which makes them
similar to cement mortars. These have higher porosities than concrete mixes due to the

absence of the low porosity coarse aggregate [81,82].
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The experimental techniques adopted are sensitive to changes in the absorption properties of
the materials, but do not provide evidence of the relative continuity of the pore structure in the
different materials. The results, therefore, offer little to allow comparison of mass transport
properties in the materials, which govern the potential durability of the repair materials and
their protection against reinforcement corrosion. It is judged that water permeability
measurements would provide a better assessment and correlation with the durability potential,

therefore, this property will be determined in the next section.

4.2.4 Conclusions

The repair and substrate materials selected for the investigation provided a wide range of
porosity values. The experimental technique proved to be sensitive enough to detect these
differences. The 0.4w/c concrete had the lowest porosity of 10.4%. The 0.8w/c substrate and
repair materials A and B all had porosities in the range 20-25%. Repair material C had the
highest porosity 34-37%. A likely cause for the higher porosity of the repair materials was

their lack of coarse aggregate.
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4.3 PERMEABILITY
4.3.1 Introduction

Permeability is a measure of the resistance to flow of water or gasses. It represents the
mass transport properties of the material. This is an important parameter when
considering the durability of concrete repairs as corrosion rates of reinforcement will be
under mass transport control. Permeability can, therefore, provide a method of
distinguishing the relative performance of different repair materials and also give a
measure of the mismatch between a repair material and the substrate to which it has

been applied.

In this study a purpose built permeater has been used to measure the Darcian coefficient
of permeability for the materials under test. This involves applying a constant “hcad”
pressure of water to one surface of a specimen and measuring the flow of water throﬁgh
the specimen. There are currently no standards governing measurements made with this
type of apparatus. This means information on the operating parameters used has to be

taken from literature and adapted for the current study.

4.3.2 Permeater Apparatus

The permeater used in the current study is a SP2 permeability apparatus manufactured
by SPT. A schematic diagram of the permeater is given in figure 4.2. This equipment
uses a high precision syringe pump to push water through a cylindrical specimen of the
test material. Two highly accurate transducers measure the pressure and the flow rate
through the sample. These values are logged and stored by computer to provide a record

of pressure, flow and time when the readings were taken.
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A feature of this permeater is the oil-confining jacket around the specimen. The sample
and sample holder are surrounded by a reservoir of oil, kept at a higher pressure than the
water being pumped through the specimen. This prevents leaks in the system and,
therefore, allows a higher accuracy in flow measurements. The oil confining pressure

also allows higher head pressure to be applied allowing faster measurements for low

permeability materials.
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Figure 4.2. Schematic diagram of Permeater
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4.3.3 Operating Parameters

A number of review documents [82, 102] provide information on experimental

techniques, which can be used to define the operating parameters for permeability tests.

Concrete Society Technical Report No. 31 [82] provides recommendations on good

practice for the measurement of permeability by flow. These guidelines have been

adopted from the work of Jefferies at King’s College, London and provide a basis for

defining the test parameters. Relevant guidelines are as follows:-

i Specimen Saturation: The flow of water into the specimén is controlled initially by

ii.

iii.

iv.

capillary forces in the material. These forces continue to act until water has passed
through the full length of the specimen and wetted the under surface. Until this
happens flow is not governed by Darcian flow. This means that true permeability
can only be measured on fully saturated specimens. All the specimens used in this
study were kept in a saturated condition in a water bath at 20°C until testing.
Vacuum saturation was also tried but did not produce substantially different results
from the saturated specimens.

Leak Compensation: as the permeabilities of the repair materials used are likely to
be below 107> m/s, any leaks in the system can have a large impact on the accuracy
of flow rates being measured. It is recommended that both the inflow and outflow
should be monitored to allow compensation to be made for leaks in the system.
The presence of air in the sample will act as water free voids in the sample that
will disrupt the movement of water through the specimen. Applying a
backpressure of 2 bar will dissolve any entrapped air in the specimen or apparatus.
Temperature changes in the apparatus may effect the low flow rate measurements;

therefore temperature of the apparatus must be kept constant.
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v. Water flow rate can be expected to vary in a non-Darcian fashion with applied
pressure. At low pressure gradients, chemical interactions may result in the
generation of osmotic pressures between the concrete and the pore water. High
pressures can result in the compression of the pore structure resulting in a lower
calculated permeability and may damage the specimen. Test pressure should be
chosen as near as possible to the practical situation and quoted along with the
calculations. A constant test pressure should also be used during the test; changes
in pressure could result in movement of the specimen which may be recorded as
apparent flow.

vi. There is a possibility of leaching of calcium hydroxide etc, from high and medium
permeability concrete during the test. This may effect the permeability of the
material and so it may be advisable to use calcium hydroxide solution as the
permeating fluid. However, the effectiveness of this remains unclear from
literature and the chance of significant leaching from the low permeability
materials used in this study is small due to the low velocity movement of water

through the specimens.

4.3.4 Experimental Conditions.

It is clear from examining these recommendations that care needs to be taken in
defining the experimental parameters of the permeability test, in order to be able to
produce reproducible results. The test apparatus used in this study keeps the specimen
under pressure in an oil filled jacket. This will minimise the risk of interference from
entrapped air. Saturated specimens were used in the study to speed up measurements of

Darcian flow. The apparatus was also kept in a temperature-controlled environment to

minimise the effect of temperature changes on flow measurement. Distilled water was

124



used as the permeating fluid and the effect of leaching on the low permeability

specimens used in this study was considered negligible.

The risk of leaks of water in the permeater used in this study was considered negligible
due to the high-pressure oil jacket surrounding the specimen. This confining pressure
was always kept at 10 bar above the pressure head. However, there was still a risk of
contamination of the specimen from the confining oil and water leaks if the head
pressure exceeded the confining pressure. The permeameter used in this study only
measured the inflow. Collecting the water passing through the specimen made the only
check on the outflow. However, measurements could not be made to the level of
accuracy of the inflow measurements and, therefore, the measurements were used as a
check for leaks and oil contamination. At regular intervals, a test was made on an
impermeable calibration specimen to check for leaks in the system. These tests did not
detect the presence of leaks during this study.

The two major experimental parameters for this study were the inflow head pressure
and the time over which the measurements were conducted.

i Head Pressure: The head pressure effectively controls the confining oil pressure
used during the test. As the head pressure increases so will the confining pressure
used leading to the compression of the pore structure and lower calculated
permeabilities. This can be seen in the calibration runs shown in figure 4.3. As the
head i)ressure increases, the calculated average permeability falls. However, figure
4.3 also reveals that the lower the head pressure the greater the scatter in the inflow
values measured. This lowers the confidence in the permeability value calculated.
This implies that with this permeameter there is a trade off between the lower

measured permeabilities, but less scatter in the measured flow as head pressure
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increases. Higher head pressures also produce more measurable flow rates in low
permeability materials and reduces the time taken to produce steady state flow, so
reducing the time required for each test. In this study it is important to be able to
compare the permeability values for the different materials used. It was decided to
use a constant head pressure of 1000 KPa with a confining pressure of 2000 KPa.
This compromise gives results with reasonable scatter and measurable flows for
the low permeability materials, while providing a head pressure relevant to

practical situations.

The second important experimental parameter is the duration of the test. It has
been found in literature [81, 82, 101, 102] that flow varies with time during a
permeability test. Constant flow is only achieved under special conditions. It is
normally observed that flow rate reduces with time. The self-sealing property of
concrete means that the time over which permeability measurements are taken will
influence the calculated value of permeability. The self-sealing phenomenon
usually occurs between the first 20-40 hours of the test; after this a constant value
is generally reached. In this study, it was decided that all the tests should be run
over the same time period and results used to calculate the permeability should
cover the same period. The permeability tests were run for a period of 3 days (72
hours) and the readings used for permeability calculations covered the last 48
hours of the test. These test durations were shorter than some of those used in
literature of 4-7 days, so direct comparison of the values calculated in this study

with those in literature may not be accurate.
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4.3.5 Darcy Coefficient of Permeability

A summary of the experimental parameters used in the study is as follows- Saturated
specimens were used and leaks in the system were prevented. The permeameter
operated at a head pressure of 1000KPa with a confining pressure of 2000KPa. The
tests were conducted over a period of 72hours with only the readings from the last 48

hours used to calculate the permeability coefficient.

The permeability of the specimens was measured using a saturated flow technique.
Here one side of the water-saturated specimen was subjected to a pressure head and
the rate of flow through the sample measured. Darcy’s law can then be used to

determine the permeability coefficient (k) from the following equation:-

_dg L 4.8

dt AhA

d—?z rate of flow (m*/s)

A = cross sectional area (m?)

Ah =pressure head accross the sample (m)
L = thickness of sample (m)

k = coefficient of permeability (m/s)

4.3.6 Materials and Test Specimens

The three repair materials A,B and C and two substrate concrete mixes (04. and 0.8

w/c ratios) were used for the tests. Details of these materials are given in Chapter 3

(Section 3.4).

The materials were cast into cylindrical steel moulds 100mm diameter X 200mm

long, covered with polythene sheets and left to cure in a mist room at 20°C overnight.
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The cylinders were filled in three layers, each layer was compacted on a vibrating
table and using a tamping rod. Four cylinders were cast for each test material. The
specimens were demoulded 24 hours after casting and then cured in a water tank for

28 days at 20°C.

After 28 days curing, two cylinders for each test material were sectioned using a
masonry saw. The top and bottom 25 mm thick discs were removed from each
cylinder and remainder was cut into discs of 100mm diameter x 50mm +/-5mm high.
These disc specimens provided the test specimens for the permeameter. Specimens
with large voids on the side surface, which might cause sealing problems in the
permeameter, were discarded. Smaller surface voids were filled with Plaster of Paris
prior to testing to ensure a good seal in the test cell. Following cutting and prior to
testing all specimens were stored in a water tank at 20°C for a period of up to 2 weeks.
. This procedure was repeated after 12 months for the second pair of cylinders of each
material (repair and substrate). The total number of disc specimens of each material
used for the permeability tests are given in table 4.2.

Table 4.2 Permeability Test Specimens.

Material 28 days | 12 months
A 4 4

B 5 4

C 5 5

0.4w/c Substrate | 4 4

0.8w/c Substrate | 4 4

Total 22 21
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4.3.7 Results and Discussion

4.3.7.1 Permeability of Test Materials.

Figure 4.4 shows the Darcy permeability coefficient measured for each test material at
28 days and 12 months. The results show a high and a low value from the standard
deviation and an average permeability for each test material. This gives an indication

of the permeability and the variation in permeability for each material.

The results indicate that at 28 days all the test materials suffered from a similar large
scatter in permeabilities. Material C and the 0.4w/c substrate exhibited the lowest
variation and the 0.8w/c substrate the highest. However, the degree of scatter in the
results appeared to be random. This is not unusual in permeability studies - figure 4.5
shows a comparison of water permeability data for concrete from literature together
with results from the present study. The high level of scatter is an indication of how
permeability can fluctuate with variations in materials and test methods. A
comparison of the results of this study with those in figure 4.5 show that the present
results are totally consistent with those of previous studies, indeed the level of scatter
is lower in the present study. The level of scatter is important for the interpretation of

the results.

It is clear from figure 4.4 that after 28 days curing, material A had the lowest
permeability, followed by material B and material C had the highest permeability of
the repair materials used. All the materials have significant differences in
permeability. The substrate materials also showed significant differences in
permeability with the 0.4w/c concrete having a lower permeability than the 0.8w/c

concrete.
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Figure 4.4 shows that after 12 months curing the test materials showed a drop in
permeability. The difference in permeability between 28 days and 12 months was less
marked for the lower permeability materials A and the 0.4w/c substrate. The higher
permeability repair materials B, C and 0.8w/c substrate showed much larger drops in
permeability. The drop in permeability is caused by the refinement of pore structure
with continuing hydration over time [101, 102]. The level of scatter in the results
masks the changes in permeability with time but the change is clearly more significant

for the more permeable repair materials B and C.

The results of the permeability tests allow the characterisation of the test materials in
accordance to the concrete society teéhnical report 31 [82]. Repair material A and the
04w/c substrate are low permeability materials (<10"1?m/s). Repair material B and the
0.8 w/c substrate are of average permeability (107'%107° m/s) and repair material C is

a high permeability material (>10°mys).

4.3.7.2 Level of Mismatch in Materials

The level of mismatch in the pore structure between the substrate concrete and any
repair material used in conjunction with it, may affect the durability of a repair. The
difference in the permeability of the repair material and substrate concrete can provide

a measure of the mismatch of pore structure in the materials.
Figure 4.4 shows that the 0.4w/c substrate concrete has a similar permeability to

repair material A. However, it is significantly less permeable than repair materials B

or C. The 0.8 w/c substrate is similar in permeability to B, but is less than C and more
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permeable than A. When different repair materials are applied to the same substrate
then the mismatch in permeability will differ for each combination.

The repair and substrate materials used in this study provide six different repair-
substrate combinations as shown in table 4.3.

Table 4.3 Repair Substrate Combinations

Specimen Repair Substrate Repair Substrate
Identification | Material Material Permeability Permeability
A04 A 0.4w/c Low Low

A08 A 0.8w/c Low Average
B04 B 0.4w/c Average Low

B08 B 0.8w/c Average Average
Co4 C 0.4w/c High Low

Co8 C 0.8w/c High Average

Figure 4.4 also shows that the level of mismatch in permeability between substrate
and repair material can change with time. Repair material B gets significantly less
permeable over 12 months, while the 0.4w/c and the 0.8w/c substrates change only
marginally over 12 months. Therefore the match between material B and the 0.4w/c
substrate improves with time, while its match with the 0.8w/c substrate worsens with

time.

A method of expressing the level of mismatch between repair and substrate would be
to use the ratio of substrate permeability to repair permeability. A value of 1 indicates
that the repair and substrate have the same permeability. A value less than one

indicates the repair is more permeable than the substrate. A value greater than 1
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indicates that the substrate is more permeable than the repair. The scatter in results
suggests that there may be significant variation in permeability within a material. It
may not be correct to use an absolute mismatch between a substrate and a repair
material based on the average permeabilities of repair and substrate. Therefore, by
incorporating the deviation in results about the mean it would be possible to produce a

range of mismatch between substrate and repair.

Figure 4.6 shows the change in ratio of the permeability of the substrate material to
the permeability of the repair material (mismatch ratio). The results show the possible
variation in mismatch with a low, high as well as an average value of mismatch ratio.

This gives an indication of the mismatch in permeability of the combinations of repair

and substrate.

The best match (match ratio closest to 1) is for material B with the 0.8w/c substrate at
28days. The match gets worse over 12 months, but still remains the best match range
of the materials tested. Repair material A with the 0.4w/c substrate has the next
closest match, which improves slightly over 12months. The specimens with the
closest match cover two different situations. Material B with the 0.8w/c substrate
represents the case of both average permeability repair and substrate materials.
Material A combined with the 0.4w/c substrate represents the case of both low

permeability repair and substrate materials.
The combination of material A with the 0.8w/c substrate represents a low

permeability repair and an average permeability substrate. It has the poorest match

index greater than 1. Material C with the 0.4w/c substrate had the poorest match index
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less than 1 (high permeability repair and low permeability substrate). The other
specimens had match indices less than 1, which represent higher permeability repair
than the substrate. This was for combinations of material B with the 0.4w/c substrate

and material C with 0.8w/c substrate.

Figure 4.5 shows the results of this study with those from literature [82]. It confirms
materials A, B and C having a low, medium and high permeability respectively. The
concept of matching the permeability of repair materials with those of the substrate
concrete may be difficult to achieve in practical repairs. The changes of permeability
with time would indicate that any match in permeabilities achieved could be lost as
the repair and substrate concrete continue to age. The changes will be greater in the
newly applied repair materials, whereas the aged substrate concretes will have

stabilised during their service life.

The test materials provided a range of permeabilities from low to high permeability.
This provided a range of combinations of materials (table 4.3) and different matches
in permeability between repair and substrate. These combinations of materials and
their different permeability matches will be used to study the corrosion behaviour of

the specimens in this investigation.

4.3.8 Conclusions

e Material A was less permeable than material B, which was less permeable than
material C. The 0.4w/c substrate is less permeable than the 0.8w/c substrate.

e Material A and the 0.4w/c substrate were low permeability materials, material B
and the 0.8w/c substrate were average permeability materials and material C was a

high permeability repair material.
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The permeability range of the materials allows different repair and substrate
combinations to be investigated.

The ratio of the permeability of the substrate to the permeability of the repair
(match ratio), defines the difference in permeability between repair and substrate.
The permeability of the test materials decreases with aging, between 28 days to 12
months, therefore, the match ratio between the repair and substrate also changes

with time.
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4.4 CHLORIDE DIFFUSION COEFFICIENTS

4.4.1 Test Materials

The chloride diffusion characteristics of the three commercially available repair
materials A, B and C and two concrete substrate mixes (0.4 and 0.8 w/c) were
determined. Details of the materials are given in section 3.4.1 Mix proportions of the

substrate mixes are given in section 3.4.2

The repair materials and substrate concrete mixes represent a wide range of
permeability and porosity values. Both the substrate concrete mixes contained 3.5%
NaCl (by weight of cement). This was to simulate the substrate mixes used in Chapter 5
on Corrosion Testing, where chloride was added to depassivate the steel reinforcement

in the test specimens. No NaCl was introduced in the repair material.

4.4.2 Test Specimen Preparation

The test specimens used for the determination of chloride diffusion coefficients were a
combination of a repair material with a substrate concrete. This was to simulate the
effect of using different combinations of repair and substrate materials on chloride
diffusion. The test cylinders were unreinforced Two cylinders were cast for each of the
following repair-substrate combinations:

Repair Material A with 0.4 w/c Substrate.

Repair Material A with 0.8 w/c Substrate.

Repair Material B with 0.4 w/c Substrate.

Repair Material B with 0.8 w/c Substrate.

Repair Material C with 0.4 w/c Substrate.

Repair Material C with 0.8 w/c Substrate.
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Cylindrical moulds 100mm in diameter and 400 mm long were used to cast the test
specimens. The substrate concrete was first cast into the lower half of the moulds, in
three layers and vibrated to achieve optimum compaction. The half-cast moulds were
covered with polythene and left in a mist curing room overnight. The repair material
was then mixed and cast into the unfilled half of the mould in accordance with the
manufacturer instructions. The specimens were demoulded 24 hours after casting and
then cured in a water tank for 28 days at 20°C. Following the 28 day curing, the
specimens were transferred to a second water tank containing 3.5% NaCl, where they

were stored for the remainder of the study (12 months).

4.4.3 Test Methods for Chloride Contamination and pH

After 12 months exposure to the 3.5% NaCl solution, each cylindrical specimen of a
repair/substrate comb ination was prepared for chloride analysis. The specimen was cut
in half along the repair/substrate interface. Three slices, each 20mm thick, were cut on
either side of the interface (see figure 4.7). These provided three discs for chloride
analysis from the substrate concrete and three discs from the repair material. The
remaining 40mm thickness at the top and bottom of the specimen was discarded.
Powder samples were taken from each disc using a 6mm drill. The samples were taken
at two depths from the surface (circumference) of the cylinder, 10mm from the surface
and at 40mm from the surface (see figure 4.7). The 40mm depth represented the
approximate cover to the reinforcement bar used in later studies on Corrosion Testing
(Chapter 5). Different locations at 40mm and 10mm from the surface, shown in Figure
4.7, were drilled to provide a powder sample of 2.5g per disc for chloride analysis. Each
powder sample was weighed and then added to 25ml of 0.1 molar nitric acid. The

mixture was boiled for approximately 5 minutes. On cooling the mixture was
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neutralised with calcium carbonate and then filtered. The resulting solution was then
titrated against standardised 0.1 molar silver nitrate solution. The percentage chloride by
weight of concrete or repair material was calculated using the following expression
(14):

35.45VM
10w

%Cl™ =

where;

V =volume of silver nitrate solution. 4.9
M =molarity of the silver nitrate solution.

w =mass of the powder sample (g)

The pH of the test specimens was also measured using a universal pH indicator solution.

It was found to be in the range 12-13 pH for all materials.
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Figure 4.7. Schematic diagram of the Specimen Used for Chloride Analysis.
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4.4.4 Chloride Diffusion Coefficients

The chloride diffusion tests provide chloride concentrations at two depths, C; lcm

depth and C4 4 cm depth. Using Fick’s second law:

4.10

2
x_p e
ot ¢ ox?

It is possible to determine D, (diffusion coefficient) for each material from this data.
This can be used to compare the diffusion rates of chlorides in the different materials
used in this study. In addition, as later experiments reported in the thesis expose steel
reinforced specimens to chloride contaminated solutions and measure the corrosion
rates against time, a pre-determined value of D, allows the estimation of chloride
concentration profiles at the steel surface with time. This allows an evaluation of the
relationship between corrosion and chloride concentration at the steel surface. The
chloride diffusion coefficient D, is calculated by using a standard solution for Ficks 2"
Law for a semi-infinite slab:

X

2/0i°

4.11

C=C,[l-erf

Where

x = the distance from the concrete surface (cm).

t = the exposure time to the chloride source in seconds.

D, = the diffusion coefficient of the concrete in cnfs™.

Cs= the equilibrium chloride concentration on the concrete surface

C = the chloride concentration at any position x and time t.
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Now let: z=( ) 4.12

Substituting z from equation 4.12 into equation 4.11 for chloride concentrations at x =

Icm and at 4 cm gives:

4.13
C =C,(-erf(2)
and 4.14
C,=C,(I-ef(42)) '
As Cs is common to equations (4.13) and (4.14), re-arranging gives:
G _ C, 4.15
(-erf(2)) (1-erf(42))
An accurate approximation for the error function [238] is given by:
erf (z) =1— ae ¢ 4.16
and also,
erf (4z) = 1—ae 2=+’ 4.17
Where a, b and c are constants and e is the exponential function:
Substituting into equation (4.15) gives:
C C
—b(l+c)2 = —b(442+c)2 4.18
ae ae
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Rearranging equation 4 .18 gives:

C 2 2
E’L = e-b(z+c) +b(4z+c) 4.19

4

Multiplying out the bracket in (4.19) gives;

—b(z+c) +b(4z +¢)?

==b(z* +2zc +c*)+ b(162> + 8zc + ¢?)
=—bz? — 2bzc — bc* +16bz* +8bzc +bc?
=15bz* +6bzc

C 2
Therefore, C—' = ! bH6zbe 4.20
) 4
Taking logs of equation 4.20:
Cl 2
IDE—=152 b+ 6zbc 421

4

Rearranging equation 4.21 gives a standard quadratic equation;

1522b+6zbc—ln£=0 422

4
For the error function approximation [238]:
b=0.7182

¢c=0.7856

Therefore, the quadratic equation becomes;

10.773z* + 3.385z- lni =0 4.23

4
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The standard solution for the quadratic equation is;

-3.385% \/1 1.458225+43.0921n S

¢ 424

z =

21.546
Hence, by knowing the chloride concentration in a sample at two depths (C; and Cy) it
is possible to solve the quadratic equation and calculate the value for z. Substituting this
value of z into equation 4.12, a value for D. can be calculated for the material.

Substituting z into equation 4.13 or 4.14 a value for C; can be found.

An alternative épproach uses the following polynomial as the approximation for the

error function [239].

erf(z)=1-(1+az+bz* +cz* +dz*)™* 4.25
where :

a =0.278393

b=0230389

¢=0.000972

d =0.078108

Substituting equation 4.25 into equations 4.13 and 4.14 gives.

C,=C;(1+az+bz* +cz’ +dz*)™ 4.26
C, =Cs(1+a(4z) +b(4z)* +c(42)® + d(4z)")™ 4.27

As Cg is common to equations 4.26 and 4.27, re-arranging gives:

4.28

C _ (+az+bz? +c2’ +dz*) 3
C, | (1+a(4z) +b(dz)* +c(42)* +d(42)*)
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Re-arranging equation 4.28 gives:

4.29

C _ ( (1+ a(4z) + b(4z)? +c(4z)? +d(42)*) ]4

C, (+az+bz’ +c2° +dz*)

Raising both sides of the equation 4.29 to the power Y4 gives:

P =((l+a(4z)+b(4z)2 +c(42)° +d(4z)4)] 430
C, '

(1+az+bz* +¢c2* +dz*)
C
Let 4’C_l =q 4.31
4

_(+a(@z)+ b(4z)2 -+ c(4z)3 + d(4z)4)
(1+az+bz* +cz* +dz*)

Therefore:

4.32

Re-arranging equation 4.32 gives:
q+qaz+qbz’® +qcz® + qdz* =1+4az +16bz° + 64cz® +256dz*  4.33
Rearranging the equation 4.33 gives

2*d(256 - q) +2°c(64 - q) + 2°b(16 — @) + za(d - q)+1—g =0 4.34

Equation 4.34 can be solved by iteration using a spreadsheet program such as Microsoft
Excel. The two different error function approximations used in equations 4.24 and 4.34
respectively produce values for the diffusion coefficients of each material within 10% of
each other. The accuracy of the diffusion coefficients calculated is dependent on the
accuracy of the error function approximation at the particular values of z required. In
this situation z was in the range 0.020 to 0.195 and the error function approximations
were accurate to at least 5 decimal places. For larger or smaller values of z the accuracy

of the approximations would need to be confirmed.
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4.4.4 Results and Discussion

Table 4.4 gives the chloride concentrations (molar concentration) at 1 cm and at 4 cm
depth from the edge (circumference) of the disc specimen In addition the calculated
values for Cs (chloride concentration at the surface) and D, (chloride diffusion
coefficient), using the method detailed in section 4.4.4, are given in table 4.4. The
method used for the calculation of the diffusion coefficients is based on a standard
solution for Ficks 2" law based on a semi-infinite slab. The test specimens used for the
study were cylindrical (see Figure 4.7). The method employed would not be capable of
predicting accurate chloride concentrations, but should be suitable for comparing
different repair and substrate materials. There were no discernable trends between the
values calculated for different repair ;s.ubstrate combinations and different sample
locations within the test specimeﬁ (sée ﬁgure 4.7). Table 4.4 represents the average
values for each repair and substrate material from the measurements taken from all the
test specimens. The value for each repair material represents the average of
measurements from 4 specimens and each substrate the average from 6 specimens.
Permeability has also been included in table 4.4 for comparison with D, values. The D,
values predicted for the repair materials appear to follow the trends in permeability.
This confirms that it is the size and degree of connectivity of the pores that controls

mass transport phenomenon in concrete and repair materials.

Material A has a lower D, value (a lower value represents a lower rate of chloride
diffusion) than for material B and material C has the highest value. The general trend in
D, values is as would have been predicted from literature. However, the values are
higher than those found in previous studies [SO — 58] and the values quoted by the

manufacturers of the repair materials. The surface concentration values (Cs) do not give
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a single value even though the exposure conditions are constant. This is probably due to
experimental limitation from calculations based on only two measurements at C; and
Cs. This is partly due to large percentage errors possible from the titration results carried
through the calculation. For instance material A was found to have a small chloride
concentration after exposure. This means the amount of 0.1M AgNO; solution was low,
in the order of 1 to 1.5 cn?. As the end point for the reaction was measurable to the
order of 0.5 cnt, the average error produced in the chloride calculation for material A
was in the order of 60%. The error was considerably less for the other repair and

substrate materials, but represents the limit for the experimental technique used.

The situation for the substrate materials is more complex as chlorides were added
during mixing. This makes it difficult to distinguish between the chlorides added and
the chlorides that have diffused into the test‘specimens. It is also possible that the
presence of chlorides in high concentrations may have affected the activity of the
chloride ions and so reducing any measured chloride diffusion coefficient.

Table 4.4: Chloride content in repair materials and substrate concrete

after 12 months exposure to 3.5% NaCl solution.

Material | % Emror | Cs(M) | Ci(M) | Cs(M) D(cnt/s) Permeability

k (m/s)
A 60.500 | 0.054 | 0.042 [ 0.020 2.139E-07 3.59x10°"°
B 20.400 | 0.121 | 0.104 | 0.069 6.294E-07 7.48x10!
C 15.100 | 0.163 | 0.158 | 0.146 1.827E-05 1.53x107"

0.4w/c Sub | 3.800 0.234 ] 0.231 | 0.184 1.982E-06 1.46x10°"*

0.8w/c Sub | 4.800 0204 | 0202 | o0.161 1.340E-05 7.76 x10°!"
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Taking into account the errors present in the results, the trends predicted for the chloride
concentration at the steel surface (cover = 4cm) are useful for the investigations
reported in Chapter 5 and Chapter 6. Figure 4.8 shows the predicted change in chloride
concentrations over 12 months for the repair and substrate materials. A critical chloride
concentration for corrosion initiation from literature was taken to be 0.05 M [29], above
this value it is likely that corrosion of the steel will occur. From this it can be seen that
for material A the chloride concentration is unlikely to have exceeded the critical value
of 0.05M during this study. For material B it can be seen that the chloride concentration
would only have exceeded the critical value in the last few months of the study. It is,
however, probable that for material C the chloride concentration would have exceeded

the critical value for the entire study.

4.4.6 Conclusions

The chloride diffusion coefficients for the repair materials increase with increasing
permeability coefficients of the materials (see table 4.4). This indicates that the pore
structure plays a critical role in mass transport properties. Material A has the lowest D,

value followed by material B and material C the highest value.

Prediction of chloride concentration at the steel surface (cover = 4cm) with time for
these materials, suggests that for material A it never rose above a critical value to intiate
corrosion. For material B it did exceed the critical value towards the end of the study,
whereas for material C it had probably exceeded the critical value for most of the study.
The findings of this work can be used to assess the effect of chloride concentration on

future corrosion results later in the study (chapter 5).
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Figure 48 Chloride Concentration a the Steel Over R Months Exposure
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4.5 RESISTIVITY

4.5.1 Introduction

Resistivity measures the resistance of a material to the flow of an electric current. This
is a measure of the ease of movement of ions through the cementitious material [36].
The movement of ions through the material is required in a corrosion reaction,
therefore, resistivity is an important parameter in assessing the viability of corrosion
cells. Resistivity as a technique is often used in conjunction with rest potentials to give
an indication of the corrosion rate [186] of steel embedded in cementitious materials. A
low resistivity material indicates easy movement of ions and ,therefore, a possible high
rate of corrosion. This depends on the environment within the concrete being suitable to
support the corrosion reactions. Resistivity is linked to the mass transport properties of
the material such as porosity, permeability and diffusion. It is also likely that the
resistivity of the constituent materials used in the repair and substrate mixes will have
an effect on the esistivity of the material. The degree of saturation has a critical

influence on resistivity and is also governed by the mass transport properties.

4.5.2 Experimental Procedure

4.5.2.1 Test Materials

The materials used in this section were the same as described in Section 3.4 on Test

Materials. Three commercially available repair materials A, B and C were selected to

provide a wide range of properties and to reflect the typical variety of repair materials

currently available in the market.

152



Two concrete mixes, which represented the substrate concrete, were used, to which a
repair material was applied. These are Substrate Concrete mix 1: Mix proportions (by
weight) of, 1:2:4 (cement: fine aggregate; coarse aggregate) with w/c of 0.4. Substrate
Concrete mix 2: Mix proportions (by weight) of, 1:2:4 (cement: fine aggregate; coarse
aggregate) with w/c of 0.8. Both the substrate concrete mixes contained 3.5% NaCl (by
weight of cement) to be consistent with the substrate mixes used in the corrosion testing

work (Chapter 5). No NaCl was introduced in the repair material.

4.5.2.2 Test Specimens

The materials were cast into cylindrical steel moulds 100mm diameter X 200mm long,
in three layers and vibrated to achieve optimum compaction. After casting the cylinders
were placed in a mist room to cure overnight. The specimens were demoulded 24 hours
after casting and then cured in a water tank for 28 days at 20°C. Two cylinders were cast

for each test material.

After 28 days curing one cylinder for each test material was sectioned using a masonry
saw. The specimens were cut to remove 25mm thick discs from the top and bottom of
each cylinder. The cylinder was then cut into discs of 100mm diameter X 50mm +/-
Smm thickness. Following cutting and prior to testing all specimens were stored water
tank at 20°C until all the measurements were completed, approximately 2 to 3 days. The
second cylinder of each material was cured in a water tank at 20°C for 12 months,

following which it was also cut into discs as described above.
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4.5.2.3 Experimental Technique

A hand held resistivity meter was used to measure the resistivity of each test material.
The meter had 2 probes with a spacing of 5 cm between them. Two holes of 5Smm depth
and 5cm apart were drilled into the cut face of each cylindrical disc specimen. This
allowed the resistivity to be taken across the diameter of each disc. This technique
avoided any high resistance surface films on the as cast cylinder circumference, that
could have interfered with the results. The probe was then reversed in the holes and a
second reading taken for each specimen. This allowed two readings for each specimen
and two specimens for each material provided a total of four readings for each material.

The resistivity results were averaged over both specimens.

4.5.3 Results and discussion
The resistivity measurements are given in table 4.5; the porosity values for each
material have also been included for comparison. All the resistivity measurements are

below 5 kQ cm, this would indicate the potential for a high corrosion rate of steel

embedded in these materials [186].

These measurements were much lower than expected from available literature on the
materials [186]. The measurements were made on the cut surface of the specimen, this
removed the influence of the fine, high resistance cast surface layer from the
measurements. In addition, all the specimens were saturated with water, to ensure that
all the measurements were conducted under the same conditions. As a consequence of
this, the materials would be expected to have a lower resistivity. A comparison of the
resistivity measurements with the porosity measurements (section 4.2) showed a close

correlation between the resistivity and the percentage porosity of the material (see table
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4.5 and figure 4.9). This suggests that the water contained in the pores of the specimens

was the main controlling factor of the material resistivity.

It would be expected that the chloride contamination would have lowered the resistivity
of the 0.4 w/c and 0.8 w/c substrate materials. However the trend between porosity and
resistivity did not appear to be effected by the chloride addition to the subétrate mixes
(see Figure 4.9 and 4.10). This suggests that’the degree of water saturation was the

controlling factor for the values of resistivity measured.

Table 4.5 Resistivity Measurements

Resistivity (kQ cm) Porosity
Material
1 T2 3 4 Average (%)
0.4 4.0 40 42 4.2 4.1 10
0.8 21 21 25 25 2.3 19
A 1.7 1.7 1.7 1.7 1.7 22
B 24 24 1.8 1.8 2.1 23
C 0.8 0.8 0.8 0.8 0.8 34

4.5.5 Conclusions

The resistivity values were lower than expected at below 5 kQ c¢m. This was considered
to be due to the water saturation of the specimens and the use of the cut face to take the
readings, avoiding the high resistance cast surface layer. There was a close correlation
between resistivity and porosity, indicating that the water content in the pores controlled

the resistivity reading (see figure 4.9 and 4.10).
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4.6 DISPARITY IN PROPERTIES BETWEEN REPAIR AND SUBSTRATE

MATERIALS

4.6.1 Introduction

The physical properties have been determined for the five materials used in the study
(three repair materials and two substrate materials). Four different properties, porosity,
permeability, resistivity and chloride diffusion were determined, which were identified
as being important in the development of reinforcement corrosion within cementitious
materials. The aim of this was to characterise the differences in properties between the
repair and substrate materials (mismatch). The materials investigated here will be joined
in different repair —substrate combinations in later chapters in order to study the
initiation and propagation of corrosion of reinforcement embedded in these materials.
The development of corrosion in the specimens will be related to the disparity in the
properties between the repair and substrate material combinations. Table 4.6

summarises the results on the physical properties of the substrate and repair materials.

Table 4.6. Properties of repair and substrate materials

Material | Density | Porosity | Permeability Resistivity Chloride
(Kg/nt) | (%) (m/s) (Kohms/cn?) | Diffusion Coef.

Dc (cnt/s)

Concrete 2350 10 1.46x10°1% 4.1 1.98x 10™°
w/c 0.4

Concrete 2110 19 7.76 x107"! 2.3 1.34x 1077
w/c 0.8

A 1980 22 3.59x107"° 1.7 2.14x 10Y7

B 1050 23 7.48x107"! 2.1 6.29 x 107

C 1250 34 1.53x1071° 0.8 1.83x 107
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4.6.2 Porosity and Resistivity

Table 4.6 shows that the resistivity and porosity measurements appear to be related.
This suggests that the measurements obtained are affected by the pore structure of the
materials. Figure 4.9 shows the trend between porosity and the resistivity data for each
material and Figure 4.10 shows the resistivity and porosity of each material. The graphs

show a clear empirical relationship between porosity and resistivity.

The substrate materials (of w/c=0.4 and 0.8) have a lower porosity than the commercial
repair materials used in this study. Repair materials tend to use smaller proportions of
coarse aggregates than present in the substrate materials. Porosity of the aggregates is.
generally lower than the mortar and is unlikely to contribute to mass transport in the
cementitious material, as the pore structure in the aggreéate will not be homogenous
with the mortar. If a material has a greater proportion of coarse aggregates (e.g. the
substrate concrete in this study) it will appear to have a lower porosity although the
porosity of the mortar surrounding the aggregates could be higher. This makes
comparisons of porosities between materials containing different aggregate proportions

and sizes difficult.

The best matches in porosity are achieved for repair materials A and B with the 0.8w/c
substrate. The size and proportions of aggregates used is different for all the repair
materials and it is not possible from these measurements to differentiate porosity of the
coarse aggregates from the porosity of the mortar. For the substrate materials, an
identical proportion of fine and coarse aggregates were used. Therefore in comparing
the 0.4w/c to 0.8w/c the effect of the aggregate can be ignored to conclude that

increasing the water cement ratio changes porosity from 10% to 19%. All the repair

158



materials have different coarse aggregate sizes and proportions, material A has a 5Smm,

material B 2.5mm and material C no coarse aggregate (see Chapter 3 for further details).

The effects of differences in porosity of aggregates and mortars could mask the
differences in pore structure between repair and substrate materials. This could make
porosity an insensitive measure of properties affecting reinforcement corrosion. The
porosity measurements, therefore, cannot be used assess the effect of disparities in the

structure of repair and substrate materials as suggested by Cusson et al [21].

A similar problem to porosity exists for the resistivity measurements. Resistivity will be
largely controlled by water content and presence of any salts in the pore solution (which
may reduce conductivity of the solution). Any remaining differences in resistivity will
be caused by differences in the pore structure of the bulk solid material (sand,
aggregates and polymers etc). In this study, the substrate materials had chlorides added
during mixing, but in the same proportion for each water cement ratio (see Chapter 3).
The tests were conduct;:d on saturated samples to ensure that all the specimens were in
the same condition. The results found that resistivity showed similar trends to the
porosity results for the substrate and repair materials. Figures 4.9 and 4.10 confirm that

porosity and resistivity are strongly related.

The substrate materials have higher resistivity values than the repair materials and the
best matches are for repair materials A and B with the 0.8w/c substrate (Table 4.6).
Cusson et al [21] recommend a match in resistivity, however it is unclear how this could
be achieved in practice. The resistivity of substrate concrete in a structure would be a
function of the water and salt level in the material, absorbed from the service

environment. It would not be possible to measure the resistivity of repair materials in a
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matching service environment over time. If such measurements are to be made in a
laboratory, a standard condition for the specimens would need to be defined. Cussons et
al [21] do not explain how the match in resistivity would be a measure of the

electrochemical compatibility of the repair and substrate environments.

The porosity and resistivity measurements conducted in this study indicate that neither
property adequately defines the structure of the materials for the purposes of defining
the mismatch between repair and substrate materials in practical repair situations. These
measurements would appear to be a poor representation of the disparity in properties
between the repair and substrate materials in practical situations and in for the corrosion

testing investigations detailed in Chapter 5.

4.6.3 Permeability and Chloride Diffusion Coefficient

The Darcian permeability coefficient K and the chloride diffusion coefficient D, show
similar trends for all the materials tested (Figures 4.11 and 4.12) and provide an
empirical relationship between the chloride diffusion coefficient and permeability
coefficient. Permeability is a measure of the flow of water through the specimen.
Permeability is linked to the structure and connectivity of pores in the material and
should not be affected by differences in aggregate size and content, or the degree of
saturation as in the case of porosity and resistivity. This makes permeability a useful
measurement to define the effect of disparity in properties of repair and substrate

materials in the present study and in practical situations.

160



Chloride Diffusion Coefficient

Figure 4.11 Trends in permeability and chloride diffusion
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The water permeability of a material should also provides a measure of the permeability
of the material to chloride, oxygen and water, all of which are required for the
development of corrosion in concrete. This would explain the relationship between

permeability and chloride diffusion in Figures 4.11 and 4.12.

Repair Material A had the lowest measured permeability and Repair Material C the
highest (Table 4.6). The closest match in permeability between the repair and substrate
materials was Repair Material B and the 0.8 w/c substrate. Repair materials A and B
have lower chloride diffusion coefficients than either the 0.4w/c or the 0.8w/c
substrates. Repair material C has a higher chloride diffusion coefficient than the two
substrates. The closest matches (see Table 4.6) were for the 0.8w/c substrate and
material C and for material B with the 0.4 w/c substrate. This would suggest that these
two combinations would be the least likely to develop corrosion macro-cells, on the

basis of good match between repair and substrate.

However, both the substrate mixes had chloride added above the likely threshold level
to initiate corrosion. Therefore the chloride level in the substrate is higher than the
repair. It is the chloride levels within the repair and substrate materials that determine
the development of chloride macro-cell corrosion. The repair materials represent three
basic situations;
e Repair material A: The chloride level at the steel level (cover 4 cm) remains
below the chloride threshold value for the full period (12 months) of the study.
e Repair material B: The chloride level at the steel level (cover 4 cm)exceeds the
threshold level to initiate corrosion after approximately six months, but remains

below the chloride level in the substrate concrete for the full period of the study.
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e Repair material C: The chloride level at the steel level (cover 4 cm) exceeds the
threshold level required to initiate corrosion after approximately one month and

approaches that of the substrate material after six months.

Permeability and chloride diffusion coefficients are suitable to define the disparity in

properties between repair and substrate materials.

4.6.4 Conclusions

Resistivity and porosity measurements show a clear relationship for the materials used
in the present study. The constituent materials, such as, the aggregate and chlorides used
in the different materials were found to affect both measurements. As a result, neither
technique provides an adequate measure of the disparity in properties between the repair
and substrate materials suitable for defining mismatch of materials. The effect of
disparity in resistivity and porosity on the development of corrosion in different repair

substrate combinations is limited.

There is a clear relationship between permeability and chloride diffusion coefficient
measurements made during the study. The constituents used in the different substrate
and repair materials did not affect permeability and chloride diffusion measurements.
Permeability and chloride diffusion coefficients were selected as the main parameters

for measuring the disparity in properties between repair and substrate materials.
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5.0 Corrosion Testing

5.1 CORROSION TESTING (DESTRUCTIVE) - POTENTIODYNAMIC

POLARISATION CURVES

5.1.1 Introduction

Cyclic voltametry techniques are a common experimental method for studying the kinetics of
electrochemical reactions. In corrosion studies the use of polarisation curves or Tafel curves has
become well accepted and this has led to the production of national standards such as ASTM G5
and G61. As it is a destructive test and requires a new specimen for each test, this precludes it
from being used on site and so has not» been widely employed to study corrosion in concrete.
However, in laboratory studies it does., offer a powerful investigative tool for studying the

COITOSion process.

5.1.2 Test Specimens

The repair and substrate materials used for the measurement of the potentiodynamic polarisation
curves are as described in Chapter 3. Each test specimen was made from a single repair or
substrate material and contained a single steel reinforcement bar. The materials were cast into
cylindrical steel moulds, 100mm diameter X 200mm, in three layers and vibrated to achieve
optimum compaction. Each specimen contained a single 8 mm. diameter reinforcement bar of high
yield 460 grade steel located longitudinally along the centre of the cylinder (see Figure 5.1). A
steel wire was connected to the end of each reinforcement bar and sealed with an epoxy-based
sealant. The bottom end of the reinforcement embedded in the concrete was sealed with a

silicone sealant. This left a reinforcement surface area of approximately 50 cm’® exposed to the
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environment of the repair or substrate materials. Each of the substrate materials (0.4 w/c and 0.8
w/c) also had 3.5% NaCl added during mixing to depassivate the steel reinforcement embedded

in the specimens.

After casting the specimens were left in a mist curing room overnight. They were demoulded 24
hours after casting and then cured in a water tank for 28 days at 20°C. At least three cylinders

were cast for each repair material and for concretes of 0.4 and 0.8 water cement ratios.

5.1.3 Test Method

The polarisation test has been standardised in ASTM G61 and G5. However, these standards
relate to measurements of a metal in a solution, not to steel embedded in concrete. Polarisation
studies normally use nitrogen-purged soiutions to rerr;oiré .dissolved oxygen from the test solution.
This is done to give a degree of control in isolating the cathodic reaction and in limiting the effects
of the reduction of dissolved oxygen from solution. This practice is essential for measuring the full

polarisation behaviour of a metal in an oxidising environment.

This is not always practical in concrete as the test cells tend to be larger. It is also not a realistic
representation of the service environment of concrete, as the reduction of oxygen is the main
cathodic reaction. It has also been suggested that removal of oxygen from the concrete could lead
to changes in the concrete structure and so could affect the system under test. Therefore,
polarisation studies of concrete generally do not purge with nitrogen. Cigna et al [155] studied the
effect of different concrete mixes on the polarisation curves and the effect of oxygen saturation
was also examined. Samples tested in nitrogen purged solutions exhibited very low limiting

corrosion currents.
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The test apparatus used in the current study can be seen in Figure 5.2. Following the initial 28-
day curing all the specimens were transferred into a water tank containing 3.5% NaCl solution for
the reminder of the study. The specimens were left in the tank for approximately 28 days then
tested one by one by placing the specimen in the test apparatus (see Figure 5.2). Each test took

approximately 6 hours to complete and approximately 3 weeks to test all the specimens.

A computer-controlled potentiostat supplied by ACM Ltd was used to measure the polarisation
curves. The potentiostat was configured to sweep from -1000mV below the rest potential to
+1000mV above the rest potential. Prior to commencing the sweep, the cell was held at -
1000mV for sixty seconds to use up any dissolved oxygen contained in the concrete test sample.
A sweep rate of 6 mV/min was used for the tests, therefore, each sweep took approximately six
hours from start to finish. On completion of the sweep the computer automatically completed a
reverse sweep from +1000mV to -1000mV about the rest potential using the same sweep rate.
The potentiostat monitored the current flowing between the working electrode and the auxiliary
electrode and the potential between the reference electrode and the working electrode.
Approximately 200 measurements of potential and current were taken at equally spaced intervals

during the test.

The results from the tests were used to plot polarisation curves. These are plots of potential

against current density. Current density is the current measured per unit area of the working

electrode. From the polarisation curve it is possible to measure the corrosion rate from
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Corrosion Testing - Destructive Tests
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Figure 5.1 Test Specimen

167



Corrosion Testing - Destructive Tests
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measurements of the Tafel slopes (see Section 2.5.2 Potentiostatic and Potentiodynamic

Polarisation Curves).

The interpretation of the morphology of the polarisation curve can provide information on the
mechanism of corrosion [143, 152, 155]. This is dependent on the electrode kinetics for the cell
under investigation. Previous research has shown that a passive oxide film forms on the surface of
the steel in concrete, if the concrete can maintain a pH of approximately 12.5. The action of CI
ions or changes in pH will cause breakdown of the passive film. The polarisation curve for a metal
- electrolyte combination that shows an active-passive transition can be seen in Figure 5.3 [31,

204].

transpassive -

E passive

active

Y

Lanodic

Figure 5.3 Anodic Polarisation Curve Showing Active-Passive Transition

However, this stylised curve differs from what was actually measured in the experiments. The
measured anodic curves are dependent on where the cathodic and anodic curves cross. This is
the point where the working electrode, in this case the rebar, switches from being a cathode to an

anode. The cathodic curve implies oxygen reduction is occurring on the rebar surface at that point
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in the sweep and the anodic curve implies that metal loss is occurring at that point. Examples of
measured curves can be seen in Figure 5.4. In Figure 5.4 [163], case 1 shows a situation where
the cathodic curve (oxygen reduction) crosses the anodic curve (metal loss) in the active zone of
the theoretical polarisation curve. This would indicate general corrosion giving a wide range of
possible corrosion rates. In Case 2 the cathodic curve intersects the anodic curve at three
potentials, one active two passive. If the middle active passive zone is not stable, very high
corrosion rates are possible at these upper and lower intersections. In case 3 the cathodic curve
crosses in the passive region. This indicates a metal which has formed a passive oxide film and,

therefore, has low corrosion rates, usually the desired situation.

Theoretical Measured
A ___ anodic
curve
............ Cathodic
Curve
Case 1
A anodic
curve
Tt I - Cathodic
i Curve
| - . | .
Case2 anodic
—  curve
Cathodic
Curve
=
Case 3

Figure 5.4 Theoretical & Measured Polarisation Curves
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5.1.4 Results

Up to S polarisation curves for each material were generated (see Table 5.1). The curves for
each material were combined to produce an averaged curve. The averaged curve for each
material was constructed using the results that were within +/-5mV of each other. In practice this
meant that the averaged curve was constructed from between 2 and 4 of the 5 curves generated

for each material (see table 5.1).

Table 5.1 Potentiodynamic Polarisation Test Results

Material Number of ~ Percentage Number of

specimens tested | deviation in results specimens

generating

average curve

A 4 5 4
B 4 7 3
c 3 8 2
0.4w/c > 12 3
0.8w/c > 10 3

Figure 5.5 shows typical polarisation curves measured for a repair material during the test
programme. The curves show both the initial forward sweep and the reverse sweep. Figure 5.6
shows the average curves for all the materials tested. The averaged curves show just the initial
forward sweep, the reverse sweep has been omitted for clarity. From the average curves the

anodic (Ba) and cathodic (Bc) Tafel constants were measured by calculating the slopes from the
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Figure 56 Average Polarisation Curves
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anodic and cathodic sections of the curve. These have been tabulated in Table 5.2, together with

constant B which is a function of 8, and 3. (see section 5.2.5).

Table 5.2 Tafel Constants from Average Polarisation Curves.

Material Permeability Ecorr(mV) Ba Be B
Coefficients (m/s) (mV) | (mV) | (mV)
0.4w/c 1.46x 10" -952 536.24 | 137.79 | 47.66
0.8w/c 7.76 x 10" -811 268.80 | 149.78 | 41.82
A 3.59x 10" -958 402.03 | 138.34 | 44.75
B 7.48 x 10 -816 352.47|177.01 | 51.23
C 1.53x 107° -735 281.25 | 122.22 | 37.04
Average 368.16 | 145.03 | 45.24

5.1.5 Discussion

5.1.5.1 Interpretation of Measured Polarisation Curves

The anodic polarisation curve for concrete Figure 5.6 indicates case 1 or 3 behaviour (see figure
5.4) [163]. The reinforcing steel shows the behaviour of a metal with an active passive transition.
This was found to be typical for all the materials tested. In comparison to the idealised curve in
Figure 5.4, the size of the passive area is small. This would suggest that case 3, from Figure 5.4,
is the most likely behaviour. Here, the rebar working electrode switches from cathodic to anodic
behaviour in the passive region of the metal. The size of the passive region will be controlled by

the point at which the change over occurs, which is the Ecorg value. The Ecorr value is given by

the Nernst equation;

E=E, +£T-ln(ﬂ) 5.1
nF | ofR]

where: E= Cell potential
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E,= Standard Electrochemical potential
0.[O]= activity of oxidants
o.[R]= activity of reductants
As the reductant in the corrosion reaction is oxygen, the measured Ecorg value will be related to
oxygen concentration in the concrete and the rate of diffusion of oxygen through the concrete. The
measured Ecorr values are low which suggests that oxygen concentration in the electrolyte is low.
The size of the passive region is approximately 500 mV, the Pourbaix diagram for the iron water
system would suggest a much larger passive region of up to 1500 mV at pH 12 in concrete.
However, the size of the passive region is also dependent on chloride ions. An increase in the
chloride ion concentration will reduce the breakdown potential, this is the point at which the
behaviour changes from passive to transpassive and signals the start of pitting corrosion. The
results measured do appear to be consistent with the Pourbaix diagram allowing for the presence
of chlorides. As the results are consistent for all the specimens it indicates that chlorides, from the
3.5% NaCl solution used in the experiments and added to the substrate materials during mixing,

have affected the polarisation curves.

The work of Cigna et al [155] would appear to confirm this, whose results show a very similar
behaviour to that presented here. However, Cigna et al [155] also carried out measurements in a

lime solution and produced much larger passive regions.
During the reverse sweep the passive area disappears and the curve resembles that for an actively

corroding metal. The return Ecorr value is higher than the initial Ecorg value. This would indicate

that the passive oxide film on the metal surface is not stable. It is likely that a metal producing
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these sorts of curves would show a tendency towards pitting or crevice corrosion in the
electrolyte. This corrosion will be localised i.e. it will be located on a very small section of the
steel. Whilst this will produce very high rates of corrosion at the pit, measured rates of corrosion

over the metal surface will be low.

Figure 5.6 shows the average curves for all materials used in the study. Only the forward curves
have been shown for clarity. The shape of all the curves is similar, however, the Ecorr values and
the Tafel constants (Table 5.2) are different. This indicates that the corrosion activity of each
material is different. The Nemst equation (equation 5.1) shows that Ecorr and the oxygen
concentration are related. It also would appear to be the case that the rate of oxygen diffusion
and the microstructure of the concrete are related. It would, therefore, be logical to expect that
Ecorr Would be related to a property of the microstructure such as permeability. As predicted by
the Nemst equation, figure 5.7 shows a linear relationship between the Ecorr values measured

and the log of the Darcian coefficient of permeability for each material.

The shape of the cathodic curve (Figure 5.8) shows the cathodic reaction (oxygen reduction). In
the test results plotted in Figure 5.8 the cathodic section of the polarisation sweep has been
repeated a number of times for the low permeability repair material A. The cathodic reaction is
diffusion controlled, so the controlling step of any corrosion reaction would be the rate at which
oxygen diffused to the metal surface. The repeated tests show that the Ecorr value falls with each
sweep. This could indicate oxygen is being consumed faster than it can be replaced by diffusion,
which leads to the depletion of oxygen in the concrete sample and produces lower Ecogr values.

The repeated polarisation may reduce the oxygen level below the point where the passive oxide
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film cannot be maintained. In chloride contaminated concrete this could initiate corrosion of the

steel in the specimen.

5.1.5.2 Corrosion Rate Calculations from the Polarisation Curves

Table 5.2 shows the Tafel constants calculated for each material from the relevant average curve.
The cathodic Tafel constant B¢ appears to show no clear dependency on material properties such
as permeability. The average value for B¢ is 145mV which is close to the value of 120mV
expected for a diffusion controlled process such as oxygen diffusion. The anodic Tafel constant 3,
shows a clear relationship with permeability (Figure 5.9). The anodic and cathodic Tafel constants
can be combined to give one constant B using the following equation [50, 58, 63, 137, 138, 149,
156 — 162]:

o B.b.
23(8,+B.) 52

And this can be related to the rate of corrosion i.,,, as follows:

corr

B
for "R
’ 53

R, is the polarisation resistance. The value for B is normally taken to be 26mV for a corroding
system and 52mV for a passive system [36]. The former is typically used for linear polarisation
resistance measurements of corrosion rates. However, these values have been measured in
aqueous systems and may not be accurate for reinforcement embedded in concrete. The Tafel
values measured in this study can be used in further work to replace the value of 26 mV for the

various cementitious materials. From the results presented in Table 5.2 it can be seen that for the
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corroding systems of the cementitious materials used in this study, the values of constant B are
considerably higher than 26mV and provide an average value of 45.24 mV. This would indicate
that a B value higher than 26mV should be used to calculate i, from polarisation resistance
measurements (equation 5.3) taken from these specimens. The percentage error from using a B
value of 52 or 26 is large (approximately 50%). However, as Rp is normally of the order of 1 x
10° ohms the i, values calculated will always be of the same order of magnitude [50, 58, 63,

137, 138, 149, 156 — 162].

The use of Tafel extrapolation to measure corrosion rates has also been explored and Table 5.3
shows a comparison of rates achieved using Tafel extrapolation and from the Steam Geary
Equation (equation 5.3). Figure 5.10 shows a schematic diagram of a polarisation curve showing
the extrapolation to obtain an L, value from the intercepts between the anodic curve and the

cathodic curve.

Table 5.3 Comparison of L, values from intercepts and from the Steam Geary Equation.

Material | B constant Rp Icorr Stearn Icorr Stearn Icorr
(mv) (ohms/cm?) Geary Geary Intercepts
(B =26mV) (B Calc) (mA/cm?®)

(mA/cm’) (mA/cm?)

0.4w/c 47.66 11136 0.0023 0.0045 0.0063

0.8w/c 41.82 2732.5 0.0009 0.0149 0.026

A 44.75 5935.3 0.0048 0.0078 0.0099

B 51.23 15347 0.0017 0.0029 0.0026

C 37.04 3600.6 0.0072 0.0115 0.019
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The corrosion rates measured from the intercepts are within a factor of 3 of Stearn Geary
calculation using a B value of 26 mV and within a factor of 2 when using the B values calculated
by this study. The Tafel extrapolation is dependent on being able to find a linear Tafel region, this
is difficult for cells that do not involve pure electrolytes. This results in an error in the Tafel
constants calculated and an estimated constant B, such as 26mV can be of similar accuracy to the

use of Tafel constants.
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Slope Bc
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Figure 5.10 Polarisation curves showing Tafel extrapolation

It was also seen that Pa increased with decreasing permeability. This suggests that materials of
lower permeability tended towards passivity compared to higher permeability materials. This
contradicts the results in figure 5.7 where Ecorr decreases with decreasing permeability,
suggesting that oxygen concentration is low in low permeability materials. This would mean higher
passivation currents and less stable passive films in low permeability materials. This contradiction
is probably the result of a trade off between the easier access of chlorides to the electrolyte in the
high permeability materials and the low oxygen supply in the low permeability materials. The

electrolyte used in the study was a 3.5% NaCl solution. Chlorides in the form of NaCl were also
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added to the two (0.4 w/c and 0.8 wi/c) substrate materials during mixing. However, there was no
apparent trend between chloride concentration calculated from the chloride diffusion

measurements (Chapter 4.4) and the Ba constant measured for the material.

The low permeability materials have lower oxygen contents and correspondingly lower Ecorr
values. This, however, means that a higher passivation current is required to maintain the passive
film, which results in a less stable passive film. By comparison, the high permeability materials
allow easier access to chlorides, which in tum results in a less stable passive film and lower anodic
Tafel constants. This suggests that both low and high permeability materials would have a
tendency to initiate corrosion, but for different reasons. It would still suggest that corrosion would
occur at a lower rate in a low permeability material since oxygen diffusion appears to be the rate-
determining factor. The lower oxygen diffusion rates into the low permeability materials would

mean lower corrosion rates.

5.1.6 Conclusions

All the materials produced similar polarisation curves indicating that the steel was in a similar
chemical environment in all the materials. The reverse sweep of the polarisation curve did not

show the presence of a passive region.

The Ecorr values measured from the polarisation curves are related to the coefficient permeability
and follow the form predicted by the Nemnst equation. This suggested that the lower permeability

materials had lower oxygen levels, resulting in the lower potentials.
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There was also a relationship between the log of the permeability coefficient, the anodic Tafel
constant. This showed that the higher the permeability coefficient the lower the anodic Tafel
constant, suggesting that the materials with higher permeability coefficients were more active. The
experimental values of the Tafel constants were found to be greater than the assumed values used

in the Steam Geary Equation of 120 mV.

No corresponding relationship was found with the cathodic Tafel constant, which was similar for

all the materials examined in this study.
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5.2 CORROSION TESTING (NON-DESTRUCTIVE)

5.2.1 Introduction

Most laboratory studies on macro-cell corrosion in concrete have concentrated on the

formation of macro-corrosion cells by either differential aeration from varying oxygen

concentrations or by differential concentration cells due to differing chloride
concentration [176, 180, 184, 194, 197]. Corrosion in these cells is usually measured by
monitoring galvanic currents flowing through the cell [19, 169, 180]. In this study the

aim has been to study the effect of mismatch in properties between a repair material and
the substrate concrete on corrosion reinitiation and propagation in the repair. The test

specimens used were designed to simulate the effect of using different repair and

substrate material combinations in repair patches. The specimens were capable of
exhibiting differential chloride concentration cells due to the addition of chlorides to the
substrate mix and differential aeration. from the mismatch in permeability between
repair and substrate. Linear polarisation resistance, impedance spectroscopy, rest
potentials and resistivity measurements have been used to monitor the change in

corrosion rate with time.

5.2.2 Materials

The materials used for this part of the study have been described in section 3.4. Three
commercially available repair materials A, B and C were selected, to provide a wide
range of properties and to reflect the typical variety of repair materials currently
available in the market. Two concrete substrate mixes were used (0.4w/c and 0.8 w/c),
to which a repair material was applied. Both the substrate concrete mixes contained
3.5% NaCl (by weight of cement) in order to depassivate the steel reinforcement. No

NaCl was introduced in the repair material. High yield 460 grade steel reinforcement
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bar, 8mm in diameter, was embedded in the test specimens. The physical properties of
the repair materials and substrate concrete mixes were determined (see Chapter 4) and
have been summarised in table 5.4.

Table 5.4. Properties of materials.

Material | Densi Porosity | Permeability | Resistivity Chloride
(Kg/nr) | (%) (m/s) (Kohms/cn?’) | Diffusion Coef.
, Dc (cm?/s) :
Concrete | 2350 10 1.46x107% 4.1 1.982E-06
wic 0.4
Concrete | 2110 19 7.76 x107"! 2.3 1.340E-05
w/c 0.8
A 1980 22 3.59x107"° 1.7 2.139E-07
B 1050 23 7.48x10°" 2.1 6.294E-07
C 1250 34 1.53x107"Y 0.8 1.827E-05

5.2.3 DETAILS OF TEST SPECIMEN

Figure 5.11 shows the test specimen and the experimental arrangement used for linear
polarisation resistance, impedance spectroscopy, rest potentials and resistivity
measurements. The cylindrical test specimens had a diameter of 100mm and a height of
200mm. Half the cylinder was made up of a repair material and the other half by one of
the substrate concrete mixes. Three reinforcement bars of 8mm diameter were
embedded longitudinally into the cylinder. Each bar was masked off with a silicone
rubber based sealant leaving an 8cn?’ exposed surface area (see inset, Figure 5.1). The
first bar was positioned such that the exposed area was located at mid-height within the
repair material. The exposed area in the second bar was at the interface of the substrate
and repair material and the exposed area of the third bar was located at mid-height of

the substrate concrete. A steel wire was connected to each reinforcement bar and sealed
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with an epoxy-based sealant. The wires were joined together at a junction box (see
Figure 5.11), in order to provide electrical continuity between reinforcement bars. This
meant that the corrosion cells could develop in the specimens as though the repair,
interface and substrate were common to a single reinforcement bar, while allowing a
part of the reinforcement of known surface area (8cnf’) to be used for the corrosion

monitoring in each zone (substrate, interface and repair).

Standard cast iron cylindrical moulds were used for the manufacture of the 100mm x
200mm specimens. The bars were accurately positioned in the cylinders by means of
plastic spacers so that each bar had a concrete cover of 40mm from the cylinder surface
(circumference). The substrate concrete materials were mixed in a forced action pan
type mixer. The NaCl was dissolved in the mix water and then added during mixing.
The substrate concrete was cast into the lower half of the moulds containing the
prepared reinforcement bars. The concrete was added until it reached the middle of the
exposed area of reinforcement located at the interface. The half-cast moulds were left in
a mist curing room overnight. The repair material was then mixed and cast into the
unfilled half of the mould in accordance with the manufacturer instructions and left in a
mist curing room overnight. The specimens were demoulded 24 hours after casting and

then cured in a water tank for 28 days at 20°C.

Following the initial 28 days curing, the specimens were transferred to a second water
tank containing 3.5% NaCl solution, where they were stored for the remainder of the
study. The 3.5% chloride-contaminated water was kept at a constant temperature of
30°C in order to accelerate the rate of the corrosion reaction. Air was bubbled in to
continuously aerate the water and keep the dissolved oxygen levels constant throughout

the storage period.
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5.2.4 Test Specimen, Repair — Substrate Combinations

Test specimens made with different combinations of repair and substrate materials were

produced The wide range of differences in physical properties shown in Table 5.1

(permeability, porosity, resistivity and chloride diffusion) between the r<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>