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Summary

A significant number of prestressed and post-tensioned concrete structures suffer from
chloride induced corrosion which is an electrochemical process. The most efficient
rehabilitation measure for corrosion, the electrochemical chloride extraction (ECE), is also
electrochemical in nature. The application of ECE to prestressed concrete, however, has been
ruled out in the past due to the risk of hydrogen embrittlement of steel. Previous studies were
inconclusive. This led to the assumption that the risk of hydrogen embrittlement may be
overrated and the application of ECE may be a feasible option. This study explored the
feasibility of electrochemical chloride extraction on prestressed concrete. A total of 22
prestressed concrete specimens were subjected to ECE and compared to the performance of
14 post-tensioned concrete samples. The application of inhibitors to suppress hydrogen
uptake into the steel in prestressed concrete was also investigated. The behaviour of ions in
concrete under the application of an electrical field and its importance for the hydrogen
generation on the steel surface was explored. Two numerical studies, a finite difference
approximation for ion migration in concrete and hydrogen generation and a Monte Carlo
simulation to reproduce hydrogen embrittlement were undertaken as part of this study.
Findings suggested that an event of catastrophic failure of a structure due to hydrogen
embrittlement (hydrogen induced stress corrosion cracking) is rare. It did not occur during
the main experiments in this study. Moreover, the risk of hydrogen embrittlement cannot be
controlled using the treatment parameters by which ECE (current, potential, and duration) is
controlled. Although the inhibitors used in the study reduced the hydrogen uptake into the
steel, they are inefficient in concrete. They do not migrate to the steel surface in sufficient
amounts. Therefore, it is recommended, on the basis of the existing knowledge, that ECE is

not applied to prestressed concrete.
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1 Introduction

1.1 Background to the Study

Deterioration of concrete structures such as bridges and car parks increased over the past
decades because of ageing and prolonged contact with chloride-laden environments. It is
estimated that in the United Kingdom £500 million is spent annually on the maintenance and
repair of concrete structures damaged through the effects of chlorides (Hobbs, 1996) and
approximately $20 billion are required for the repair of U.S. interstate highway bridges

because of salt-induced corrosion (Broomfield, 1992).

One of the main causes of deterioration is the contamination of the cover concrete by
chlorides and the subsequent corrosion of the reinforcement. Chloride is brought into contact
with the structure in the form of de-icing salt (sodium chloride) for which there is no
economically viable alternative (Glass and Buenfeld, 1995; Roberge, 2000). Other forms of
chloride contamination are present in marine structures through seawater and in structures

where calcium chloride was cast-in as a hydration accelerator (Andrade and Page, 1985).

Chloride-induced corrosion occurs even in alkaline environments, such as non-carbonated
concrete, where in the absence of chloride the steel would be protected against corrosion
(Dillard et al, 1991). This corrosion protection is achieved by the formation of an insoluble
layer of iron oxides, the so-called passive layer (Martin and Olek, 1996; Andrade et al,
1995b). Furthermore, chloride corrosion tends to occur in the form of pitting corrosion with

a fast propagation of the corrosive front (Raupach, 1996).

The principal rehabilitation methods for chloride contaminated concrete, apart from the
removal of concrete and patch repair, are of electrochemical in nature namely
electrochemical chloride extraction (ECE) and cathodic protection (CP). Application of CP
is required for the remaining life of the structure and CP has to be controlled and monitored
constantly (Dexter et al, 1985). ECE, in contrast, is applied for only 3 to 6 weeks
(Velivasakis et al, 1998). ECE is effective because the alkali metal concentration and
associated hydroxide concentration close to the cathode are significantly increased and
simultaneously the chloride level between the reinforcement and the external anode is
reduced (Banfill, 2000a). Corrosion is therefore stopped and the passive layer is reformed

(Mietz and Isecke, 1994).
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The majority of chloride contaminated structures contain ordinary reinforcement (mild steel
with a strength between 250N/mm? and 500N/mm?). During the application of the ECE
hydrogen is formed at the cathode when a critical threshold potential of —0.9 Vgcg is
exceeded (Hartt et al, 1999). The subsequent adsorption of the atomic hydrogen into the steel
reduces the ductility of the steel. However, for the stressed steel in prestressed concrete ECE
may cause failure through hydrogen embrittlement (HE), a form stress corrosion cracking
(SCC) (Parkins, 2000). This HE failure is therefore termed hydrogen induced stress
corrosion cracking (HISCC) failure throughout this thesis.

Some types of steel, such as mild steel, are only temporarily affected by HE and the risk of
HISCC is therefore considered to be insignificant for ordinary reinforcement (Bennett et al,
SHRP-S-657, 1993). However, the application of ECE to prestressed concrete structures has
been ruled out in the past because of the danger of HISCC failure due to hydrogen
embrittlement. The only "rehabilitation" method for chloride contaminated prestressed
concrete is the replacement of the structure. According to Hartt (1994) the main causes of
damage in prestressed steel are pitting corrosion due to chloride, SCC caused by aggressive

agents and HISCC.

The application of electrochemical chloride extraction would be useful in those instances
where prestressed concrete is likely to undergo chloride-induced corrosion such as on
prestressed concrete slabs in car parks or prestressed concrete bridge beams. Investigations
into ECE on prestressed concrete structures have been contradictory (Ihekwaba and Hope,
1998; Ashida and Ishibashi, 1993; Wagner et al, 1993). To date, electrochemical treatment
(re-alkalisation) has been carried out only once on a actual structure, a prestressed concrete

silo in Norway build in 1984 - without HISCC failure (Odden and Miller, 1994).

This introduction shows that corrosion and efficient rehabilitation methods are both
electrochemical processes. Application of ECE to corroding prestressed concrete structures
would be economically beneficial, however, it has been ruled out due to contradictory

research findings.
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1.2 Objectives and Scope of the Study

The present study aims to investigate the feasibility of ECE on prestressed concrete

structures. Research has therefore focused on five core objectives:

L.

Development of a numerical model to predict ion movement in concrete due to the
application of an electrical field and the parametric study of ion migration - because
hydrogen evolution depends on the share of applied charge available for hydrogen

generation during ECE treatment.

Validation of the input and the results of the model against data obtained from the

chemical analysis of concrete and other experiments.

Development of a model to analyse the risk of prestressed concrete structures suffering
hydrogen induced stress corrosion cracking (HISCC) based on the hydrogen

concentrations obtained from the ion migration model.

Experimental exploration of the risk of prestressed concrete suffering HE and HISCC

failure following the application of ECE with constant extension rate and fatigue tests.

Determination of strategies for the prevention of HISCC failure due to the application of

ECE.

1.3 Thesis Structure

The thesis is presented in the following 9 chapters:

Chapter |  An introduction with the aims of the investigation.

Chapter 2 A literature review on corrosion, electrochemical rehabilitation techniques

applied to concrete, a summary of available migration models, a review of
hydrogen embrittlement and ways of mitigating hydrogen uptake into steel and

methods of risk analysis.

Chapter 3  The methodology of the experimental research programmes.

Chapter 4 The methodology of the numerical experiments.
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Chapter 5

Chapter 6

Chapter 7

Chapter 8

Chapter 9

The results of experimental studies concerned with ion migration in concrete.

The results of the numerical model on ion migration and the comparison with

the results obtained from the chemical analysis of ECE treated concrete.

The experimental study of the feasibility of ECE on prestressed concrete with

the results of constant extension rate and fatigue tests.

The results of the risk analysis and the investigation into HISCC failure

prevention through the application of inhibitors.

The results are summarised and recommendations for further research are given.

The appendices contain the source code of both numerical models that have been used for

the study.
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2 Literature Review

The aim of the literature review was to give a concise overview and a critical evaluation of
the existing body of knowledge related to corrosion of reinforcement in concrete structures
and electrochemical rehabilitation methods. Furthermore, models on ion migration in
concrete and theories of hydrogen embrittlement are reviewed. The last section of the
chapter presents a review of risk analysis and of fatigue modelling of structures. The
literature review provided the necessary background information for the understanding of the

work that has been undertaken during the study.

2.1 Corrosion of Reinforcement in Concrete

Glass and Buenfeld (1995) claim that in the U.K. as much money is spent on rehabilitation
of damage caused by corrosion as on the construction of new structures. High strength steels
in prestressed concrete, like ordinary reinforcement, are used to provide tensile strength to
the composite material reinforced concrete, although they are stressed to a higher level.
According to Hartt (1994) the three main causes of damage in prestressed steel are pitting
corrosion due to chloride, stress corrosion cracking (SCC) caused by aggressive agents and

hydrogen embrittlement (HE).

HE is observed for any steel that is charged with hydrogen, but its effects are tolerated
because they are of a temporary nature, on ordinary reinforcement (Bennett et al, 1993).
However, hydrogen charging may also cause hydrogen induced stress corrosion cracking
(HISCC), which leads to sudden and unexpected collapse of a structure. This type of failure
is subject of the study.

Corrosion may cause severe damage to structures due to the reduction of the load bearing
cross section of steel. In prestressed concrete the problem is intensified because hydrogen is
generated during corrosion causing brittle fracture of the steel and leading to sudden failure
of the structures. In the United Kingdom two cases of bridge collapse due to corrosion have
been reported (Woodward, 1989 and Wouters et al, 1999). Chloride induced corrosion is one
of the main causes of deterioration of structures and therefore a detailed review on the

mechanism of corrosion follows.
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211 Corrosion Theories

Initially steel in concrete is passivated due to a protective, non-soluble oxide film. After the
passivation breaks down (depassivation), corrosion occurs. The passivation of steel in
concrete is result of its high alkalinity (pH-value > 12.5) due to calcium hydroxide (Kreijger,
1990). Traces of sodium and potassium hydroxide in the concrete pore solution (Breit, 1997)

increase the pH-value of the concrete pore solution to 14 (Andrade et al, 1995a).

Depassivation theories comprise adsorption-induced pitting, ion penetration/migration
pitting and mechanical film breakdown pitting. The second theory is the most applicable to
chloride induced corrosion. It suggests that adsorbed chloride ions penetrate the passive film
at the breakdown potential and form a chloride contaminated oxide, which allows rapid local

dissolution of the underlying metal (Martin and Olek, 1996).

Chloride acts as a reaction catalyst to a soluble iron salt that reacts with water to iron
hydroxide and free chloride ions. These chloride ions can react with other iron ions and the
process takes place in alkaline environments. Therefore, the rate of chloride induced
corrosion is self-accelerating (Gofii and Andrade, 1990) and the passivation of steel is

destroyed even at pH-values greater than 12.5 (Glass and Buenfeld, 1995).

Raupach (1996) categorises corrosion of reinforcement into three types:

1. General corrosion in carbonated concrete with a high weight loss compared to pitting
corrosion. However, its effects are less severe because the cross section of the steel is not

reduced significantly at early stages.

2. Chloride induced macro-cell corrosion occurs with the formation of pits. The anodic and
cathodic sites on the steel can be located at a distance of more than one metre (Figure

2.1).
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Figure 2.1 Chloride induced macro-cell corrosion
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3. Micro-cell corrosion occurs where the anode and cathode are located in close proximity
i.e. in crack tips. This type of corrosion is also called anodic dissolution (Elices et al,
1982) and may lead to stress corrosion cracking. The process of anodic dissolution is

depicted in Figure 2.2.

Figure 2.2 Chloride induced micro-cell corrosion

Roelfstra (2001) derived a corrosion speed matrix for general and pitting corrosion where the
speed of corrosion is given in a deterministic way dependent upon two variables, the
concrete cover quality and the exposure condition. Unless corrosion is in an advanced state
and cracking and spalling of the concrete cover has already occurred, it cannot be detected
by visual inspection. Non-destructive inspection techniques have been developed to detect

corrosion at an early stage.

2.1.2 Measurement of Corrosion at Reinforcement

Concrete is a heterogeneous material and its composition varies along the reinforcement.
Steel becomes either active or passive, depending on the surface potential at a particular
location (Thangavel and Rengaswamy, 1998). Half-cell potential measurements are used to
assess the corrosion probability because potential is one of the driving forces in
electrochemical processes. Potential readings for site measurements are usually calibrated
against a saturated calomel electrode (SCE) or copper/copper sulphate electrode (CSE)
(Vassie, 1989). Van Daveer (1975) established probabilistic criteria based on CSE to assess
corrosion from half-cell potential readings and Stoop and Polder (1999) give the

probabilistic corrosion potential in concrete for a silver chloride electrode.
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The probability of corrosion is given by the potential, but this does not give any information
about the intensity of corrosion i.e. the amount of iron that goes into solution. The intensity
of corrosion (corrosion rate) obeys Faraday’s law and can be characterised by the current
between anode and cathode. Corrosion rates are considered to be significant when they
exceed values between 1 and 2 mA/m’* (Glass and Buenfeld, 1997). Hassanein et al (1999a)
found current readings to be a better method of assessing the corrosion-state of
reinforcement compared to potential readings because readings were established in a short

period of time for the passive state compared to half-cell potential readings.

Electrical current is transported through ions in the concrete pore water. Hence, the
resistivity is a measure of the continuity of the pore solution through which chlorides
migrate. For this reason Andrade (1993) and Bamforth (1999) use the resistivity of concrete
as an indication of its chloride permeability. Dry concrete acts as an electrical insulator and
the resistivity of oven-dry concrete is approximately 109 Qm. Moist concrete in contrast is a

good conductor with a resistivity of approximately 50 Qm (Buenfeld and Newman, 1987).

Moreover, resistivity measurements of concrete were found to be less intrusive than the rapid
chloride permeability test (Feldman et al, 1994 and 1999). It has also been suggested to use
the conductivity of concrete, the reciprocal of resistivity, for measurements on chloride
permeability (Xingying, 1997). Millard (1991) and Polder (2001) propose a non-destructive
method for measuring concrete resistivity based on the Wenner-four-probe. The Wenner-

four-probe is discussed in detail in section 3.2.

Andrade et al (1994a) proposed a mathematical model for the calculation of the concrete
diffusivity related to its resistivity. Resistivity may be obtained by dividing the IR voltage
drop across the specimen by the average current density, J, and the specimen thickness 1

(Hassanein et al, 1999b) as follows:

p=" 2.1)

JU
where [ is the current and R the resistance of the system. The quantity of chloride that can be
extracted from concrete is related to its resistivity (Hassanain et al, 1999b). The average
voltage drop across the concrete determines the maximum chloride content between the

cathode and anode.
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The resistivity of concrete is related to its pore structure and the resistivity of blended
cements was found to be higher than resistivity of OPC concrete (Baweja et al, 1998).
Moreover, carbonation decreases the electrical resistivity through decreased porosity and

hence the water adsorption of concrete is reduced (Al-Kadhimi et al, 1996).
213 Factors influencing Corrosion

The corrosion rate depends on the porosity of the concrete and the speed at which the
aggressive ions diffuse towards the steel (Sanjuan, 1997). As depicted in Figure 2.1 and
Figure 2.2 the solid steel goes into solution at active sites by donating two electrons. Water
and oxygen react with the electrons and form hydroxyl ions. Therefore, water and oxygen

are required to sustain the overall corrosion process (Thangavel and Rengaswamy, 1998).

The optimum relative humidity of concrete for corrosion is 70-80% because the oxygen
diffusion is reduced significantly at higher moisture contents (Neville, 1995; Enevoldsen et
al, 1994b). Feliu et al (1989) found the moisture content to be of greater importance for the

corrosion rate than the oxygen diffusion.

Temperature further increases the corrosion rate (Zdunek et al., 1992) and temperature also

increases chloride diffusion in concrete (Lopez et al, 1993; Jones et al, 1995).

Chloride in concrete exists as free chloride ions in the pore solution. A fraction of chloride
ions in concrete, however, are adsorbed to calcium silicate hydrates and chemically bound.
These components are known as Friedel’s salt or tricalcium aluminate (C;A) (Ramachandran

et al 1984).

It is commonly accepted that only free chloride in the pore solution is responsible for the
stimulation of corrosion of reinforcement. The concentration of free chloride does not only
influence the corrosion rate of steel but also the hydrogen generation during electrochemical
chloride extraction and therefore a more detailed review on chloride binding is given in

section 2.1.4.
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214 Parameters for Chloride Binding in Concrete

The quantity of free chloride required to initiate corrosion depends on the pH-value of the
pore solution. Free chloride and hydroxide form the so-called hydroxide-to-chloride-ratio,
which is used sometimes to express the corrosion risk (Hausmann, 1967). However,
chemically bound chloride ions are dissolvable dependent on environmental conditions and

thus constitute a corrosion risk (Glass and Buenfeld, 1997).

21.4.1 Tricalcium-aluminate Content (CsA)

Glass and Buenfeld (2000) suggest that tricalcium-aluminate (C;A) is the most important
factor affecting chloride binding in concrete because C;A and chloride form a new
compound known as Friedel's salt. It is formed at room temperature when the two
constituents are mixed together in appropriate concentrations in aqueous systems (Taylor,

1998).

The Bogues composition, given in ASTM C 150 (1997), is a standard procedure to calculate
the C;A and tetracalcium-alumino-ferrite content (C4AF) of ordinary portland cement
(OPC). However, the formation of Friedel's salt is still a subject of scientific debate. The
known forms of chloro-aluminates are monochloro-aluminate hydrate or Friedel's salt and
trichlor-aluminate hydrate (Enevoldsen et al, 1994b). The formation of chloro-aluminate
takes place as soon as chlorides penetrate the concrete (Gegout et al, 1992). Suryavanshi et al
(1996a) suggested two different mechanisms, a hydroxyl ion generating mechanism and a

neutral mechanism, to explain Friedel's salt formation.

Salts responsible for the formation of chloro-aluminates spontaneously convert to from a
hexagonal to a thermodynamically more stable cubic form. The pore size of the cement paste

is thus increased (Midgley, 1975).

The analysis of cement paste pore water and the corrosion behaviour of steel in concrete
have demonstrated the influence of C;A on chloride binding in cementious materials. A
study on cement paste revealed that the free chloride concentration in the pore solution
decreases with an increase in the C;A content, but it was found to be effective in binding

only a limited amount of chloride (Rasheeduzzafar, 1992 and Suryavanshi et al, 1995).
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The concentration of free chloride ions and thus the C;A content of cement influence the
time for corrosion initiation of concrete and with increasing C;A content this time increases

(Hussain et al, 1996).

2.1.4.2 Exposure Time

Kovacs (1997) found chloride binding to increase with time. Exposure time had a greater
influence on chloride binding than chloride concentration. This is in agreement with Araya et
al (1990) who found the amount of bound chlorides of both admixed and externally applied

chlorides to increase with increasing age of the concrete.

Glasser et al (1988) state that the chloride binding capacity of cement at ages greater than
100 days correlates better with the sum of C;A and C4AF content than with the C3A phase

alone. This was attributed to the slower binding of chlorides in C,AF.

2.1.4.3 External versus Internal Chloride Contamination

More chloride is bound by C;A, when it is initially introduced in the mix, than when it
penetrates the concrete externally. This is why external chloride contamination is considered
to be more severe compared to admixed chloride (Suryavanshi et al, 1998a). Furthermore,
the efficiency of electrochemical chloride extraction was found to be higher for concrete
containing chloride applied externally compared to admixed chloride (Enevoldsen et al,
1994a).

In contrast, Suryavanshi et al (1995) observed equilibrium condition of chloride binding after
33 days. Moreover, investigations at the University of Budapest with admixed and externally
applied sodium chloride showed that chloride binding takes place in hardened cements

(Balazs et al, 1997).

Ismail (1998) states that equilibrium between bound and free chloride is maintained during
ECE. This would be in agreement with findings of Arya et al. (1996) who conducted ECE on
concrete samples and did not find any difference in extraction efficiencies for external
compared to admixed chlorides. The higher extraction efficiencies of concrete with
externally applied chloride can probably be attributed to the fact that chloride exists in non
connected pores of the concrete when it is admixed and hence the chloride can not migrate or
diffuse.
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21.4.4 Exposure Temperature

The decomposition of the calcium aluminate crystals is faster at 20°C compared to 60°C and
the formation of Friedel’s salt also increases with higher temperature (Midgley, 1975).
Therefore, at higher temperatures the pore size and, subsequently the permeability to
chlorides, due to crystal reformation, increases. However, the consumption of chlorides by

the formation of Friedel’s salt is also accelerated at higher temperatures.

A contrary trend between increased ionic diffusivity and accelerated chloride binding due to
temperature was also observed when investigating the influence of temperature on diffusivity
of ordinary-portland- and pulverised-fuel-ash cements. The penetration of chlorides into PFA
cements cured at temperatures of 45°C for 28 days was hindered due to accelerated

hydration compared to exposure of the same cement cured at 20°C (Dhir et al, 1993).

Concrete has to be removed from the structure by cutting or drilling in order to obtain
samples for chloride analysis. The heat which is generated during these actions promotes the
degradation of chloro-aluminates and chemically bound chloride is released again
(Chaussadent and Arliguie, 1999). At temperatures of 70°C the hydroxyl concentration of the
pore solution is reduced and the concentration of free chloride increases through the
decomposition of chloro-aluminates. The net effect of the two reactions is an increase in the
OH/Cl-ratio (Hussain et al, 1993, 1995). Shayan (1998) reports that at temperatures above

80°C Friedel’s salt and ettringite formation stop and chlorides exist in their free form only.

21.4.5 Influence of Other lons on Chloride Binding

The long-term concentrations of free chloride and hydroxyl ions in the pore liquid of
hydrated cements are influenced by the composition of cement and by the type of the
chloride salt. Sodium and calcium are the most common chloride cations; their binding
behaviour is different and different amounts of chloride are bound under the same conditions
when the cation changes. The total concentration of the salt also influences the binding
process and the concentration of chloride in the pores of the concrete increases with

increased total chloride content (Tritthart, 1989b).

Sulphate in cement may cause the release of bound chloride from the cement paste (Holden
et al, 1990) and reduce chloride binding (Xu, 1997), but in natural contamination processes it

only penetrates the outer concrete layers (Stoop and Polder, 1999).
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The concentration of hydroxide and alkali-ions also influence chloride binding. However, it
is unclear whether alkali-ions or the change in pH-value cause the change in chloride binding
as the concentration of both compounds is related. Cement pastes with higher amounts of
alkali metals have a higher pH-value and the chloride binding capacity decreases
(Rasheeduzzafar et al, 1992; Tritthart, 1992). The binding capacity of similar cements
decreases when the pH-value increases from 12.5 to 13.7 (Tritthart, 1989b).

When chloride is admixed the hydroxide concentration increases with sodium chloride and
results in higher free chloride concentrations compared to calcium chloride (Enevoldsen et
al, 1994a; Goiii and Andrade, 1990; Hussain et al, 1995). Sodium chloride causes only a
small change in the pH-value of the pore solution and a shift in bound to free chlorides is
observed (Goiii and Andrade, 1990). Sodium chloride is the main source of environmental
concrete contamination (Glass and Buenfeld, 1995) and for external chloride contamination
higher free chloride concentrations of the solution resulted in higher chloride uptake

(Tritthart, 1989a).

The chloride binding capacity of concrete is reduced when sodium hydroxide is used as an
electrolyte during electrochemical chloride extraction (Castellote et al, 1999a). The findings
are consistent with observations of Delagrave et al (1996) who report increased pore size at
low pH-values, but this is attributed to the leaching of calcium i.e. the decomposition of

hydration cement products, rather than the decomposition of Friedel's salt.

The capacity of cements to bind calcium chloride is greater than the capacity to bind sodium
chloride. However, corrosion rates of steel electrodes in cement paste containing equivalent
dosages of calcium and sodium chloride were higher in the former case (Andrade and Page,
1985). This can be explained by a more open pore structure that is formed which allows

easier diffusion and subsequent higher conductivity of the concrete (Tritthart, 1990).

When calcium or magnesium chloride is added to the concrete, the pH-value of the pore
solution is reduced (Tritthart, 1990). This is attributed to the low hydroxide concentration in
hardened cement paste because in strong alkaline solutions calcium and magnesium ions are
practically insoluble and precipitate; the hydroxide concentration is subsequently reduced
(Gotii and Andrade, 1990; Tritthart, 1989b). Magnesium penetrates only the first millimetres
of concrete when it is exposed to seawater due to the formation of a brucite layer on the

surface (Stoop and Polder, 1999).
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2.1.4.6 Cement Type

Silica-fume improves the corrosion protection and the strength of concrete by reducing its
permeability and by the formation of additional calcium silica hydrate which provides
strength and durability to concrete. The blending of ordinary portland cement with silica-
fume decreases the corrosion of reinforcement in chloride exposed concrete but enhances the
corrosion in marine environments due to the presence of sulphate and magnesium ions

(Asrar et al, 1999).

Substantial changes in the chemical composition of the pore solution phase are reported for
partial replacements of ordinary portland cement with silica-fume. The alkalinity of the pore
solution decreases and the capacity of the cement to bind chloride ions also decreases with
increased silica content (Page and Vennesland, 1983). However, a nine-percent replacement
of cement by silica fume reduced the chloride diffusivity five fold compared to a reduction
of chloride diffusion by 50 % caused by increased cement content. The reduced diffusivity
through silica fume replacement is attributed to the reduction in calcium and hydroxide
content, which result in reduced ion exchange capacity and subsequent reduction of chemical

diffusion potential of concrete (Gjerv et al, 1994).

Pulverised fuel ash and zeolite replacements of approximately fifteen percent reduce the
permeability and surface adsorption of concrete compared to ordinary portland cements.
Silica fume replacements show better results in terms of reduced permeability and surface

adsorption than PFA and zeolite (Sammy and Xihuang, 1999).

The specific surface area of the cement and the initial alkalinity influences the chloride
binding capacity and when ordinary portland cements with similar C;A content are
compared, higher initial alkalinity results in higher free chloride content, and finer cement
causes higher chloride binding (Byfors et al, 1986). Carbonated concrete has a lower
alkalinity compared to non-carbonated concrete and a reduced chloride binding capacity has

been observed for carbonated concrete (Suryavanshi et al, 1996b).
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In sulphate resisting cements, chloride is bound by C,AF, but the chloride binding efficiency
of C4AF is lower than C;A (Suryavanashi et al, 1998). When fly ash replacements are used
lower chloride concentrations are required to initiate corrosion (Thomas, 1996). Concrete is
less permeable for chloride if it contains fly ash or slag, but the threshold levels are lower
due to reduced binding capacity and reduced hydroxide content. However, diffusion
properties of concrete are considered to be more important for the durability of structures
than their chloride binding capacity. This is supported by data of 8-year exposure trials and
30-year-old concrete structures in which flay-ash and slag concrete outperformed OPC

concrete (Bamforth, 1999).

Reduced permeability is not always a means of extending the life of a structure and other
factors have also to be considered. Ground granulated blastfurnace slag (GGBS), for
example, reduces the permeability of concrete, but it contains chlorides because its
processing involves quenching with seawater (Neville, 1995). Furthermore, mixes containing
fly ash and GGBS have higher levels of surface chloride than an ordinary portland cement or
silica fume mix. The continuing refinement of the pore structure in these mixes also prevents

the removal of chlorides by washout (Thomas and Bamforth, 1999).

21.5 Threshold Concentration of Chloride in Concrete

The chloride threshold level is given in BS 8110 (1985); it is defined as the chloride level at
the depth of the reinforcement, which initiates corrosion. Concrete may contain traces of
chloride which do not cause corrosion and no measures may be necessary if the chloride
level at the reinforcement is not sufficient to initiate corrosion. Hence, expensive means of

repair may be avoided or postponed when the threshold level is not exceeded.

The most common way to express the threshold level is the total or acid soluble chloride
content by cement weight (BS 1881 Part 124, 1988). This can be explained by the reliable

chemical analysis procedure, which leads to replicable results.

The extraction of pore liquid made it possible to express the threshold level in terms of
hydroxyl to chloride ratio or free chloride content (Hausmann, 1967; Breit, 1998). It has also
been suggested that the chloride threshold level could be expressed as total chloride level
versus the pH buffering capacity of cement (Glass and Buenfeld, 1997).
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The threshold concept is still a controversial subject of scientific debate. There is no fixed
threshold level and a wide range of values for corrosion initiation is reported in the literature.
This has been attributed to different concrete properties, to different methods of chemical
analysis, the way the threshold is expressed and other factors such as oxygen diffusivity

(Dhir et al 1990; Grantham, 1995; Breit, 1997; Hausmann, 1998).

2.2 Electrochemical Rehabilitation of Concrete

Structures suffering from chloride induced corrosion generally have high replacement costs
and desired remaining design life so that more expensive long term protection and repair
costs are justified. Traditional repair of concrete structures consists of patch repair where the
concrete is mechanically removed from the structure and replaced with repair mortar. This
form of repair is preferred for carbonated or physically damaged concrete with local damage

in the concrete cover.

Chloride contamination of a structure is in most cases environment related and exists
throughout the lifetime of the structure. Therefore the damage is likely to reoccur.
Furthermore, the removal of carbonated and otherwise sound concrete cover is cost, time and
labour intensive. Where the concrete cover is still intact, and the aggressive environment

permanent, electrochemical rehabilitation methods are the best and cheapest repair solution.

Four types of electrochemical treatment may be applied to a structure namely cathodic

protection, cathodic prevention, electrochemical chloride extraction and re-alkalisation.
2.2.1 Cathodic Protection and Cathodic Prevention

The first application of cathodic protection is dated back to 1824 (Roberge, 2000). When
cathodic protection is applied as a rehabilitation measure to corroded reinforcement, the steel
surface potential is adjusted to a value where pitting corrosion is stopped (Funahashi and
Bushman, 1991). The current density required for cathodic protection in concrete is between
0.010 and 0.020 A/m’ of the steel surface (Tvarusko, 1993). The application of cathodic
protection to prestressed concrete structures has been investigated in the past (Wagner et al,
1993; Wagner et al, 1991; Wang et al, 1995), but it is rarely applied because of the inherent
danger of hydrogen induced stress corrosion (HISCC).























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































