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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
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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.
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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.

General
IteTs Labour
13% 32%

Accc:ss Materials
35% Plant  12%
8%

Typical repair costs for a building.

General
Items
11% Labour
: 36%

Access
21%

Plant Materials
1% 21%

Figure 2.1 Typical repair costs [6].



One-hit Repair

Cracking

ko N A
Cracking Multiple Repairs

Design
Life

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.

10
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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.

12



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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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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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

29



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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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
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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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High Porosity Low Porosity

Good Oxygen Access Poor Oxygen Access

Becomes Cathode Becomes Anode

w3

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

51



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
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[ |
A . i
CO,,CT Time !
’ 1
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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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