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Abstract
The predominant mechanism of transport of chloride ions into concrete is diffusion. 

The rate of diffusion is largely controlled by the chloride diffusivity or chloride 

diffusion coefficient of the concrete. The determination of this parameter requires a 

long test duration and, hence, migration test methods have been developed. The 

principle of migration tests is to accelerate the transport of chlorides through 

concrete by the application of an electrical potential difference. However, no 

migration test has been developed to assess the chloride diffusivity of concrete on 

site. Therefore, the objective of this research was to develop an in-situ chloride 

migration test to determine the chloride diffusivity of concrete on site.

To achieve the above objective a portable apparatus was developed that enabled the 

in-situ migration coefficient of concrete to be determined. The test was standardised 

and validated by carrying out comparative chloride diffusion tests, using a range of 

Portland cement concrete mixes. The effectiveness of the new test for on site 

applications was investigated by carrying out tests on the Dickson Bridge, Montreal.

The in-situ chloride migration test enabled the chloride diffusivity of concrete to be 

determined in one working day. The in-situ migration coefficient correlated well 

with the effective and the apparent diffusivity determined from the long-term 

diffusion tests. The new test was found to be suitable for use on site, where the in- 

situ migration coefficient correlated well with the chloride content at the level of the 

reinforcement and the rate of corrosion. These results showed that the new in-situ 

chloride migration test could accurately determine the chloride diffusivity of 

concrete.
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1. Introduction

1.1 Background to research

Reinforcement corrosion resulting from chloride ingress is a major durability 

problem of reinforced concrete structures exposed to both marine environment and 

de-icing salts. Corrosion occurs after a certain threshold chloride level at the 

reinforcement has been exceeded, which leads to cracking, spalling and, ultimately, 

loss of structural integrity of the reinforced concrete. At this stage, major repair or 

replacement of the structure is required, both of which are difficult and expensive. 

Therefore, greater emphasis is now being placed on preventative approaches, which 

require the durability of concrete to be assessed on site.

As concrete is a porous material, chlorides penetrate into concrete through the pore 

space. The rate of transport of chlorides through the pore space in concrete largely 

determines the rate of degradation and the service life of the structure in a chloride 

environment. The concrete provides resistance to the ingress of chlorides, which is 

predominantly by the mechanism of diffusion, by the physical pore structure and its 

ability to bind chlorides. Therefore, being able to measure the resistance of the 

concrete to chloride diffusion, i.e. the chloride diffusivity of the concrete, would 

enable the durability of the structure to be estimated.

Chloride diffusivity of concrete can be determined by removing cores from the 

structure and carrying out the standard diffusion cell test in the laboratory. This test 

determines the effective diffusivity from the steady state diffusion of chlorides

I



through the concrete. The diffusivity can also be determined by using the distribution 

of chlorides in the concrete if chloride penetration has occurred. This chloride profile 

enables the apparent diffusivity of the concrete to be determined from the non-steady 

state diffusion of chlorides into concrete. However, the determination of these 

parameters requires a long test duration, typically several months. This means that an 

estimation of the chloride diffusivity cannot be made at an early age of the structure 

in service. Therefore, to measure chloride diffusivity in the short-term, migration 

tests have been developed. These tests utilise an electrical potential difference to 

accelerate the transport of chloride ions through the concrete. The migration tests 

developed are primarily laboratory based, which involve the removal of cores from 

the structure. This could be considered to be unfeasible if the condition of the 

structure is being monitored regularly throughout the service life.

Therefore, it was identified that there is a need to develop a new test that would 

measure, in the short-term, the chloride diffusivity of concrete on site. This should 

enable the durability of concrete in service to be estimated at an early age of the 

structure and then checked throughout its service life.

1.2 Objectives and scope of the research

The main objectives of the research were:

1. To develop a new portable apparatus for measuring the chloride diffusivity of 

concrete on site.

2. To standardise the test and then to validate the test by carrying out well 

established comparative chloride diffusion tests.

3. To assess the applicability of the new test for site use.
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The first two objectives were achieved by carrying out a laboratory based 

experimental programme, using a range of Portland cement concrete mixes. The use 

of cement replacement materials was not considered, as the emphasis of the research 

was on test development and to establish the validity of the test technique for 

measuring chloride diffusivity of concrete.

The third objective was achieved by carrying out tests on a structure exposed to a 

chloride environment. The structure was a reinforced concrete bridge in Montreal, 

Canada. However, to satisfy fully this objective, the new test needs to be used on 

structures exhibiting different states of durability.

1.3 Outline of thesis

Chapters 2 and 3 are literature reviews. Chapter 2 aims to identify the predominant 

mechanisms that transport the chloride ions through concrete. The factors influencing 

the rale of ingress of chlorides and the subsequent corrosion are reviewed. Chapter 3 

reviews the test methods for assessing the transport of chlorides through concrete. 

This review aims to identify the need for a new test that can estimate the chloride 

diffusivity of concrete on site and detail the principles for developing the new test.

Chapter 4 deals with the experimental programme. It includes information on the 

materials and the concrete mixes used in the experiments. The details of the different 

tests carried out for measuring chloride diffusivity are presented here.

Chapter 5 deals with the development of the new test and the calculation of the test 

parameter for determining chloride diffusivity. The feasibility of the new test is 

established in this chapter by describing comparative chloride diffusion tests.
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In Chapter 6, the variables which influence the value of migration coefficient as 

measured in chloride migration tests are investigated. This information was used to 

standardise the new test.

In Chapter 7, the validity of the new test to give an accurate estimation of chloride 

diffusivity at any stage of the structure in service is discussed. This is achieved by 

correlating the new test with long-term diffusion tests and examining the effect of 

chloride penetration into concrete on the results of the proposed test.

Chapter 8 deals with the suitability of the new test for in-situ applications. The 

results of tests carried out on a structure exposed to a chloride environment are 

repotted here.

Chapter 9 presents the main inferences of this research and the recommendations for 

future research.
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2. Chloride Penetration into Concrete

2.1 Introduction

Chloride induced corrosion is widely recognised as a major reason for loss of 

durability in reinforced concrete structures. The introduction of chlorides into 

concrete at the time of mixing is now controlled, as standards generally prescribe 

strict limits on the chloride content (BS 5328: Part 1: 1990). Therefore, the 

predominant source of chlorides in concrete is the surrounding environment. The 

chlorides penetrate into concrete and move towards the reinforcing steel. Thus, the 

ability of the concrete to resist the penetration of chlorides will influence the 

durability of the structure.

The service life of a reinforced concrete structure, defined as time from construction 

to a critical point in time, consists of an initiation and a propagation period, when the 

degradation process is corrosion, as shown in Figure 2.1 (Tuutti, 1982). The 

initiation period is the time from the beginning of exposure to the onset of corrosion, 

i.e. in the case of exposure to chlorides, when the chloride content of the concrete in 

contact with the steel has reached a critical level so as to initiate the corrosion. The 

propagation period or corrosion stage is the time from start of corrosion until a 

critical point in time is reached. This critical point in time can vary from structure to 

structure, ranging from visible rust stains on the concrete surface to a reduction in the 

load carrying capacity.
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This chapter reviews the mechanisms by which chlorides enter the concrete and 

identities the predominant mechanism that transport the chlorides to the level of the 

reinforcing steel. The process and controlling factors of chloride induced corrosion 

will be discussed. Also, the factors that influence the rate of ingress of chlorides will 

be reviewed.

2.2 Mechanisms of chloride transport in concrete

2.2.1 Introduction

Concrete is a heterogeneous material consisting of aggregate particles dispersed in a 

matrix of cement paste. During the hydration process, cement grains react with water 

to form a cement gel around each grain. Within the gel, there exist interstitial voids, 

called gel pores. The gel pores occupy approximately 28% of the total volume of gel 

and have a nominal diameter of about 3 nm (3xl0‘9m), (Neville, 1996). During 

normal conditions, the gel pores are filled with water called gel water, which is 

physically adsorbed onto the surfaces of the gel particles.

For water to cement ratios higher than 0.38, the volume of gel is not sufficient to fill 

all the space available to it, (Neville, 1996). Therefore, larger voids called capillary 

pores are formed in the cement paste. The total volume of the capillary pores is 

called the capillary porosity. The diameters of the capillary pores are in the range of 

IGnm to lOOOnm (Mehta and Monteiro, 1993).

It is the capillary pore network that is primarily responsible for the transport of 

chlorides through concrete, (Buenfeld and Newman, 1984; Suzuki et al., 1990). The 

capillary pore structure of a cement paste is characterised by its porosity, pore size
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distribution and the connectivity between the pores. These all influence the transport 

of chlorides.

2.2.2 Transport mechanisms

Chlorides enter concrete by permeation or capillary absorption of a chloride 

containing liquid or by diffusion of free chloride ions (Kropp and Hilsdorf, 1995).

2.2.2.1 Permeation

Water containing chlorides can permeate through concrete under a pressure 

differential (Kropp and Hilsdorf, 1995). Although permeation is strictly related to 

flow under a pressure head, it is commonly used in a general sense to describe the 

ease of penetration of external media through concrete (Buenfeld and Newman, 

1987).

2.2.2.2 Capillary absorption

The ingress of chlorides can be due to the capillary suction of a chloride containing 

solution by the pore system. The volume of absorbed solution and its chloride 

concentration governs the amount of chloride introduced (Kropp and Hilsdorf, 1995).

2.2.2.3 Chloride diffusion

Chloride diffusion is the process whereby chlorides are transported from one part of 

wet concrete to another through the capillary pores as a result of random motion of 

the chloride ions. The chloride ions diffuse towards the part of the concrete having a 

lower concentration of chloride (Poulsen, 1990). It is defined for a particular material 

by a diffusion coefficient or diffusivity value (Nilsson et ai, 1996).
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2.2.3 Influence of location of structure

The predominant mechanism of chloride ingress depends on the exposure condition 

and the moisture condition of the concrete. This can be influenced by the location of 

the structure. Structures exposed to a chloride environment can be divided into two 

main groups; marine structures and traffic structures.

2.2.3.1 Marine structures

Marine structures can be described as those being in contact with sea water or 

exposed to airborne salts. A marine structure can be sub-divided into various zones, 

with the mechanisms of chloride ingress different in each zone as illustrated in 

Figure 2.2 (Buenfeld and Newman, 1984; Streicher, 1996).

Submerged zone

Concrete submerged in sea water has a well defined exposure condition. Absorption 

may be a mechanism of chloride ingress when concrete is first exposed to sea water 

but diffusion is the predominant mechanism (Nilsson et al., 1996). There may also be 

chloride penetration by permeation under hydrostatic pressure (Nagano and Naito, 

1985; Roy et al., 1993).

Tidal zone

The tidal zone is a wetting/drying environment, as the tide comprises of a rise and 

fall each day. The mechanisms of chloride transport will differ slightly between the 

low water mark and the high water mark. Generally, the daily cycle ensures that the 

concrete has a high level of saturation, with diffusion being the primary mode of 

transport (Neville, 1995; Nilsson et al., 1996). This zone may be more susceptible to 

corrosion as oxygen, a prerequisite for corrosion, will be more readily available than 

in the submerged zone.
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Splash /one

This is also a wetting/drying environment. The chlorides are carried by the wind and 

the waves and are absorbed into concrete. During the drying phase, the water in the 

concrete evaporates leaving the chlorides behind. This means that the chloride 

concentration on the surface of the concrete can be higher than the concentration of 

the seawater (Roy et al, 1993; Neville, 1995), making this one of the most severe 

exposure conditions for reinforced concrete structures (Bamforth and Chapman- 

Andrews, 1994; Streicher, 1996). Neville (1995) considered the most severe 

condition to be when the concrete is wetted by seawater only occasionally, but at all 

other limes exposed to a drying environment. The mechanisms of chloride ingress in 

the splash zone can be represented by a model proposed by Nagano and Naito (1985) 

as shown in Figure 2.3. The salt layer formed on the concrete surface establishes a 

concentration gradient, causing the chlorides to diffuse inwards towards zones of 

lower concentration. Nilsson et al. (1996) also agrees that diffusion is the main 

mechanism of chloride transport inwards. Polder and Larbi (1995) and Bamforth and 

Chapman-Andrews (1994) found from long term exposure tests that diffusion was 

the predominant mechanism after about one year.

Atmospheric zone

This is a semi-wet zone where airborne salts are the predominant source of chlorides. 

As the chlorides are transported mainly by wind, the ingress is influenced by the 

exposure direction of the concrete face (Roy et al., 1993). Windward sides may 

receive more chlorides than leeward sides, but are more likely to be rinsed and 

cleaned by rainwater (Nilsson et al., 1996). Roy et al. (1993) and Sandberg and Tang 

(1994) conclude that the chloride deposits are confined mainly to the outer section of
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the concrete and the low moisture content ensures that the rate of ingress to the inner 

depths is relatively slow.

2.2.3.2 Traffic structures

This is a general term used in this thesis to cover all structures that are exposed to de

icing salts, examples being bridges and multi-storey carparks. In the USA a typical 

bridge in the snow bell States will receive about 1.3 kg/m2 of road salt each winter; 

some receive as much as 4.9 kg/m2 (Cady and Weyers, 1983).

Nilsson et al. (1996) identified two exposure zones for traffic structures, one where 

concrete is exposed directly to the melted water containing the chlorides and the 

other where concrete is exposed to chlorides indirectly by traffic splash. In both 

exposure zones, the de-icing salts are applied in the winter period, so it is a 

discontinuous cycle. Cady and Weyers (1983), in a review of bridges in the USA, 

state that even in relatively dry concrete, exposure to moisture results in rapid filling 

of the accessible pore spaces, but the primary mode of transport of chlorides to the 

level of reinforcement is by diffusion.

2.3 Chloride binding

An important process concomitant with chloride penetration into concrete is the 

binding effect. Chlorides can occur in concrete in two forms; some of the chlorides 

are free ions dissolved in the pore solution (Cf) and the rest of the chlorides are 

chemically and physically bound to the cement hydrates and their surfaces (c'b).

Both forms of chlorides normally exist simultaneously to maintain chemical 

equilibrium (Hansson and Berke, 1989). Equilibrium implies that under a given set
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of conditions, a certain concentration of dissolved free chlorides corresponds to a 

concentration of chlorides hound to the solid phases (Nilsson et al, 1996). This 

means, if the concentration in the free phase is increased, larger quantities can also 

he fixed physically and chemically (Tuutti, 1982; Byfors, 1986).

The service life of a structure may benefit from binding in two ways:

1. The rate of chloride ingress into concrete is decreased as binding reduces the 

concentration of chloride in pore solution available for transportation (Glass et 

al., 1996).

2. Only the free chlorides dissolved in pore solution are believed to initiate 

reinforcement corrosion (Hope et al., 1985; Hansson and Sorensen, 1987; 

Beaudoin et al., 1990).

Page et al. (1991) and Arya and Xu (1995) have examined the effect of binding of 

chlorides in concrete and their results are reproduced in Figure 2.4. In tests by Arya 

and Xu (1995), the chlorides were added at the time of mixing. In the case of Page et 

al. (1991), the chlorides penetrated into cement paste from an external source. The 

lines in Figure 2.4 are examples of binding isotherms for chlorides in concrete, with 

the free amount of chloride given as a function of the total chloride content.

The chloride binding capacity of concrete is defined as the slope of the chloride 

binding isotherm, when the free chloride content is given as a function of the bound 

chloride content, (Nilsson et al., 1996).

binding capacity =
dc'j

(2.1)



Figure 2.4 shows that the relationship between free and total chloride contents is 

non-linear, i.e. the binding is concentration dependent. At total chloride contents 

below about 1.0%, the cement hydrates bind a substantial proportion of chloride in 

an insoluble form, but beyond this point the binding is largely exhausted (Page et al„ 

1991). At high concentrations the binding capacity is believed to approach zero 

(Kropp and Hilsdorf, 1995; Nilsson etal., 1996).

Figure 2.4 shows that whatever the source of chloride, there is an equilibrium 

between free and bound chlorides. Neville (1995) found that sodium chloride, added 

at time of mixing, resulted in 80% being bound. In tests by Polder and Larbi (1995) 

and Chatterji (1994), where concrete was exposed to external chlorides, the 

percentage chlorides bound was 75% and 85% respectively. These results would 

indicate that a high percentage is always bound. However, Bishara (1991) reported 

that bound chlorides are 20-25% of the total chloride content.

As stated already, chlorides are bound either chemically, physically or a combination 

of both. The source of chlorides has a major influence on the amount of chlorides 

present in these forms.

2.3.1 Chlorides introduced at mixing stage

When chlorides are added at the mixing stage, the main form of binding is by 

reaction with the tricalcium aluminate (C3A) compound of the cement, to form 

calcium chloroaluminate hydrate, SCaO.AbCF.CaCClO^O, commonly referred to 

as Friedel’s salt, (Midgely and Illston, 1984; Rasheeduzzafar et al., 1991). Chlorides 

may also react with the calcium aluminate ferrite (C4AF) compound to form calcium
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chloroferrite. Byfors (1986) and Hansson and Berke (1989) stated that it is the total 

QA and C4AF content that are signifieant in chloride binding.

Other reactions can occur also. The chlorides can bind to the calcium silicate 

hydrates (C-S-H), (Diamond, 1986). Beaudoin et al. (1990) and Baroghel-Boury et 

al. (1995) considered this binding to be chemical. Results from Tritthart (1989a) 

show that besides chemical binding, chlorides can be adsorbed on to the pore walls 

of the cement matrix.

2.3.2 External chlorides

The binding of chlorides that ingress into the concrete from the environment is very 

relevant to the durability and service life of a structure. The binding phenomenon 

here is different from that when chlorides are added at the time of mixing. A smaller 

amount of FriedeFs salt is formed (Neville, 1995). Investigations by Arya et al. 

(1990) on cement paste samples having different C3A contents but having the same 

total C3A and C4AF contents, found that the samples had similar binding capabilities, 

concluding that C3A content has little effect on binding of externally derived 

chlorides. This could also imply that the reasoning of Byfors (1986) and Hansson 

and Berke (1989) (section 2.3.1) could also be valid for externally derived chlorides.

Other reactions may play a more important role in binding. Polder and Larbi (1995), 

after long term exposure tests, found that there was no presence of calcium 

chloroaluminate or calcium chloroferrite and concluded that the chloride was bound 

to the C-S-H gel. Sergi et al. (1992) stated that chlorides could be physically 

adsorbed onto the pore walls.
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An important point about chloride binding has been repotted by Diamond (1986). 

While binding removes chlorides from the pore solution, the bound chlorides act as a 

reservoir, that may be released into solution if the conditions change. Larsen (1995) 

found that an increase in temperature reduced chloride binding and liberated bound 

chlorides into the pore solution.

2.3.3 Principal factors influencing binding

Apart from the source of chlorides, its concentration and the binding capacity, other 

factors can affect the binding. These are described below.

2.3.3.1 Hydroxyl ion concentration in pore solution

The hydroxyl ions in the pore solution (i.e. the pH) have a significant effect, since 

the hydroxyl ions “compete” for the binding sites with the chloride ions (Nilsson et 

al., 1996). Results published by Byfors (1986), Tritthart (1989b) show that the 

binding capacity increases with a decrease in pH. At a low hydroxide concentration 

more sites are available for chlorides to bind. During the diffusion of chlorides in 

concrete, calcium and hydroxyl ions can leach out of the pores, causing the hydroxyl 

concentration to change.

2.3.3.2 Type of salt solution

The type of salt solution used affects chloride binding. Several workers have shown 

that the cation associated with the chloride significantly influences the equilibrium 

chloride concentration (Diamond, 1986; Tritthart, 1989b). Arya et al. (1990) found 

that more chloride was bound with CaCL compared with NaCl. The cation effect 

may be attributable to several factors. The chloroaluminate may be forming more 

readily in presence of CaCh than NaCl, (Rasheeduzzafar et al. 1991). Ben-Yair 

(1974) postulated that NaCl must undergo prior reaction to form CaCh in order to
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combine with the cement hydrates. This longer chain of reactions retards the 

chemical combination of chlorides. Hansson and Berke (1989) state that with CaCl2, 

as calcium is already in excess in cement, additional calcium precipitates out as 

calcium hydroxide (Ca(()H)2), thereby removing hydroxides from solution. This 

provides more binding sites for chlorides.

2.3.4 Effect of binding on pore structure

When chlorides ingress into concrete, there is a change in the pore structure. Midgley 

and Illston (1984) found that the penetration caused a shift in the pore size 

distribution; the greater the chloride present, the smaller the pores found. A similar 

observation was made by Buenfeld and Newman (1986). In their research, they 

found a reduction in volume of pores with a minimum neck diameter greater than 

lOOnm. This modification was accompanied by an increase in the volume of small 

pores. Kayyali and Haque (1995) concluded that chloride ingress caused a reduction 

in permeability due to the formation of smaller discontinuous pores.

2.4 Chloride-induced corrosion

2.4.1 Introduction

The high alkalinity of the pore water, pH>12.5, normally protects embedded steel 

from initiation of corrosion. The protection is largely electrochemical in nature and is 

due to the existence of a self-generating protective layer at the steel-concrete 

interface. This passivating layer is considered to be a thin layer of iron oxide 

(yFe203), adhering to the steel (Sagoe-Crentsil and Glasser, 1989; Fidjestol and 

Tuutti, 1998).
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For corrosion to occur, it is necessary not only for the passivating layer to be 

destroyed, but also that there exists a difference in electrical potential within the 

steel-concrete interface (Sagoe-Crentsil and Glasser, 1989). Verbeck (1975) states 

that the difference in potential can be caused by the existence of differences in metals 

or non-uniformities of the steel (active sites on the steel surface) or non-uniformities 

in the chemical or physical environment afforded by the surrounding concrete.

2.4.2 Mechanism of chloride-induced corrosion

Chloride-induced corrosion can take different forms; ranging from widespread 

general corrosion to very localised attacks. General corrosion leads to early cracking 

and spalling of the concrete, whereas localised attacks may result in severe pitting of 

the bars before there is significant damage to the concrete cover, (Arya and Vassie, 

1995).

The process of chloride-induced pitting corrosion is illustrated in Figure 2.5. This 

type of corrosion occurs due to a local break down of the passive layer. The 

mechanisms by which chlorides cause depassivation has been addressed by Foley 

(1970), who proposed the adsorption theory and the oxide film theory. The 

adsorption theory considers chloride ions to be preferentially adsorbed onto the metal 

surface in competition with dissolved oxygen and hydroxyl ions. The oxide film 

theory suggests that chloride ions penetrate the existing film much more easily than 

do other anions. Both mechanisms suggest that the depassivation will result in the 

formation of a very small anode. Owing to a sufficient supply of oxygen, large areas 

of the reinforcing steel surface remains cathodic. This can cause rapid iron 

dissolution at the anode, leading to deep pits and, therefore, a considerable reduction 

of the load-bearing cross-section of the bar.
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In the electrochemical corrosion reactions, chloride ions are not consumed, but may 

form intermediate corrosion products such as iron (II) chloride, FeCl2 (Sagoe- 

Crentsil and Glasser, 1989; Kropp and Hilsdorf, 1995). The intermediate products 

thus formed migrate away from the steel and subsequently break down in regions of 

higher oxygen potential, to precipitate iron hydroxide. This leaves the chloride ions 

free to transport more ferrous ions from the anode. This hydrolysis liberates 

hydrogen ions as well as chlorides ions, reducing the pH at anodic sites. At cathodic 

sites the pH may rise due to the increase in hydroxide formation. This results in 

conditions more favourable for corrosion and high corrosion rates being generated.

2.4.3 Factors influencing chloride-induced corrosion

The influencing parameters on chloride-induced corrosion have been schematically 

presented by Schiessl (1987) and shown in Figure 2.6.

2.4.3.1 Critical (threshold) chloride content

The critical chloride content refers to the highest chloride content that does not cause 

any risk of corrosion of the reinforcement. The threshold can be presented as a total 

chloride content, a free chloride content or as the ratio of the free chloride ions (Cf) 

to hydroxyl ions (OH ), (Glass and Buenfeld, 1995).

Diamond (1986) and Kayyali and Haque (1995) found that depassivation was best 

represented by the C170H' ratio. Haussman (1967) suggested that depassivation may 

be expected to occur only if the C170H ratio in the pore solution exceeded 0.6. 

Diamond (1986) considered the Haussman criterion to be not sufficiently restrictive 

and a more conservative practical criterion of 0.3 to be more appropriate. Lambert et
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al. (1991) found that for concrete exposed to external sources of chlorides, the 

probability of depassivation increased with a C170H' ratio of greater than 3.

Although it has been recognised that the threshold chloride content can be defined by 

the C170H' ratio, there exists a problem. The difficulty in determining the hydroxyl 

ion concentration and the free chloride content of the pore solution makes it more 

practicable to specify the total chloride content, which can be easily measured (Liam 

et al, 1992). In a review of literature. Glass and Buenfeld (1995) concluded that 

determining the total chloride content was a suitable means of defining corrosion 

activation.

Because of the uncertainties connected with the threshold value, recommended 

maximum chloride contents have tended to be conservative. In the U.K., a maximum 

of 0.4% total chloride content by weight of cement is allowed in concrete with 

embedded reinforcing steel (BS 5328: Pt 1: 1990). In America, the ACI Committee 

222 (1989) recommends a maximum of 0.2% total chloride content by weight of 

cement.

2.4.3.2 Resistivity of concrete

Once corrosion has been initiated, continuation is not inevitable. The progress of 

corrosion is influenced by the resistivity of the concrete between the anode and the 

cathode, (Neville, 1995). Page et al. (1986) identified the factors that may influence 

this electrolytic resistance to be; the pore structure and mineralogy of the cement 

matrix, the concentration and nature of chlorides present and the moisture content. 

Investigations by Gjorv and Vennesland (1987) showed that by decreasing the water 

saturation of concrete from 100% to 20%, the electrical resistivity increased from
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about 7xl()? Qcm to about 6000xl03 Qcm, indicating that the degree of water 

saturation is a major controlling factor for electrical resistivity of concrete.

2.4.3.3 Availability of oxygen

An essential factor required for corrosion of steel is the presence of oxygen. A 

continued supply of oxygen at the cathode enables hydroxide ions to be formed 

which, in turn, support high corrosion rates (Neville, 1995). If the hydroxyl ion 

concentration falls and the necessary cathode capacity is not available, the steel may 

repassivate (Page et ai, 1986; Fidjestol and Tuutti, 1998). Gjorv and Vennesland 

(1987) and de Wind and Stroeven (1987) concluded that for a typical marine 

structure with a high level of water saturation, the rate controlling process of the 

ensuing corrosion is oxygen transport to the steel.

2.5 Diffusion of chlorides in concrete

Chloride ions can penetrate into concrete by permeation, capillary suction and 

diffusion. However, diffusion is the predominant mechanism that transports chlorides 

to the location of the reinforcing steel, so diffusion theory is generally used to 

quantify the multiple transport phenomenon (Poulsen, 1990; Kropp and Hilsdorf, 

1995).

2.5.1 Diffusion: Theoretical considerations

2.5.1.1 Steady state diffusion

The mathematical theory of diffusion in an isotropic substance is based on the 

hypothesis that the rate of transfer of a diffusing substance through a section of unit 

area is proportional to the concentration gradient measured normal to the section 

(Crank, 1975; Poulsen 1990):
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(2.2)

Where,

J - ionic flux (mol/cm2s)

dc/dx = concentration gradient (mol/cm4)

D = diffusion coefficient (cm2/s)

This is referred to as Pick’s Tst law of steady state diffusion. The negative sign arises 

as diffusion will occur in the direction opposite to that of increasing concentration. 

For equation (2.2) to be applicable for the transport of chlorides through concrete, it 

is regarded as diffusion of an inert substance in a material with a certain binding 

capacity for that substance. Interactions of the diffusing species with other ions are 

not taken into account, (Nilsson et al„ 1996). The diffusion of chloride ions in 

concrete is mathematically described by “Pick’s 1st law”;

Where,

J=-D„
dcj

dx
(2.3)

J = ionic flux (mol/cm2s)

Cf = concentration of free chlorides in pore solution (mol/cm3)

D,, = effective diffusion coefficient (cm2/s)

As a driving force, only the gradient of the free chlorides ions in the pore solution is 

effective and the diffusion coefficient is referred to as the effective diffusion 

coefficient (Kropp and Hilsdorf, 1995; Nilsson et al., 1996).

Effective diffusion coefficient

The effective diffusion coefficient of concrete can be determined at steady state

conditions using a standard diffusion cell as illustrated in Figure 2.7. The gradient of

chloride ions is derived from the difference in concentration in the two solutions i.e.
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concentration of “free chlorides” (Nilsson et ai, 1996). Details of the diffusion cell

test will be discussed in Chapter 3.

2.5.1.2 Non-steady state diffusion

For transient diffusion, where the chloride flow is not constant, the change in 

concentration in a unit volume with time can be described by the law of mass 

conservation (Crank, 1975).

Which gives,

ac=__a_r_Da£>
dt ^ dx ^

(2.4)

dt
(2.5)

This equation is referred to as Pick’s 2'ld law of diffusion. The analytical integration 

of this equation is obtained under the following two assumptions (Crank, 1975):

1. The medium is homogeneous and does not change with time i.e. D is constant in 

space and time.

2. The medium is semi-infinite and exposed to a solution on one side with a 

constant chloride concentration; the surface chloride level converges to that 

constant value after a short period of time.

Solving the partial differential equation (2.5) yields:

( X \1c =c \-erf
A

2jDt j

Where,

C(x.i) = chloride concentration at depth x at the time t (mol/cm3)

cs = surface chloride concentration (mol/cm3)

(2.6)
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erf error function

D diffusion coefficient (cm2/s)

This equation is referred to as the error function solution to Pick’s 2'ul law. For non

steady state How of chlorides in concrete this equation is widely used. The diffusion 

coefficient is referred to as the apparent diffusion coefficient, Dapp (Nilsson et al. 

1996).

Apparent diffusion coefficient

The apparent diffusion coefficient can be determined experimentally from the 

diffusion of chlorides into concrete. The spatial distribution of chlorides in the 

concrete after the chloride penetration is termed the chloride profile as shown in 

Figure 2.8. The apparent diffusion coefficient Dapp is that value of D which, when 

used in equation (2.6), best fits the chloride profile after a certain exposure time t.

2.5.1.3 Relationship between effective and apparent diffusivity

As discussed in section 2.3, when chlorides penetrate into concrete, a proportion of 

the chlorides bind to the cement hydrates and the rest are free ions in the pore 

solution available for diffusion. The chloride concentration used in equation (2.5) 

and (2.6), to calculate the apparent diffusion coefficient, is the total chloride content, 

i.e. free and bound chloride. This means that the diffusion coefficient in Pick’s 2ntl 

law, i.e. for a non-steady state flow, takes into account chloride binding. The 

apparent diffusion coefficient may be written as follows (Arsenault et al., 1995; 

Nilsson ef a/., 1996);

(2.7)
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Where,

Dnpr = apparent diffusion coefficient (cm2/s)

Df, = effective diffusion coefficient in Pick’s Is' law (cm2/s)

P = open porosity containing a liquid (the saturated pore volume that acts

as a solvent for chloride ions) 

dci/dcf = chloride binding capacity

In this relationship (equation 2.7), if the binding capacity is assumed constant and 

knowing that the effective diffusion coefficient is a constant, the apparent diffusion 

coefficient will be a constant.

2.5.2 Factors influencing the chloride diffusivity of concrete

2.5.2.1 Introduction

Apart from the pure material properties, which will be discussed in the next section, 

there are a number of other factors that affect the diffusivity. The diffusivity may 

depend on the concentration and cation type of the free chloride ions from the 

environment (Cf), the degree of saturation of the concrete (S), the temperature of the 

concrete (T) and the maturity age of the concrete (M), (Poulsen, 1990; Kropp and 

Hilsdorf; and Nilsson et ai, 1996). Therefore the diffusivity is a function of different 

variables.

D = f(cf,S,T,M) (2.8)

2.5.2.2 Concentration of free chlorides

The influence of the chloride concentration on the effective and apparent diffusivity 

is illustrated in Figure 2.9 (after Nilsson et ai, 1996; Zhang and Gjorv. 1998).
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Effective diffusivitv

The influence of concentration on the effective diffusivity was investigated by 

Chatterji (1995). The following expression was deduced for the concentration 

dependency of ion diffusion:

D{c) = D0- aJc (2.9)
Where,

D(c) = diffusion coefficient at concentration c 

Do - diffusion coefficient at infinite dilution

A = constant

Chatterji (1995) stated, ‘it is obvious that the diffusivity of an ion increases with 

decreasing concentration’. Streicher (1996) concluded that at very high 

concentrations (1-5M), the viscosities of electrolyte solutions increase significantly, 

thus reducing the rate of diffusion. Figure 2.9 shows that concentration is an 

important factor which affects the effective chloride diffusivity of concrete.

Apparent diffusivitv

The effect of concentration on the apparent diffusivity is two-fold. Firstly, as seen by 

Chatterji (1995), increasing concentration reduces the diffusion and, secondly, the 

concentration influences the binding capacity. As discussed in section 2.3, chloride 

binding is non-linear, where increasing the concentration results in a decrease in the 

binding capacity. This decrease in the binding capacity means that the apparent 

diffusivity will increase (equation 2.7). In Figure 2.9, when the effective diffusion is 

kept constant, independent of concentration, the decrease in binding capacity results 

in an increase in the apparent diffusivity. When the effective diffusivity is included 

as a function of concentration, the resultant apparent diffusivity decreases with 

increasing concentration.
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2.5.2.3 Chloride cation type

The type of salt used as a de-icing agent will influence the chloride diffusivity. The 

most commonly used salts are sodium chloride and calcium chloride (Cady and 

Weyers, 1983).

Effective diffusivity

A calcium chloride solution (CaCl;) will have a higher effective diffusivity than a 

sodium chloride solution (NaCl), (Hansson and Berke, 1989; Chatterji, 1994). Zhang 

and Gjorv (1996) observed that the effective diffusivity increased by a factor of two 

to three when the cation was changed from sodium to calcium. The diffusion of 

chloride ions must also be accompanied by a diffusion of the cations for the same 

substance. The cations usually move at a slower rate than the anions, (Bockris and 

Reddy, 1970). This lagging motion of the cations will act as a dragging force on the 

diffusing chloride ions. Zhang and Gjorv (1996) considered the higher dragging 

force created by the sodium ions compared to the calcium ions to be the reason for 

the higher effective diffusivity with CaCB.

Apparent difusivity

The degree of binding of chlorides as Cad: is greater than when the chlorides are 

present as NaCl (section 2.3.3.2). This increase in binding is countered by the 

increased diffusion. No data was found in this review comparing the apparent 

diffusivity for different chloride cation types.

2.S.2.4 Degree of saturation

Water plays an important role in the diffusion process. Chloride ions can only diffuse 

through the concrete, if a sufficient moisture concentration provides continuous 

liquid paths in the capillary pore system. A reduction in the moisture content will

25



cause a reduction in the number of continuous water paths and the diffusion will 

decrease. Buenfeld et al. (1995) described a process known as wick action. Wick 

action is the transport of water (and chlorides) through concrete, which has one face 

in contact with water and the other face exposed to air and drying out. Results show 

that chlorides quickly penetrated the saturated concrete, but the rate of ingress was 

much slower in the non-saturated part of the concrete. The degree of saturation may 

be a reason why the apparent diffusivity was lower in the splash zone compared to 

the submerged zone of a marine structure as observed by Swamy et al., (1994).

2.5.2.5 Temperature of the concrete

Effective diffusivity

Higgins (1995) found that the effective diffusion coefficient doubled with a 10°C 

increase in temperature. Page et al. (1981), Goto and Roy (1981) and Lambert et al. 

(1984) state that the diffusion coefficient can be considered to be a function of 

temperature according to the Arrhenius equation;

D{T)= D()e-B,RT (2.10)
Where,

Do,R,B = constants

T - absolute temperature (K)

D(T) = diffusion coefficient at temperature T (cm2/s)

This equation postulates a progressive increase in the diffusion coefficient with rising 

temperature. Table 2.1 is a summary of reviewed literature that supports the 

Arrhenius equation.
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Apparent ditYusivity

The effect of temperature on the apparent diffusivity is two fold. Firstly, with rising 

temperature the diffusion of chloride ions increases and, secondly, a temperature rise 

leads to a decrease in chloride binding. The higher temperature affects the 

equilibrium between the free and bound chlorides, as more chlorides go into solution 

(Larsen, 1995). Both effects will increase the apparent diffusivity.

2.S.2.6 Maturity

In this section, all factors that influence the time dependency of diffusivity will be 

discussed. As concrete matures, capillary porosity decreases with the progression of 

the hydration reaction (Kropp and Hilsdorf, 1995). This implies that the diffusivity 

will be higher for concrete at an early age compared to mature concrete. Poulsen 

(1993) states that the largest change in the chloride diffusion coefficient will take 

place during the first 28 maturity days after casting. Table 2.2 is a summary of the 

apparent diffusion coefficients from marine structures made with Portland cement 

concrete. Swamy et al. (1994) found, for concrete exposed in the submerged zone, 

that the diffusivity decreased over a 29 year period, with the biggest decrease 

occurring in the first year. This is in agreement with Stillwell (1988) and Roy et al. 

(1993) for concrete in the splash zone and tidal zone respectively (Table 2.2). 

Investigations by Bamforth (1995) on Portland cement concrete over a 6 year 

exposure period, found that the diffusivity was relatively constant after 6 months 

exposure.

Buenfeld and Newman (1984) investigated this decrease in diffusivity with time and 

concluded that this was due to the formation of a surface layer and a more 

widespread pore blocking. The pore blocking was considered to be as a result of
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chloride binding and continued hydration. The surface layer formed because the 

magnesium salts present in the sea water reacted with the calcium hydroxide to form 

relatively insolube brucite (Mg(OH)2). Gjorv et al. (1998), in a study of concrete 

after 100 years exposure, made a similar observation. They found that the 

precipitation of brucite had a beneficial effect in the form of a protective layer on the 

concrete surface.

2.5.2.7 Concluding remarks

Although recognising the effect each of these factors has on the chloride diffusivity 

of concrete, in laboratory experiments they can be accounted for. The concrete can 

be sufficiently cured and can be fully saturated prior to testing. The testing can then 

be carried out at a constant temperature with a constant concentration of chloride 

source solution. This results in the measured diffusivity being a function of only the 

properties of the concrete.

2.5.3 Influence of material properties on chloride diffusivity

The composition and curing of the concrete influence the diffusivity. Important 

factors are the cement type and content, the water-cement ratio, the properties of the 

aggregates, the use of cement additions and the degree of hydration.

2.5.3.1 Effect of cement type and content

Investigations by Page et al. (1981) showed that the effective diffusion coefficient 

for a cement paste was greater when cement with a low C3A content was used. A 

possible explanation given was that the low C3A content resulted in a coarser pore 

structure, which yielded the higher diffusivity. Chatteji (1995) discussed the findings 

of Page et al. (1981) and considered that the higher diffusion coefficient may have

been the result of a lower degree of hydration when the low C3A cement was used.
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Nilsson et at. (1996) considered that increasing the aluminate and ferrite content in 

cement, i.e. having a higher percentage of C3A and C4AF, the cement would have a 

higher binding capacity. This would lead to a reduction in the apparent diffusion 

coefficient.

The effect of cement content on diffusivity is primarily due to the effect on the 

binding capacity. Nilsson et al. (1996) considered that, by increasing the cement 

content a larger volume of reaction products is available for binding.

The influence of the specific surface area of the cement on the binding capacity was 

considered by Byfors (1986) and Hansson and Sorensen (1987). It was observed that 

with an increase in the specific surface area of the cement, the binding capacity 

increased, thereby reducing the apparent diffusivity

2.5.3.2 Effect of water-cement ratio

Effective diffusivity

Page et al. (1981) and MacDonald and Northwood (1995) have studied the effect of 

water-cement ratio (w/c) on the effective diffusivity and their results are reproduced 

in Figure 2.10. It is evident that increasing the w/c ratio results in an increase in the 

effective diffusivity. El-Belbol (1990) suggested that the relationship between the 

diffusivity and w-c ratio is not linear but more pronounced at high w-c ratios.

Apparent diffusivity

Roy et al. (1993), in a study of concrete in a marine structure, found that the effect of 

w-c ratio on the apparent diffusivity was consistent with that reported in literature for 

the effective diffusivity. For concrete in the submerged zone, Roy et al. (1993)
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reported that the apparent diffusivity increased from 7.8xl0'8cm2/s to 32.5xl(y8cm2/s 

for an increase in w-c ratio from 0.45 to 0.7.

2.S.3.3 Influence of aggregate

The addition of aggregate to cement paste will affect the diffusivity in two ways. 

Firstly, the aggregate interrupts capillary pore continuity, increasing the tortuosity 

and reducing the diffusivity. Secondly, it is well known that the cement-aggregate 

interface or “transition zone” is more porous than the bulk paste (Young, 1988). This 

transition zone will increase the diffusivity.

Aggregate content

Diab et al. (1988) investigated the effect of introducing sand into cement paste and 

the results are presented in Table 2.3. It was found that the diffusivity of the mortars 

was smaller than of the paste for similar w-c ratios. Diab et al. (1988) also calculated 

the diffusion coefficient of the paste in the mortar, taking into account the paste 

volume in the mortar. It was assumed that the diffusion of the ions takes place only 

through the paste matrix in the mortar. This gave a reverse trend, with the diffusivity 

higher in the paste matrix of the mortal-, relative to the plain paste (Table 2.3). These 

results show that while the introduction of aggregate increases the porosity of the 

paste, overall the introduction caused a reduction in the diffusivity.

No data was found in the review of literature of the effect of aggregate-cement ratio 

on the diffusivity of concrete.

Aggregate size

Schiessl and Hardll (1994) studied the influence of aggregate size on the effective 

diffusivity. Mortars with varying sizes of aggregate (0.08-2mm; l-2mm; 2-4mm)
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were used, with the volume ratio of aggregate to matrix kept constant. The results are 

shown in Figure 2.11. The diffusivity decreased with an increase in maximum grain 

size and decreasing fine fraction, i.e. with a decreasing specific aggregate surface. 

Schiessl and Hardtl (1994) concluded that a higher specific aggregate surface results 

in a large transition zone in which transport processes preferentially occur.

2.S.3.4 Effect of cement additions

The most commonly used cement additions are artificial pozzolans such as 

pulverised-fuel ash (PFA), ground granulated blastfurnace slag (GGBS) and 

microsilica (MS). These additions have a beneficial effect on the chloride diffusivity 

due to modifications to the pore structure and increased binding capacity, (Kropp and 

Hilsdorf, 1995).

When PFA is used, the binding capacity increases significantly, reducing the ingress 

of chlorides (Byfors, 1987; Kayyali and Haque, 1995). PFA concrete contains large 

pores when young which diminish with time (Kropp and Hilsdorf, 1995), so the 

beneficial effect of PFA on chloride diffusivity takes time. The improved pore 

structure and binding capacity with GGBS results in a much lower diffusivity. Page 

et al. (1981) found that the diffusivity of a Portland Cement paste with 65% 

replacement with GGBS resulted in an effective diffusivity of 4.1xl0'9 enr/s, 

compared to 44.7xl0'9 cm2/s for a normal Portland cement paste. Kropp and Hilsdorf 

(1995) stated that when MS is used, chloride diffusivity is decreased due to a denser 

pore structure, with smaller pores and a lower porosity.
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2.5.3.S Effect of curing

Curing is the name given to procedures used for promoting the hydration of cement 

(Neville, 1996). The pore structure which concrete develops depends on the curing 

(Nilsson cr r?/., 1996).

Curing environment

Page et al. (1981) studied the effect of curing on cement paste samples having a w-c 

ratio of 0.5. For 60 day air cured specimens the chloride diffusivity was 

1.14xl0'7 cm2/s, whereas 60 day curing in saturated calcium hydroxide (Ca(OH)2) 

yielded a diffusivity of 4.47xl0"x cm:/s, indicating that curing in air led to a 

markedly higher diffusivity.

Curing temperature

Investigations by Chatterji (1995) on the effect of the curing temperature on the 

apparent diffusion coefficient showed that the diffusivity increased with curing 

temperature. An increase in the curing temperature from 20°C to 38°C resulted in an 

increase in the apparent diffusivity from 7.51xl()'8 cm2/s to 12.9xlOx cm2/s. The 

diffusivity also increased from 12.9x10x cm2/s to 18.1x10x cm2/s, when the curing 

temperature changed from 38°C to 60°C for Portland cement paste at 28 days of age.

Detwiler et al. (1991) examined the effect of curing temperature on diffusivity and 

found that when concrete was cured at a high temperature (50°C) it was less durable 

than that cured at a lower temperature. This was attributed to the elevated 

temperature causing rapid hydration, resulting in a non-uniform distribution of 

hydration products and a coarsening of the pore structure.
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Curing duration

The effect of curing duration on the apparent diffusivity was investigated by 

Bamforth and Price (1993). The results are presented in Figure 2.12. The largest 

decrease in diffusivity occurred in the first 10 days and if the curing duration is 

extended to 28 days, there is little change in the diffusivity for Portland cement 

concrete. Investigations by Maage et al. (1996) found that the apparent diffusivity for 

concrete cured for 2 days was twice the value it was when cured for 28 days.

2.6 Concluding remarks

For reinforced concrete structures exposed to a chloride environment, the service 

lifetime is generally controlled by the rate of transport of chlorides to the reinforcing 

steel. The concrete provides resistance to the ingress of chlorides by the physical 

pore structure and its ability to bind chlorides. This resistance to chloride diffusion is 

a major controlling factor for the durability of the structure. The resistance can be 

achieved by using concrete with a low water-cement ratio, using cement additions 

and applying adequate curing.

Therefore, being able to measure the diffusivity of concrete in a chloride 

environment would provide a means of characterising the potential durability of the 

structure.
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Table 2.1 The effect of temperature on the effective diffusion coefficient
of concrete

SOURCE TEMPERATURE (°C) DIFFUSIVITY
(xlO'8 cm2/s)

Page et al. (1981) 7 5.2
14.5 8.5
25 12.4
35 16.5
47 31.8

Lambert etal. (1984) 7 3
15 4.9
25 6.8
35 9.6
45 18.5

Goto and Roy (1981) 35 27
45 37
60 92

Hansson and Berke (1989) 20 15
30 20
50 37

Table 2.2 The effect of exposure duration on the apparent diffusion coefficient
of concrete

SOURCE W-C RATIO EXPOSURE
ZONE

EXPOSURE
DURATION

(years)

DIFFUSIVITY
(xl0"8cm2/s)

Swamy et al. 0.4-0.5 Submerged 0.5 64.2
(1994) 1 12.6

2 6
5 11.4

29 5.9
Roy et al. 0.7 Tidal .4 43.8

(1993) .8 32.5
1.2 21.3
1.5 21.3

Stillwell (1988) 0.69 Splash 0.5 30
1 15

2.5 12
5 8

Bamforth 0.66 Splash 0.5 9.6
(1995) 1 3.0

2 7.6
3 5.7
6 10.2
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Table 2.3 The effect of introducing sand into cement paste on the effective
diffusion coefficient

W-C ratio Cement-sand ratio Effective diffusion coef: leient (xlO'8 cm'Vs)
Actual Effective for paste

0.6 1:2.5 8.0 16.0
0.5 1:2.0 5.5 10.6
0.4 1:1.0 2.8 4.2

0.6 1:0 14.1 14.1
0.5 1:0 8.7 8.7
0.4 1:0 3.0 3.0
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3. The Diffusivity of Concrete: 

Methods of Measurement

This chapter will review the test methods for measuring chloride ion diffusion in 

concrete. These test methods can be sub-divided into two categories, diffusion tests 

and accelerated diffusion tests. Accelerated diffusion or migration is the process 

whereby chloride ions penetrate through concrete under an applied electrical 

potential.

The test methods and the parameters that influence the test results will be reviewed 

and commented upon. In almost all tests that determine the diffusivity of concrete, a 

fundamental process is the determination of the chloride content. This will be 

discussed first.

3.1 Chloride content analysis

The most commonly used techniques for determining chloride content are titration, 

ion selective electrodes and spectrophotometric analysis (Nilsson et ai, 1996).

3.1.1 Titration

This is the process of chemical analysis where a quantity of some constituent of a 

sample is determined by adding to a measured sample an exact known quantity of 

another substance with which the desired constituent reacts in a defined known 

proportion. The experimental point at which the completion of the reaction is marked 

by some signal is called the end point (Plambeck, 1982). The most commonly used
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titration methods used for ehloride analysis are Volhard titration and potentiometric 

titration (Nilsson et al., 1996).

3.1.1.1 Volhard titration

In this type of titration the end point is determined by a colour change. The chloride 

content of a sample is determined by titration with silver nitrate, AgNOa, which 

precipitates the chloride in the form of silver chloride. The presence of the first slight 

excess of silver ion (i.e. the end point) is determined by the reaction of the silver with 

an indicator to give a coloured precipitate.

3.1.1.2 Potentiometric titration

The end point is determined by electrical measurement. The titration involves the 

measurement of the potential difference between two electrodes of a cell. When a 

silver electrode is immersed in the solution, the potential difference is a function of 

the concentration of the silver ions in the solution, so the first excess of silver can be 

deteeted (Nilsson et al., 1996). If a chloride selective electrode is used instead of a 

silver electrode, the measured difference in potential is a function of the chloride 

concentration of the solution.

3.1.2 Ion selective electrodes

This technique can be referred to as direct potentiometry (Gulikers, 1996). The 

chloride concentration of a solution is determined by inserting a chloride selective 

electrode and a reference electrode into the solution. The difference in potential is a 

function of the chloride concentration of the solution. A commercially available ion 

selective electrode is the Rapid Chloride Test (RCT) marketed by Germann 

Instruments (1998).
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3.1.3 Spectrophotometry

Spectrophotometry is an automated colorimetric method to estimate the 

concentration of a coloured substance in a solution. In spectrophotometric analysis, 

radient energy is directed at a cell containing a sample solution. The amount of 

energy absorbed by the sample is proportional to the concentration of the chemical 

substance absorbing it.

3.1.4 Comparison of chloride analysis techniques

An evaluation of the repeatability (within laboratory) and the reproducibility 

(between laboratory) of the Volhard and potentiometric titration technique and the 

Rapid Chloride Test (RCT) was reported by Tang (1998) after round-robin tests 

between Scandinavian countries. It was found that the potentiometric test was the 

most precise and accurate of the three methods used. The Volhard titration technique 

had a satisfactory repeatability and reproducibility. The RCT showed good 

repeatability but a poor reproducibility. It was suggested by Tang (1998) that 

accurate calibration of the RCT method would minimise the systematic error and 

improve the reproducibility.

Gulikers (1996), on investigations of the reliability of different chloride analysis 

techniques, postulated that erroneous readings were the result of inaccuracies in the 

execution of the analysis, instead of limitations of the test technique. That is, all the 

techniques are potentially accurate if they are conducted with the required care.
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3.2 Diffusion tests

The two types of diffusion tests are steady state and non-steady state tests. Steady 

state tests are carried out by using diffusion cells, while non-steady tests are carried 

out by immersion or ponding tests.

3.2.1 Diffusion cell test methods

The effective diffusion coefficient can be determined using a normal diffusion cell 

test as illustrated in Figure 3.1. The principle of the test is that a slice of concrete to 

be tested is placed between two cells containing certain solutions. One cell (cell 1) 

contains a chloride source solution of a particular concentration. This cell is referred 

to as the ‘upstream cell’. The other cell (cell 2), the ‘downstream cell’ contains a 

neutral solution.

The chloride ions, due to the difference in concentration, diffuse through the 

specimen and collect in the downstream cell. The flow of chlorides can be obtained 

by regularly measuring the chloride concentration in the downstream cell. A typical 

graph of the increase in concentration of chloride ions in the downstream cell against 

time is shown in Figure 3.2. When the rate of flow of chlorides through the specimen 

is constant, with respect to time, the steady state flux of chlorides (J) is obtained. 

This flux (J) is used to calculate the effective diffusion coefficient from Pick’s lsl law 

of diffusion (equation 2.3). Steady state conditions are maintained by having a 

constant concentration of chloride source solution (Andrade, 1993).

Although the principle of the test and the theory of calculating a diffusion coefficient 

are well established, there is no standard procedure for the diffusion cell test. Table
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3.1 is a summary of the different tests reviewed and these tests can be discussed 

under the following four main sections:

1. Variations in test set-up

2. Test specimens

3. Solutions used

4. Determination of chloride content

3.2.1.1 Variations in test set-up

The diffusion cell test was observed to have been first utilised by Page et al. (1981), 

where the test specimen was clamped between two compartments (Figure 3.1). 

Buenfeld (1984) and Sugiyama et al. (1996) used similar arrangements. MacDonald 

and Northwood (1995) modified this set-up by incorporating stirrers in both cells. It 

was considered that this would prevent chloride ion gradients building up at the 

material-solution interface, although no other worker attached any significance to the 

use of stirrers.

Variations of the two-compartment test were proposed by Hansson and Berke (1989) 

and Dhir et al. (1990). The test set-up used by Hansson and Berke (1989) is shown in 

Figure 3.3. A test sample was glued to the neck of a plastic bottle, in the bottom of 

which a hole was cut. The bottles were then inverted and set on a rack in a tank 

containing a chloride solution. In the test developed by Dhir et al. (1990) shown in 

Figure 3.4, cells were manufactured from uPVC with an end fitting to receive test 

specimens. The cells were placed in an immersion tank containing a salt solution. 

The immersion tanks could accommodate up to 40 cells. Dhir et al. (1990) 

considered this set-up to eliminate the risk of chloride depletion of the chloride 

source solution, a disadvantage of the two-compartment system.
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The test set-up of the diffusion cell test should ensure that the specimen used is not 

appreciably larger than the internal flow area of the cells. If this occurs it may 

introduce an ‘edge effect’ which may cause diffusion to occur over an area greater 

than the area of the specimen actually in contact with the chloride solution. This 

means that the assumption of one-dimensional diffusion is not correct (Buenfeld, 

1984). Therefore, the test set-up should ensure that the flow of chloride ions through 

the concrete specimen is one-dimensional.

3.2.1.2 Test specimens

The size of the test specimens is generally influenced by the material being tested 

(Table 3.1). When cement paste samples were used, the test specimens were 

relatively small. Page et al. (1981) and MacDonald and Northwood (1995) used 

cement paste discs of 50 mm in diameter and 3 mm thickness. Hansson and Berke 

(1989) used cement paste discs of 45 mm in diameter and 3 mm thickness. Buenfeld 

(1984) in investigations on mortar used test specimens of 76 mm in diameter and 7 

mm thickness.

When concrete was tested, the specimens were larger than for cement paste and 

mortar. Dhir ei al. (1990) used samples of 100 mm in diameter and 25 mm thickness. 

The maximum aggregate size used in the concrete was 20 mm. Sugiyama et al. 

(1996) used 100 mm diameter and 50 mm thick discs with a maximum aggregate 

size of 20 mm. As the porosity of the aggregate-paste interface is higher than the 

bulk paste (Young, 1988), aggregate particles spanning the thickness of the specimen 

may give unrealistic results. Sugiyama et al. (1996) considered that the thickness of 

the test specimen should be larger than the maximum size of aggregate. Nilsson et al.
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(1996) considered the test specimen should be three times the maximum aggregate 

size so as to eliminate the effect of the transition zone and make the sample 

representative of the bulk material.

In the tests conducted by Page et al. (1981) and Dhir et al. (1990), the samples were 

saturated with calcium hydroxide solution and water respectively prior to testing. 

This was to avoid making absorption the initial mode of transport for the chloride 

ions.

3.2.1.3 Solutions used

The very long test period used for the diffusion cell test would induce leaching of 

hydroxyl and alkali ions from the test sample (Nilsson et al, 1996). It is for this 

reason that saturated Ca(OH)2 has been used in both solutions of the diffusion cell 

test (Page et al., 1981; Dhir et al., 1990). Hansson and Berke (1989) used a half- 

saturated Ca(OH)2 solution. Although no explanation was given for this, it was 

probably deemed that this was sufficient to prevent leaching. Sugiyama et al. (1996) 

did not use Ca(OH)2 in the test, but instead used sodium hydroxide (NaOH).

The concentration of chloride solution used varied between researchers. Buenfeld 

(1984) used sea water and .Sugiyama et al. (1996) used a 3% NaCl solution (both 

approximately 0.5 M). Page et al. (1981), Hansson and Berke (1989) and MacDonald 

and Noithwood (1995) used a 1 M NaCl solution. In tests by Dhir et al. (1990), the 

source solution was 5 M NaCl. A direct comparison of these variations was difficult 

due to different sample type and thickness of specimens used.
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3.2.1.4 Determination of chloride content

Page et al. (1981) measured the chloride concentration in the downstream cell by 

withdrawing 10()(tl aliquots of solution and analysing them by a standard 

spectrophotometric technique. Page et al. (1981) considered the total volume 

extracted for analysis to be negligible in comparison to the total volume in the cell. 

Sugiyama et al. (1996) extracted 5ml samples and tested for the chloride 

concentration using an auto-titration apparatus. Buenfeld (1984) removed 10ml 

samples which were immediately replaced with lime water. The extracted samples 

were tested for chloride content using a chloride ion selective electrode. Hansson and 

Berke (1989), Dhir et al. (1990) and MacDonald and Northwood (1995) determined 

the chloride content by inserting chloride ion selective electrodes into the 

downstream cell. Dhir et al., (1990) considered the advantages of using chloride ion 

selective electrodes to be, accuracy, ease of use, unlimited number of readings can be 

taken, and they avoid the need to extract solution from the downstream cell.

3.2.1.5 Calculation of diffusion coefficient

The effective diffusion coefficient is determined from Pick’s Is1 Law of Diffusion. 

The solution is given by Page et al. (1981):

Where,

D

V

L

C,

A

d=vl_(±l'
CXA dt

effective diffusion coefficient (cm2/s) 

volume of downstream cell (cm3) 

thickness of sample (cm)

concentration of chloride source solution (mol/cm3) 

effective testing area (cm2)

(3.1)
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dc2/di = the slope of the linear part of the concentration-time graph (mol/cm3s)

3.2.1.6 Concluding remarks

From this review of literature, a diffusion cell test should consider the following 

essential points:

1. The cell assembly should avoid the edge effect and ensure a uni-directional flow 

of chlorides.

2. The thickness of the test sample should be small enough to obtain adequate data 

within an acceptable test duration, but be sufficiently thick to prevent the 

aggregate spanning the two opposite faces of the test sample.

3. Samples should be tested in a saturated state so that diffusion is the only 

mechanism of transport.

4. The concentration of the chloride source solution should remain relatively 

constant throughout the test. This can be achieved by using a large volume of 

solution or by replacing the solution periodically.

5. The solutions in both compartments should include limewater to avoid the effect 

of leaching.

3.2.2 Immersion and Ponding tests

Non-steady state diffusion test methods are generally based on concrete being 

exposed to a salt solution for a certain time followed by a measurement of the 

chloride ingress. The analysis of the concrete at various depths for chloride content 

after exposure gives the chloride profile. This can be used to calculate an apparent 

diffusion coefficient using the error function of Pick’s 2"lt law of diffusion.
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The factors that influence the apparent diffusion coefficient from a non-steady state 

diffusion test have been identified by Nilsson et al. (1996) as:

1. Conditioning (water saturation)

2. Exposure temperature

3. Exposure time

4. Exposure concentration

5. Chloride salt concentration

These factors have been reported and quantified in Chapter 2. This section will 

discuss the details of the different tests, the methods of determining the chloride 

profiles and the method of calculating the diffusion coefficient from the tests.

3.2.2.1 Test details

One-dimensional diffusion of chlorides into concrete can be achieved in two ways; 

by continuous ponding of a chloride solution on the concrete surface or by sealing all 

surfaces except one and immersing the sample in a chloride solution.

Page et al. (1991) used the ponding test as shown in Figure 3.5. Concrete slabs 300 x 

200 x 100 mm were used. A 25 mm pond was cast into the upper surface of each slab 

to allow for the application of a sodium chloride solution. Grooves were cast into the 

base of the slabs so that the slabs could be broken into cubes after exposure. The 

vertical sides were covered with 2 mm polypropylene sheeting so that only the top 

and bottom surfaces were exposed to the atmosphere. The slabs were ponded with a 

llitre volume of 5% NaCl solution. The pond was covered to prevent evaporation of 

the salt solution. This solution was replaced weekly to maintain a constant chloride 

concentration and pH. The exposure period used was 6, 12 and 24 months.
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A different technique was used by Sergi et al. (1992). Cement paste cylinders were 

immersed in a salt solution. The cylinders were masked in paraffin wax, except for 

one exposed end surface. They were positioned in a sealed container and filled with 5 

litres of 1 M NaCl solution saturated with Ca(OH)2. The volume of solution was 

considered to be large in comparison to the exposed surface of the cement paste so as 

to prevent excessive changes in the concentration during the test. The exposure 

period for the cylinders was 1(X) days.

The only standardised test procedure for non-steady state diffusion tests is that 

specified in American Association of State Highway and Transportation Officials 

(AASHTO) test method T-259-80, “Resistance of Concrete to Chloride Ion 

Penetration”. In this method, a 3% NaCl solution is applied to the surface of a 

concrete slab continuously for 90 days. The concrete is then sampled at various 

depths and the chloride concentration of the samples determined (Whiting, 1981).

3.2.2.2 Determining the chloride profile

This involves extracting samples of the concrete at different depths from the exposed 

surface and analysing the sample for chloride content. The concrete sample is 

generally in powder form, due to ease of extraction at different depths and 

subsequent analysis.

Sample collection

The accuracy of the chloride profile is influenced by the method of extraction of the 

required sample. If the samples are extracted over a large depth, the chloride profile 

may not be representative of the actual profile in the concrete. There are several 

methods of collecting samples at different depths.
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Page et al. (1991) used a method of crush sectioning. Concrete slabs as shown in 

Figure 3.5, were divided into 100 mm cubes. Each cube was wrapped in 

polyethylene jackets and loaded slightly beyond the point of failure in a standard 

compression-testing machine. From the crushed cubes, held in place by the jacket, 

successive layers of material, each 10 mm in thickness about the mean depth 

required (e.g. 20 ± 5 mm), were taken from the exposed surface downwards. The 

coarse aggregate particles were removed before the crushed material was used to 

determine the chloride content. The chloride profile was determined at 10, 20, 30 and 

40 mm depths. This method of collection can be considered as a dry technique, 

where water is not used in the sample collection. This has the advantage that no 

chlorides are going to be removed from the concrete in solution with the water. The 

main disadvantage of the method is that samples can not be collected over a small 

depth accurately.

The technique of cutting cylinders of cement paste and concrete into discs has been 

used by Ost and Monfore (1966) and Sergi et al. (1992). Ost and Monfore (1966) cut 

slices approximately 1.6 mm thick from cylinders at depths of 6.5, 13, 25 and 50 mm 

by means of a diamond tipped saw lubricated by special oil. The thickness of the 

discs would give an accurate profile, but the lubricating oil used may cause some 

chlorides to be removed from the sample. Sergi et al. (1992) dry cut cylinders into 7 

mm thick discs to a depth of 49 mm from the exposed surface. From the discs, 

powdered samples were used in the subsequent chloride analysis. This technique of 

dry cutting would prevent the removal of chlorides, although it may be a difficult 

procedure if thin concrete discs were required for an accurate chloride profile. Dry 

cutting may also increase the temperature of the concrete, releasing loosely bound
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chlorides into the pore solution. This may not be significant if the total chloride 

content in the concrete is being determined.

A common method used is dry drilling the sample at various depths using a rotary 

hammer drill (Nilsson et al., 1996). This technique was used by Jones et al. (1994) 

on 100 mm concrete cylinders. Drilled powder samples were taken at depth 

increments of 7.5, 17.5, 27.5 and 37.5 mm from the exposed surface. To get the 

required quantity of powder, either a large bore size is needed, or alternatively, the 

powder is collected over a large depth, which reduces the accuracy of the profile. 

There are other problems associated with this technique. It would be difficult to 

regulate the depth intervals accurately, especially considering the tip angle of the 

drill bit. Also, it would be difficult to prevent dust from the side of the hole in outer 

layers mixing with dust from inner layers.

Concrete samples can be collected at different intervals by grinding the concrete. 

This technique is referred to as profile-grinding. If the grinding is carried out over a 

relatively large area, the required quantity of dust can be collected over a small 

depth. Higgins (1995) used a vertical milling machine for this procedure. The test 

face of 100 mm cubes was ground using a diamond impregnated fiat machine tool 

running parallel to the test face. Samples were collected at 1 mm intervals. A profile

grinding machine marketed by Germann Instruments (1998) allows concrete to be 

ground over an area of 42 cm2, in 0.5 mm increments. This is a dry technique that 

does not require the use of water.

While all the above techniques enable the samples to be collected at different depth

intervals, they have different degrees of accuracy. An accurate method of sample
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collection can be obtained when the sample is collected undisturbed over a small 

depth, undisturbed meaning no removal or redistribution of the chlorides in the 

sample. The methods of crush sectioning and dry drilling will provide undisturbed 

samples hut it is difficult to control the depth intervals. The method of slicing 

concrete cores could be suitable if the slices are relatively thin, but this may prove 

difficult without lubrication. The technique of profile-grinding, where the sample is 

collected undisturbed over a small depth would be the most accurate means of 

sample collection for determining the chloride profile.

Analysis for chloride content

Concrete samples can be determined for the free and total chloride content, 

depending on the method of extraction. Investigations by Tritthart (1989b) and Arya 

and Newman (1990) on methods of determining the free chloride content conclude 

that this procedure is difficult and all available methods are associated with some 

degree of inaccuracy. Tritthart (1989b) considered pore solution expression, where 

the pore solution of the sample is extracted using a high-pressure device, to be the 

most accurate technique to obtain a representative sample for chloride analysis. A 

possible source of error with this method is that some of the loosely bound chlorides 

may be released during the extraction process due to the change in pressure (Glass 

and Buenfeld, 1995; Nilsson et al., 1996).

Chloride profiles are generally expressed by the total amount of chlorides, the free 

chlorides and the bound chlorides. The total chloride content can be determined 

using the acid-soluble method described in BS 1881: Part 124: 1988. The chloride 

content is generally expressed as a percentage relative to the weight of cement (Glass 

and Buenfeld, 1995).
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3.2.2.3 Calculation of diffusion coefficient

Poulsen (1990) considered that chloride diffusion into concrete could be modelled 

using the error function solution of Pick’s 2IU| law of diffusion:

Where,

Qx.t)

C,

Cs

Dapp

erfc

C(x,') = C,+(Cs-Ci)erfc (3.2)

chloride profile i.e., the chloride concentration of the concrete at 

depth, x (cm), from the exposed surface at the time, t (s), since the 

chloride exposure started

initial chloride concentration of the concrete (to be found deep in the 

concrete), (mol/cm3)

chloride concentration of the concrete surface (mol/cm3) 

chloride diffusion coefficient (assumed to be constant), (cnr/s) 

error function complement, found in mathematical handbooks

Poulsen (1990) considered the solution of equation (3.2) to be straightforward 

provided that the parameters, C„ Cs and Dapp are known. To determine these 

parameters, a non-linear regression analysis must be applied. This is inconvenient 

as it requires a computer program to run the process and it is necessary to estimate 

initial values for Q, Cs, and Dapp, before starting the iteration process. Poulsen 

(1990) found that an estimation of their values by linear regression analysis could 

be equally satisfactory. The procedure is outlined below.

Poulsen (1990) determined an approximation for the error function in Pick’s 2IK| law 

of diffusion.
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Where,

erf(z)

Valid in the interval 0 < z < 3.

i--4= (3.3)

Using this approximation, equation (3.2) can be written as the following:

4m) “ Ci + (4 ~Ci) 1-
app

(3.4)

The approximation equation (3.4) makes it possible to carry out the curve-fitting of 

chloride profiles by means of a linear regression analysis. Equation (3.4) can be 

written as the following:

y = ax+ q

Where,

v = V4./) ~ C'

q = JCs-Ci

a-- cs-c,
^Dapp

(3.5)

(3.6)

(3.7)

(3.8)

The procedure for the determination of Q, Cs and Dapp is as follows:

• The value of C, is determined as the mean value of the test results from the 

heartcrete, or taken as zero.

• The measured chloride content values, C(x,o are included in Equation (3.6)
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A regression analysis of the y values obtained against depth x, is then carried out.

This enables a and q to be calculated from Equation (3.5)

• The diffusion coefficient is obtained from Equation (3.8), that is;

Dapp (3.9)

3.2.2.4 Concluding remarks

One-dimensional diffusion of chlorides into concrete can be achieved by using a 

chloride ponding test or by an immersion test. The technique of immersing concrete 

in a large volume of chloride solution would avoid having to replenish the solution, 

as required in the ponding test. However, the larger exposure area of concrete in the 

ponding test, compared to small cubes or cylinders in the immersion test, would 

mean that several chloride profiles could be obtained from each specimen.

The most suitable technique for sampling the concrete at different depth intervals, to 

obtain an accurate and representative profile of the actual chloride content, would be 

profile-grinding. This technique ensures that the concrete is sampled at a specific 

depth, the required quantity of dust is collected over a small increment and the 

possibility of contamination of dust from different depths is avoided.
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3.3 Transport of ions under an electric field

3.3.1 Introduction

The determination of the chloride diffusivity of concrete from diffusion tests requires 

a very long test duration, especially for steady state diffusion cell tests, (McGrath and 

Hooton, 1996). Streicher and Alexander (1994) considered that the diffusion cell test 

would take up to a year, if representative concrete samples were tested. As a result of 

this, research into accelerating the movement of chloride ions into hardened concrete 

by means of an electrical potential has been adopted. (Whiting, 1981; Andrade, 

1993).

3.3.2 Electrical conduction through concrete

The ability of concrete to conduct an electric current has been investigated by 

Whitlingham et al. (1981), who found that a high percentage of the electric current is 

conducted through the paste. The authors concluded that concrete can be considered 

as a composite of non-conductive particles in a conductive cement paste matrix. 

Buenfeld and Newman (1987) observed that moist concrete behaves as a conductor, 

whereas dry concrete is a reasonably good insulator. This was considered to imply 

that the electric current is conducted through the concrete by electrolytic means, i.e. 

by the ions in the pore solution, with electronic conduction through the solid paste 

matrix being negligible. The transfer of ions during this process is termed generally 

as ion migration. Therefore, tests that make use of the applied potential to promote 

the movement of ions are called migration tests.
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3.3.3 Electrochemical processes in migration tests

The phenomenon that occurs in and around concrete in a diffusion cell test when an 

electric field is applied have been described by various researchers (Andrade, 1993; 

Arup, 1993; Zhang and Buenfeld, 1994). The electric field is applied across the 

concrete specimen between electrodes placed in the two cells. The electrode in the 

upstream cell becomes the negative electrode, the cathode, with the chloride source 

solution, the catholyte. The electrode in the downstream cell becomes the positive 

electrode, the anode, with the neutral solution, the anolyte. The processes that occur 

when an electrical field is applied have been described by Andrade (1993) and are 

illustrated in Figure 3.6. The main processes are migration of ions and electrode 

reactions.

3.3.3.1 Migration of ions

All ions present in the aqueous phase contribute to the transport of electricity through 

the cell (Andrade et al. 1995). The ions move towards the electrode of opposite sign. 

The relative movement (migration) of ions in the electrolyte under the action of an 

electric field will depend on their transference number. This is defined by ‘the 

proportion of current carried by a particular ion in relation to the current carried by 

the rest of the ions’ (Bockris and Reddy, 1970).

3.3.3.2 Electrode reactions

At the electrode surfaces, electrochemical reactions must take place. This is the only 

way in which the transport of electricity is shifted from electrons (in metals) to ions 

(in electrolytes), (Arup, 1993). The reactions that occur have been described by 

Andrade (1993).
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1. Metal dissolution - which generates cations at the anolyte, if the anode is an 

oxidisable metal. In the case of iron the process will be;

Fe-----► Fe2+ + 2e"

2. Evolution of gases - as electrolysis of water, in both anolyte and catholyte, 

generating O2 and Hj. The reactions occurring are;

Anode - 2H20-----►202 + 4H+ + 4e‘

Cathode - 2H20 + 2e‘-----►Hz + 20H

If the electrodes are not corrodible, other reactions can occur, apart from water 

electrolysis. Chlorine gas is evolved from the migrating chloride ions,

2CF -----►Cl2 + 2e

as well as oxygen reduction at the cathode.

202 + H20 + 4e -----►40H

All these reactions tend to maintain the total electroneutrality of the whole 

arrangement, where the quantity of positive charge flowing is equal in magnitude and 

opposite in sign to the quantity of negative charge flowing (Bockris and Reddy, 

1970; Andrade, 1993).

3.3.4 Theoretical background (after Bockris and Reddy, 1970)

Conduction refers to the drift of ions under an electric field, whereby an ion would 

attain a net terminal velocity, termed the drift velocity (vd). The drift velocity 

attained under a unit electric field is the mobility (u) of an ion. The total ionic flux 

(Jc) can be determined by multiplying the drift velocity of the individual ions by the 

ionic concentration;

J, = cuEf 
= cvrf (3.10)
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Where,

Jc = ionic llux by conduction (mol/cm2s) 

u = mobility of ions (cm2/Vs)

c = ionic concentration (mol/cm3)

Ef = electric field (V/cm)

vd = drift velocity (cm/s)

The ionic flux (Jc) due to conduction is also equal to the current density divided by 

the charge of 1 mole of z-valent ions:

(3.H)
zF

Where,

i = current density (A/cm2)

<: = valency of ions (eq/mol)

F = Faraday’s constant (coul/eq)

3.3.4.1 Einstein Relation

Einstein developed a relationship between the diffusivity and ionic mobility by 

reversing the electric field in a solution with a concentration gradient so that 

conduction and diffusion cancelled each other out:

RT
D = u —— (3.12)

zF
Where,

D = ion diffusivity (cm2/s)

R = gas constant (J/K.mol)

T = absolute temperature (K)
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3.3.4.Z The Nernst-Planck equation

In an electrolytic system where both the concentration gradient and the electrical 

field (Ef) coexist, the total driving force on the ions arises from the total potential, the 

sum of the chemical potential and the electrical potential. Thus, the flux J is obtained 

as:

D c dc
J=-------zFEf-D— (3.13)

RT { dx
Where,

J = total ionic flux (mol/cm2s)

dc/dx = concentration gradient (mol/cm4)

Equation (3.13) is known as the Nernst-Planck equation, where the two terms on the 

right side can be expressed by the two components of the total flux: the conduction 

flux (Jc) and the diffusion flux (JD) respectively. Thus, equation (3.13) shows that 

under the action of both chemical and electrical driving forces, the ionic movement is 

the combination of both diffusion and migration. For a pure migration process, 

therefore,

J = {Jc) =~zFE, (3.14)
A 1

The above formulae (3.13 and 3.14) are based on ideal solutions where ions behave 

independently of each other, but they provide the theoretical background for 

migration testing of chloride diffusivity in concrete. Both the Einstein relation (3.12) 

and the Nernst-Planck equation (3.14) relate the diffusivity to the direct transport 

parameters of the ions, i.e. the mobility or the flux. Therefore, the chloride diffusivity 

can be obtained from the measurement of the flux of the chloride ions.
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The following sections will describe the various tests and give an evaluation of each 

test method. The tests are categorised as steady state migration tests, non-steady state 

migration tests and conduction tests.

3.4 Steady state migration tests

The arrangement for these tests is similar to the diffusion cell test method described 

in section 3.2. An electric potential in the driving force and the chloride 

concentration is measured in the downstream cell. The chloride ion concentration is 

plotted against time, as presented in Figure 3.2. At the start of the test, the chlorides 

migrate across the specimen into the downstream cell. When the chlorides first 

arrive, there is a uniform driving force through the sample and thus, a constant flow 

of chlorides through the concrete. This constant flow corresponds to the straight-line 

portion in Figure 3.2. The slope of the straight-line portion, dc/dt, is used to 

determine the chloride flux through the concrete sample.

A review of steady state migration test methods is shown in Table 3.2. The different 

test arrangements and how the chloride flux can be used to characterise the concrete 

for chloride diffusivity will be discussed.

3.4.1 Potential Difference Test

Dhir et al. (1990) developed a potential difference test, with an arrangement similar 

to their normal diffusion test, and is shown in Figure 3.4. Concrete discs of 100 mm 

diameter and 25 mm thickness were vacuum saturated with water and sealed in the 

diffusion cell. The chloride source solution was 5 M NaCl and the neutral solution 

was de-ionised water. The cathode was a stainless steel sheet placed at the bottom of
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the immersion tank and parallel to the concrete surface. The anode used was a 

graphite rod. Graphite was considered by Dhir et al. (1990) to be the most suitable 

anode material, as metals like galvanised steel and copper dissolved quickly 

producing a deposition of oxides on the surface of the concrete specimen. A potential 

difference of 10 V was used as the driving force. The increase in chloride 

concentration in the neutral solution was measured with a chloride selective 

electrode.

Dhir et al. (1990) used the chloride flux to calculate a diffusion index, using Pick’s 

1st law of diffusion.

j=-DpD^lZ5l (3.15)
is

Where,

J = flux of chloride ions (mol/cm2s)

DpD = diffusion index (cm2/s)

C1-C2 = chloride concentration in either side of specimen (mol/cm3)

L = thickness of sample (cm)

Discussion on the effectiveness of the test

Results by Dhir et al. (1990) showed a reasonably good correlation between the 

proposed test and the normal diffusion cell test. These results indicated that 

accelerated diffusion tests are capable of characterising concrete for chloride 

diffusivity.

Tang and Nilsson (1993) considered that the theoretical relationship used by Dhir et 

al. (1990) was incorrect, meaning that only a diffusion index is obtained instead of a 

coefficient of chloride diffusion. Streicher and Alexander (1994) considered that
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using Pick’s Is1 law of diffusion in an applied potential test was incorrect, as the 

application of a potential difference would cause an ionic flux, even if the 

concentration gradient was zero.

In the electrochemical process of migration testing, hydrogen gas is evolved at the 

cathode due to water electrolysis. In the test arrangement used by Dhir et al. (1990), 

the hydrogen gas evolved is trapped between the cathode and the concrete surface, 

sealing the concrete surface (Streicher and Alexander, 1994).

Dhir et al. (1990) found that chlorine gas was evolved at voltages greater that 10 V, 

thus affecting the test results. Buenfeld and El-Belbol (1991) attributed the evolution 

of chlorine gas to be the result of the neutral solution not being sufficiently alkaline. 

Chlorine gas may have been evolved if the graphite anode did not corrode, 

maintaining electroneutrality of the system (Andrade, 1993).

3.4.2 The Accelerated Chloride Ion Diffusion (ACID) Test

The ACID test was developed by El-Belbol (1990) and Zhang and Buenfeld (1994). 

The test arrangement is illustrated in Figure 3.7. A 100 mm diameter mortar disc of 

50 mm thickness was placed in a perspex box, between a 0.5 M NaCl source solution 

and a 0.3 M NaOH neutral solution. Graphite was used as the electrodes in both 

compartments. The potential difference used in the tests was 40 V, with the chloride 

concentration measured using a chloride selective electrode.

The concrete was characterised for chloride diffusion by the parameters, T0, the time 

taken for the chloride ions to penetrate the full thickness of the specimen and g, the 

rate of chloride accumulation in the neutral solution.
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Discussion on the effectiveness of the test

Although the test can evaluate concrete for chloride diffusivity, the measured 

parameters, T0 and g, are strongly dependent on the test variables used. The level of 

applied voltage, the temperature and the concentration of the chloride source solution 

will all influence the observed rate of chloride penetration (Gjorv and Sakai, 1995).

3.4.3 Chloride migration tests

The term chloride migration test is used in this thesis to describe steady state 

migration tests, where the measured flux has been used to calculate a coefficient of 

chloride diffusion. The tests developed by Andrade and Sanjudn (1994), Zhang and 

Gjorv (1995a), Sugiyama et al. (1996) and McGrath and Hooton (1996) have been 

reviewed (Table 3.2).

The test set up used by Andrade and Sanjudn (1994) is illustrated in Figure 3.8. The 

other workers who developed chloride migration tests used similar arrangements. 

Andrade and Sanjudn (1994) considered that any arrangement where 2 compartments 

are separated by a concrete specimen could be feasible. All workers used a 0.5 M 

NaCl source solution. McGrath and Hooton (1996) added 0.3 M NaOH to the 

chloride solution. For the neutral solution, Andrade and Sanjudn (1994) used distilled 

water, whereas the other researchers used between 0.3 M to 0.5 M solution of NaOH. 

Sugiyama et al. (1996) used the NaOH solution to maintain the pH of the anolyte 

between 11 and 13. The choice of electrodes was different in each test. Andrade and 

Sanjudn (1994) used steel rods as the anode and the cathode. Zhang and Gjorv 

(1995a) and McGrath and Hooton (1996) used stainless steel mesh electrodes in both 

chambers. Sugiyama et al. (1996) used different materials for the electrodes similar 

to Dhir et al. (1990), namely a steel cathode and a graphite anode.

67



3.4.3.1 Calculation of a diffusion coefficient

A diffusion coefficient can be obtained from migration tests using the theoretical 

equations described in section 3.3.4. The diffusion coefficient obtained from standard 

chloride migration tests will be referred to as a migration coefficient. There are two 

methods for calculating the migration coefficient.

Method 1: Nernst-Planck equation

The migration coefficient can be calculated using the Nernst-Planck equation (3.13), 

by making some assumptions described by Andrade (1993):

1. Only what happens inside the concrete disc is influencing the measurements. 

This assumption may be accepted from the fact that ionic mobilities in solution 

are 3-4 orders of magnitude higher than that in the concrete, and therefore, for the 

sake of the measurement, the slowest process is only considered relevant.

2. The diffusion component in equation (3.13) is considered to be negligible in 

comparison to that due to the migration.

3. The concentration of chlorides in one chamber of the cell is much higher than 

that in the other. That is, the chloride concentration in the catholyte should be 

high, remaining relatively constant and the concentration in the anolyte should be 

zero or relatively insignificant.

4. The electrical potential along the concrete disc follows a linear decay.

By considering these assumptions, the equation can be expressed in the following 

way:

zFCE
Where,

D = migration coefficient (cm2/s)

(3.16)
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J - flux of chloride ions (mol/cm2s)

R = gas constant (8.31 J/K.mol)

T = absolute temperature (K)

L - thickness of the disc specimen (cm)

z = valency of chloride ions (-1)

F = Faradays Constant (9.65x104 c/mol)

C = concentration of chloride source solution (mol/cm3)

E - electrical potential applied between the anode and cathode (V)

Method 2: Einstein Relation

The migration coefficient can be determined using the Einstein relation (3.12). The 

real mobility of chloride ions and thus, the migration coefficient can be calculated on 

the basis of the steady state flux of the chlorides. Zhang and Gjorv (1995a) presented 

a solution of the Einstein relation.

D _ 300AT LV dc 
ze E CA dt

Where,

D = migration coefficient (cm2/s)

K = Boltzman constant (1.38x1016 ergs/K)

T = absolute temperature (K)

z - valency of chloride ions

e - charge of proton (or electron), (4.8xlO'10 esu) 

E = applied electrical potential (V)

L = specimen thickness (cm)

V = volume of collecting cell (cm3)

C = source chloride concentration (mol/cm3)

(3.17)
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A = cross section of specimen (cm2)

dc/dt = steady stale migration of chlorides (mol/cm3s)

Zhang and Gjorv (1998) considered, from a practical point of view, that this method 

was equivalent to the Nernst-Planck method.

Discussion on the effectiveness of the test

The chloride migration test method has a sound theoretical basis. The migration 

coefficient calculated on the basis of the migration flux of the chlorides, by applying 

either the Einstein relation or the Nernst-Planck equation, should provide a proper 

basis for obtaining a diffusion coefficient at a given chloride concentration (Zhang 

and Gjorv, 1998).

3.4.4 Effect of test variables on migration test results

The variables that can influence the results from a steady state chloride migration test 

are the applied voltage, the concentration of the chloride source solution and the 

choice of electrodes and neutral solution. The electrodes and neutral solution are 

important to maintain electroneutrality in order to prevent the evolution of chlorine 

gas.

3.4.4.1 Effect of Applied Voltage

The intensity of the applied voltage will influence the test duration. Sugiyama et al. 

(1996) found that increasing the voltage resulted in a shorter time to steady state 

conditions and a larger flux of chlorides during steady state conditions. The applied 

voltage affects the temperature of the solutions due to the Joule effect, where an 

increase in the applied voltage yields an increase in the temperature of the solutions 

(Andrade, 1993). Andrade and Sanjudn (1994), Sugiyama et al. (1996) and McGrath 

and Hooton (1996) found that using an applied voltage of 12-15 V was significant to
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accelerate the transport process, but did not result in appreciable heating of the 

solutions.

The effect of voltage on the migration coefficient was investigated by Sugiyama et 

al. (1996) and the results are presented in Figure 3.9. The applied voltage had an 

effect on the migration coefficient, with a higher standard migration coefficient for 

the applied voltage of 23 and 30 V, compared to 15V. McGrath and Hooton (1996) 

found a similar trend where the migration coefficient increased from approximately 

4xl0'8 cm2/s at voltage of 6-12 V, to 5.7xl(V8 cm2/s and 6.3xl0‘8 cm2/s when the 

voltage was 20 V and 30 V respectively. This increase in migration coefficient with 

increasing voltage could be attributed to the increase in the temperature of the 

solutions, as heating was observed by both Sugiyama et al. (1996) and McGrath and 

Hooton (1996) above an applied voltage of 15 V.

3.4.4.2 Effect of chloride source concentration

The actual drift velocity of chloride ions in concrete measured by migration testing, 

not only depends on the applied electric field, but is also influenced by the 

concentration of the chloride solution due to ionic interaction. A discussion of the 

effect of ionic interaction on migration tests was given by Zhang and Gjorv (1995b). 

The ionic interaction is partly due to the interaction between individual ions and 

partly due to the interaction between the ions and the solvent molecules. According 

to the Deybe-HUckel theory (Bockris and Reddy, 1970), the ion-ion interaction can 

be described as a formation of an oppositely charged ionic cloud surrounding the 

central ions of interest. This ionic cloud lowers the electric potential of the ions and 

thus, retards the drift velocity. Zhang and Gjorv (1995b) considered that the ionic 

clouds surrounding the chloride ions would produce dragging forces in such a way
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that the rate of chloride movement towards the electrode would be retarded; the

stronger the ionic concentration, the more retarded the rate of chloride transport.

Zhang and Gjorv (1995b) considered that the effect of ionic interaction influencing 

the migration coefficient could be controlled by the introduction of a correction 

factor, B0 into equation (3.17), for the calculation of the migration coefficient. The 

correction factor B0, dependent on the concentration of the chloride source solution, 

is the ratio of the ideal to the actual drift velocity of the ions. Table 3.3 shows the 

correction factor B0, calculated by Zhang and Gjorv (1995b) for the NaCl solution 

with a concentration up to 0.5 M. Zhang and Gjorv (1995b) considered that at 

concentrations greater than 0.5M, a correction factor for ionic interaction cannot be 

applied as the ionic cloud theory is no longer valid.

Andrade and Sanjudn (1994) considered the effect of ionic interaction by introducing 

an activity coefficient (y) into the modified Nernst-Planck equation (3.16). The 

activity coefficient of a solution is a measure of the chemical-potential change 

arising from ion-ion interactions (Bockris and Reddy, 1970). As the chloride 

concentration increases, the chloride activity decreases. The equation for calculating 

the migration coefficient with the activity coefficient is the following:

D - JRTL
(3.18)

yzFCE

Andrade and Sanjudn (1994) used an activity coefficient of 0.68 for a 0.5M NaCl 

solution. This yields similar results to that of Zhang and Gjorv (1995b) after 

incorporating their correction factor Bo.

72



3.4.4.3 Effect of neutral solution and electrodes

The neutral solution and the choice of electrodes are important in migration tests in 

maintaining the electroneutrality and preventing chlorine gas evolution. The 

approaches used in the tests reviewed were to use a neural solution that promoted the 

active dissolution of the anode, or to use a neutral solution with a high pH and non- 

corrodible electrodes.

Andrade and Sanjudn (1994) considered that dissolution of the anode was the most 

suitable way of preventing chlorine gas evolution. The anode used in their tests was a 

mild steel rod, with distilled water as the neutral solution. The water was used to 

induce an immediate oxidation when an electrical current was applied and thus, the 

process of dissolution. A steel rod was also used as the cathode and no chlorine gas 

was detected during the tests. Andrade and Sanjudn (1994) found that chlorinfe gas 

was evolved when the anode was graphite, platinum or titanium.

Zhang and Buenfeld (1994), McGrath and Hooton (1996) and Sugiyama et al. (1996) 

used NaOH as the neutral solution so as to maintain a high pH in the anolyte. This 

was considered to prevent chlorine gas evolution without the need for anode 

dissolution. Therefore, Zhang and Buenfeld (1994) and McGrath and Hooton (1996) 

used electrodes of the same material, namely, graphite and stainless steel 

respectively, with no significance attached to the choice of electrodes used.

This author considered that using non-corrodible electrodes and alkaline solutions 

would only be suitable provided the high pH in the anolyte could be maintained 

during the test. Zhang and Buenfeld (1994) made an observation that when the

applied voltage was 30 V, ‘significant chlorine gas evolution did not occur, provided
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the pH value of the anolyte was not allowed to fall too low’. There was no exact limit 

given for the pH when chlorine gas would start to evolve. Therefore, the most 

suitable way of ensuring no chlorine gas was evolved would be to promote an active 

dissolution of the anode.

Potential drop across electrodes

In a chloride migration test, the electrical potential across the test specimen may be 

smaller than the electrical potential across the electrodes, due to a potential drop 

across the electrode-electrolyte interface and across the solutions. This drop in 

electrical potential would cause a discrepancy in the value of the migration 

coefficient, if the electrical potential across the electrodes and not that across the 

specimen was used. Investigations by Streicher (1996) concluded that the potential 

drop across the solutions was minimal compared to the potential drop at the 

electrodes.

This potential drop is due to the resistance of the cathodic and anodic reactions at the 

electrodes (Zhang and Buenfeld, 1994). The resistance is referred to as polarisation 

resistance (Bockris and Reddy, 1970). Therefore, the potential drop exists to drive 

the electrochemical reactions at the electrode surface and the potential drop increases 

when the concentration of the reaction products increases (Streicher, 1996).

Sugiyama et al. (1996) investigated this potential drop by measuring the actual 

potential across the specimen. It was found that the potential across the specimen 

was about 83% of the original applied voltage of 15 V. Thus, in the modified Nernst- 

Planck equation (3.16) used by Sugiyama et al. (1996), the voltage term was 

multiplied by 0.83. In a similar procedure used by McGrath and Hooton (1996),
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similar values (approximately 0.85) were obtained for the potential drop in chloride 

migration tests. They also found that when the applied voltage was increased, the 

percentage potential drop was reduced, that is, the error associated with the electrode 

resistance reactions reduces with increased voltage.

3.4.5 Steady state migration tests as a measure of diffusivity 

3.4.5.1 Effect of mix parameters

Sugiyama et al. (1996) investigated the effect of water to cement (w-c) ratio on the 

migration coefficient. Normal Portland cement concrete with a w-c ratio of 0.4, 0.45, 

0.55 and 0.65 were tested using a steady state migration test at an applied voltage of 

15 V. It was found that increasing the w-c ratio resulted in a decrease in the time to 

steady state conditions and a larger chloride tlux during steady state. The relationship 

between the migration coefficient and w-c ratio is presented in Figure 3.10. The 

migration coefficient was found to increase exponentially with an increase in the w-c 

ratio. This trend was similar to that found by Page et al. (1981) and El-Belbol (1990), 

for the effect of w-c ratio on the effective diffusion coefficient.

3.4.5.2 Comparison to diffusion cell test

The relationship between the steady state migration test and the diffusion cell test 

method on Portland cement concrete was investigated by Sugiyama et al. (1996), 

using additional data from Dhir et al. (1990) and Andrade (1993). The results are 

shown in Figure 3.11. The results from Sugiyama et al. (1996) for the two tests were 

similar, whereas the migration results from Dhir et al. (1990) and Andrade (1993) 

were lower than the respective diffusion coefficient. This may be because Sugiyama 

et al. (1996) measured the actual potential across the specimen, whereas the other
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workers used the potential across the electrodes, which would underestimate the

migration coefficient of the concrete.

This graph shows that comparable chloride diffusion coefficients of concrete can be 

obtained using the two test methods. The migration tests was conducted in a 5 day 

period, to give a result to characterise concrete for chloride diffusion, compared to 

the 17 months required for the diffusion cell test. Sugiyama et al. (1996) concluded 

that the steady state migration test technique was the most appropriate method for 

determining the chloride diffusivity of concrete over a reasonably short testing 

period.

3.5 Non-steady state migration tests

3.5.1 The CTH Method

The CTH method was developed by Tang and Nilsson (1992). The principle of the 

test is that chlorides penetrate into a concrete specimen under an applied electric 

potential. After a specific test duration, the penetration depth is measured by a 

colorimetric method and the diffusion coefficient is calculated from that depth.

The experimental arrangement is shown in Figure 3.12. The curved surface of a 

concrete cylinder, 70 mm in diameter and 50 mm thick, was sealed with a 150 mm 

wide sealing tape. This extended about 100 mm from the specimen to create a 

downstream cell which contained a solution of saturated Ca(OH)2. The sealed 

cylinder was immersed in a saturated Ca(OH)2 solution for at least 24 hours, then set 

in a plastic support that was immersed in a solution of 0.5M NaCl and saturated 

Ca(OH)2. A potential of 30 V was applied across the cylinder between stainless steel
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electrodes (Figure 3.12), for a specified time. The electric current and the 

temperature in the downstream cell were monitored during testing. The initial current 

was used to estimate the required testing period, typically 8, 24 or 48 hours 

depending on the concrete quality (Nilsson et ai, 1996). The specimens were tilted 

to make it easy for gas bubbles at the cathode plate to escape. After testing, the 

cylinders were split and the two fractured surfaces were sprayed with an AgNOs 

solution to detect the depth of chloride penetration.

From the penetration depth, the migration coefficient Dcth was determined using the 

Nernst-Planck equation.

Dcth=—— (3.19)
zFE t

Where,

Dcm = migration coefficient of concrete (cm2/s)

Xd = depth of chloride penetration (cm)

r = test duration (s)

Other parameters are as defined earlier.

Discussion on the effectiveness of the test

In principle, the CTH method has a sound theoretical basis, (Zhang and Gjorv, 1998). 

The method of measuring chloride penetration depth requires less work than 

continuously measuring chloride concentration (Streicher and Alexander, 1994).

However, the method does have some sources of error. The electric field will differ 

in front of and behind the chloride front. Hence, it is a function of distance and time 

and not a constant as assumed by Tang and Nilsson (1992). The accuracy of the test 

depends on how well the chloride front is defined (Streicher and Alexander, 1994).
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The time of testing should be properly controlled in order to obtain an appropriate 

penetration depth and for concrete of unknown quality this may be difficult to control 

(Zhang and G jorv, 1998).

3.6 Conduction tests

Conduction tests are based on the measurement of electric current through concrete. 

The principle of the tests is that, knowing that concrete is a porous material whose 

pores are filled with aqueous electrolyte, its ability to be permeable could be 

characterised by its ability to conduct electricity (Andrade et ai, 1993). The 

conduction tests discussed here are the Rapid Chloride Permeability Test (Whiting, 

1981) and the Chloride Conduction test (Streicher and Alexander, 1995). The test 

details are reviewed and the measured parameters used to characterise concrete for 

chloride penetration are discussed.

3.6.1 Rapid Chloride Permeability Test (RCPT)

This test was developed by Whiting (1981) and is generally considered to be the 

forerunner for all rapid tests to characterise concrete for chloride penetration. It is the 

most widely used rapid chloride test. The reasons are due to the short duration (6 

hours), it is relatively simple to operate, its commercial availability and the fact that 

the RCPT has been adopted as a standard test (AASHTO T277-93).

The test arrangement is shown in Figure 3.13. The test is performed on 50 mm thick 

slices of 95 mm diameter cores, with the curved surface sealed with epoxy. After the 

epoxy had set, the specimens were vacuum saturated with water. The specimen was 

then installed in an acrylic diffusion cell, with one half of the cell containing a 0.5 M 

NaCl solution and the other one containing a 0.3 M NaOH solution. A voltage was
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applied across the test specimen between the copper mesh electrodes in each 

chamber. The test was run for a period of 6 hours. During that time the amount of 

charge passing through the specimen was measured by recording the current as a 

function of time.

The value of charge obtained from the test was used as a chloride permeability index 

value to classify concrete. The classification given by Whiting (1981) is presented in 

Table 3.4.

Discussion on the effectiveness of the test

Although the test has been widely used, it has been criticised for a number of 

reasons;

1. Influence of the pore solution conductivity on test results

The ability of concrete to conduct an electric current is dependent on the pore 

structure i.e. the physical resistance to ionic flow and the pore solution 

conductivity (Buenfeld and Newman, 1987). Thus, the pore solution composition 

has an important effect on the charge passing, but not necessarily on the flux of 

chlorides (Nilsson et ai, 1996). The conductivity of the pore solution is 

influenced by the concentration of ions in the pore solution and the concentration 

of these ions can vary substantially between various cement types. A concrete 

mix containing micro silica contains much lower concentration of pore solution 

ions (Page and Vennesland, 1983), which results in a relatively low charge 

passed compared with the Normal Portland cement concrete having a similar 

resistance to ionic flow (Streicher, 1996).
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2. Lack of theoretical basis for test

The test is only an index test and no theoretical relationship exists whereby the 

results obtained could be used to determine the chloride diffusivity. Also, no 

relationship exists where the thickness of the sample, the chloride concentration 

or the voltage applied can be related to the results obtained (Streicher, 1996).

3. The test accounts for the total current and not that corresponding to the chloride 

flow (Andrade, 1993).

4. The high voltage used (60 V) induces heat, which in turn, changes the rate of 

flow of ions (Andrade, 1993).

The effect of voltage on the RCPT results was investigated by Misra et al. (1994). 

Tests were carried out at different voltage levels, i.e. 10, 25, 35, 45 and 60 V. It was 

found that, as expected, the total charge (Q) recorded at different voltages increased 

with an increase in the applied voltage. Misra et al. (1994) also correlated the charge 

at different voltages (Qv) to the charge at 10 V (Qi0), by determining a factor ‘a’ such 

that, [(1/a) x QVJ was as close to Qi0 as possible. The variation of ‘a’ with the applied 

voltage is presented in Figure 3.14, and shows that ‘a’ varies more or less linearly 

with the applied voltage. The results of Misra et al. (1994) show that, although the 

temperature rises with increasing voltage, a concern expressed by Andrade (1993), a 

linear relationship exists between the results at different voltages.

3.6.2 Chloride Conduction Test

Streicher and Alexander (1995), on the basis of the RCPT and the criticism it 

received, developed a Chloride Conduction Test. The prerequisites of the proposed 

test were that the test was theoretically sound, a correlation exists between diffusivity 

and the test results, and that the test was as rapid or more rapid than the RCPT.
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The Chloride Conduction Test arrangement is shown in Figure 3.15. The apparatus 

consists of two 5()()ml cells adjacent to a central section containing the concrete 

sample. Prior to testing, the sample was dried, then vacuum saturated with a 5 M 

NaCl solution for 5 hours and left to soak in the solution for an additional 18 hours. 

During the test, both cells contained a 5 M NaCl solution. A potential difference of 

10 V was applied to a carbon anode and a stainless steel cathode. Two copper/copper 

sulphate half-cells and a voltmeter were used to measure the potential difference 

across the solution accurately. Two plastic tubes from the half-cells to the concrete 

surface were used to measure accurately the potential across the specimen. An 

ammeter was included to record the current flowing through the system. The current 

was measured over a very short time period and then used to calculate a conductivity 

value.

(7 =-4 (3.20)
v A

Where,

cr = conductivity of sample (ms/cm)

/ = electric current (mA)

v = potential difference across sample (V) 

t = thickness of sample (cm)

A = cross-sectional area of sample (cm2)

The value of conductivity obtained has been related to the diffusivity of concrete.

3.6.2.1 Relationship between conductivity and diffusivity

In a porous medium, diffusion and conduction would be affected by the tortuosity

and the porosity, the “structural parameters’’ of the pore structure (Garboczi, 1990).

The “structural parameters” can be described by the Formation Factor (Buenfeld and
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Newman, 1987), or by a material constant called diffusibility (Q), (Streicher, 1996). 

This is defined as the ratio of the diffusivity of an ion in a porous medium to that of 

the same ion in the pore solution alone. This material constant is also equal to the 

ratio between the conductivity of an ion in a porous medium to that of the same ion 

in the pore solution (Garboczi, 1990).

Where,

£> CT,
(3.21)

Q = diffusibility of porous material

D - diffusivity of ion through porous material (cm2/s)

D0 = diffusivity of ion through pore solution (cm2/s)

a = conductivity of porous material (ms/cm)

a0 = conductivity of the pore solution (ms/cm)

Thus, it is theoretically possible to determine the chloride diffusivity of concrete D 

by measuring the conductivity of the concrete a.

Streicher and Alexander (1995) considered that this procedure is suitable for the 

Chloride Conduction Test, since it was observed that the conductivity of the pore 

solution a0 was similar to that of the 5M NaCl saturating solution.

Discussion on the effectiveness of the test

Since the test method is based on the measurement of electrical current, it is a fast 

and convenient method to determine the chloride diffusivity of concrete.

However, the test method does have some limitations as described by Zhang and 

Gjorv (1998).
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1. The definition of the diffusibility requires that the “structural parameters” are 

constant and independent of both the properties of the solution and the type of 

transport parameters. This implies that the concrete either is an inert medium or 

that all the interactions in the concrete have the same influence on the different 

transport parameters.

2. In electrolytic solutions, both the diffusivity and conductivity are concentration 

dependent due to ionic interaction. However, they vary with the concentration 

differently.

3. Since the chloride diffusivity is a function of concentration and natural 

concentrations as high as 5M are uncommon, the diffusivity obtained may be 

beyond a realistic range of diffusivities. The results obtained will probably reflect 

information about the general permeability of the concrete rather than the 

chloride diffusivity.

3.7 In-situ determination of chloride diffusivity

The concrete on site can be tested by removing samples and conducting lab tests or 

by conducting measurements in the field.

3.7.1 Removal of cores for lab tests

Cores can be taken from the structure and tests conducted in the laboratory. The 

diffusivity can be determined using the normal diffusion cell or by the migration 

techniques described. The cores can be removed and tested at any stage of the service 

life of the structure. As the tests are conducted under controlled lab conditions, the 

value of the diffusivity obtained can be considered to be reliable.
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The disadvantages of this method are:

1. This method requires the removal of cores from the structure. This can adversely 

affect the strength and aesthetics of the structure if a large number of cores are 

removed.

2. The diffusion cell test method requires a very long test duration, which is not 

suitable for an immediate evaluation of the concrete.

3. Steady state migration tests would provide results to characterise concrete for 

chloride diffusion. A possible source of error is by the introduction of micro

cracking during the extraction of the cores.

3.7.2 Determination of the chloride profile

The most common method of determining the chloride diffusivity of concrete on site 

is to obtain the chloride profile and calculate an apparent diffusion coefficient. The 

concrete samples to be used in the analysis for chloride content can be obtained on 

site by using a rotary hammer drill or by the profile-grinding apparatus marketed by 

Germann Instruments (1998). Alternatively, the dust samples at the required depths 

can be determined by removing cores and slicing them in the lab. To achieve the 

greatest accuracy, the profile-grinding and subsequent chloride analysis in the 

laboratory should be used.

The main disadvantages of this method are;

1. The chloride ions have to penetrate into the concrete initially, before a measure 

of the diffusivity can be determined. This means the concrete can not be tested at 

an early age and preventative measures taken if it does not satisfy the specified 

quality.
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2. The measured chloride profile is a function of not only the material properties, 

but also environmental factors. The degree of saturation of the concrete, the 

concentration of the salt solution and the ambient temperature will influence the 

rate of chloride penetration. In the laboratory their influence can be controlled, 

but their effect on the chloride profile on site is difficult to quantify.

3.7.3 In-situ Rapid Chloride Permeability Test

Whiting (1981) developed an in-situ rapid chloride permeability test based on the 

same principle as the lab test, described in section 3.6.1, where the charge passed is 

used to characterise the concrete for chloride penetration. The apparatus developed 

by Whiting (1981) is shown in Figure 3.16. An acrylic dyke was attached to the 

surface of the concrete with a silicone caulking compound. The silicone was left to 

set overnight. Prior to testing, the concrete was preconditioned by vacuum saturating 

with limewater at 60°C for a period of 18 hours. At the start of the test, a 3% NaCl 

solution was poured into the dyke. A copper mesh screen was used as the cathode 

and a dc power supply applied a voltage between the mesh and the reinforcement. 

The test was carried out at 80 V for a period of 6 hours. The charge passed was used 

as an index to characterise the concrete for chloride diffusivity.

The disadvantages of the test are similar to those of the lab version;

1. The test result is influenced by the conductivity of the pore solution, which can 

be highly variable on site.

2. The temperature rise due to the high voltage (80 V) will significantly affect the 

charge passed during the test.
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3. The amount of concrete cover will affect the test results; for example, if a cover 

of 50 mm is assumed, results may vary as much as 25% if the actual cover varies 

by 25mm from that value (Whiting, 1981).

3.7.4 Resistivity measurements

3.7.4.1 Surface resistivity

Surface measurements of resistivity (the reciprocal of conductivity) can be achieved 

by using the Wenner four probe test (Millard and Gowers, 1992). This technique 

consists of placing 4 equi-spaced electrodes on the concrete surface. An alternating 

current is passed between the outer electrodes and the potential difference is 

measured between the inner electrodes. From this, the resistivity of the concrete is 

calculated. This resistivity, which is a measure of the ease of passage of ionic 

current, can be used to give an indication of the resistance of the pore structure to 

chloride penetration.

This technique has some sources of error:

1. Like all resistivity tests, the result is influenced by the pore solution conductivity 

of the concrete and thus, the test results can not be related to the diffusivity of the 

concrete.

2. To ensure the flow of current from the electrode to the concrete, a highly 

conductive gel is applied to the tip of the electrode. If this gel is not applied 

correctly or the electrodes do not have a good contact with the concrete surface, 

there will be inaccuracies in the test results.
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3.7.4.2 Embedded electrodes

Klinghoffer and Kofoed (1993) stated that the resistivity of concrete could be 

measured with electrodes that are cast into the concrete. These electrodes can be 

attached to a power supply and the resistance of the concrete between the two 

embedded electrodes determined. This value of resistance could be converted to 

resistivity by knowing the position of the electrodes. Klinghoffer and Kofoed (1993) 

related the measured resistivity to diffusivity using equation (3.19), as used by 

Streicher and Alexander (1995) for the Chloride Conduction Test. This method is 

only applicable if the resistivity of the pore solution is known, which may be difficult 

to determine accurately on site.

McCarter er al. (1996) showed that resistivity measurements from embedded 

electrodes could be used to monitor the ingress of water and chlorides into concrete. 

That is, instead of using resistivity measurements to determine diffusivity, which is 

dependent on the pore solution resistivity, to use resistivity changes as a monitoring 

technique. McCarter et al. (1996) found that the resistivity across embedded 

electrodes decreased with the ingress of water and chlorides into the concrete, due to 

the presence of chlorides and the increased moisture in the pores. McCarter et al. 

(1996) did not investigate the suitability of embedded electrodes to identify the 

ingress of chlorides into saturated concrete. However, the potential for using 

resistivity changes across embedded electrodes as an in-situ monitoring technique 

was established.

3.8 Concluding remarks

A summary of the different tests and their applicability for on site application is 

given in this section.
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1. Diffusion cell tests have a sound theoretical basis and are generally considered to 

be the most accurate means of determining the diffusivity of concrete. However, 

using this test for determining the chloride diffusivity of in-situ concrete requires 

the removal of cores, which is expensive and the number of cores that can be 

taken is limited. The test also requires a very long test duration, which prevents 

an immediate assessment of concrete quality on site.

2. Non-steady state diffusion tests are dependent on the accuracy of measurement of 

the chloride profile, which can not be determined until the chlorides have 

penetrated into the concrete. This means that the chloride diffusivity of concrete 

can not be determined at an early age of the structure.

3. The non-steady state migration test, the CTH method, has a sound theoretical 

basis but the accuracy of the test depends on an appropriate penetration depth, 

which is difficult to control. The test can not be used on site.

4. Conduction tests are generally considered to be the most convenient and rapid of 

all the applied potential tests, but the results can be inaccurate if the influence of 

the pore solution conductivity is not known. This is the limitation of the in-situ 

conduction tests: the RCPT and the Wenner four probe technique. The effect of 

the pore solution conductivity on conduction tests can be eliminated by replacing 

the pore solution by a highly conductive solution. For in-situ application this 

would not be practicable or desirable if a concentrated salt solution was used.

5. Steady state migration tests, where a migration coefficient is determined, have a 

sound theoretical basis and are found to correlate quite well with long-term 

diffusion tests. As it is a steady state test, the initial concentration of pore 

solution ions does not influence the test results. There is no test currently 

available that enables a steady state migration coefficient to be determined on site

as a measure of the chloride diffusivity of the concrete.
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The review of test methods has identified the need for a test that can rapidly measure 

chloride diffusivity on site without the need of removing cores. It would seem that 

this can be best achieved by determining a steady state migration coefficient of the 

in-situ concrete.
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Tabic 3.3 Correction factors for ionic interaction (Zhang and Gjorv, 1995b)

C0 (NaCl) 
molC1

P0=v°/v

20°C 21°C 22 C 23°C 24°C 25°C

0.1 1.22 1.23 1.23 1.24 1.24 1.25

0.2 1.35 2.36 1.37 1.37 1.38 1.39

0.3 1.47 1.48 1.49 1.50 1.51 1.53

0.4 1.58 1.59 1.61 1.63 1.64 1.66

0.5 1.70 1.71 1.74 1.76 1.78 1.80

Table 3.4 Classification of concrete according to RCPT (Whiting, 1981)

Chloride Permeability 
Designation

Charge
Passed

Type of Concrete

High >4000 High w/c (0.6 or greater)

Moderate 2000 - 4000 Moderate w/c (0.4 - 0.5)

Low 1000 - 2000 Low w/c

Very Low 100 - 1000 Latex modified concrete 
Internally sealed concrete

Negligable 100 Polymer-impregnated concrete 
Polymer concrete
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Figure 3.3 Diffusion cell test method used by Hansson and Berke (1989)

Downstream side chloride 
concentration C 0

[Upstream side chloride 
Iconcentration Ci Diffusion Cell

uPVC
Tank

uPVC
Platform

Figure 3.4 Diffusion cell arrangement used by Dhir at. (1990)
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Figure 3.5 Concrete slabs for ponding tests (Page et ai, 1991)
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Figure 3.9 Effect of voltage on migration coefficient (Sugiyama et ai, 1996)
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Figure 3.10 Effect of w-c ratio on migration coefficient (Sugiyama et ai, 1996)

97



c m2/s

• Sugiyama (15V) 
■ Dhir (10V)
▲ Andrade (12V)

equaIity line

(Diffusion cell method) cm2/s
Da

Figure 3.11 Comparison of migration coefficient and effective diffusion coefficient
(Sugiyama t'r a/., 1996)

30 V DC

saturated lime watet.
anode stainless — 
steel plate

concrete specimen

cathodic stainless 
steel plate

3% NaCl in saturated 
lime water

CTH test method (Tang and Nilsson, 1992)

98



Silastic Gasket 
cast in place

3% NaCl 
Solution

Solid Acrylic cell

Copper mesh 
electrodes

03M NaOH 
Solution

Epoxy coating
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4. Experimental Programme

4.1 Introduction

This chapter describes the experimental programme used to achieve the objectives 

outlined in Chapter 1. Details will be given of the materials used, how the test 

specimens were prepared, as well as details of all the different tests carried out 

during the research.

4.2 Programme of investigation

The experimental programme consisted of three main experiments (1, 2 and 3). 

Experiment 1 involved the development of a new in-situ chloride migration test, 

which could determine the chloride diffusivity of concrete on site. The potential for 

developing the test was established in this experiment (Chapter 5). In Experiment 2, 

the test variables which influence the results from migration tests were investigated 

and the variables most appropriate for the new in-situ chloride migration test were 

identified (Chapter 6). The proposed test was then used in Experiment 3, to establish 

the validity of the test by comparing with other tests for measuring chloride 

diffusivity of concrete (Chapter 7).

A summary of the experimental programme is presented diagrammatically in 

Figure 4.1.
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4.3 Materials used

4.3.1 Cement

Class 42.5N Portland cement (BS 12: 1991) was used for all the test specimens in 

this experimental programme. Details of the cement composition and physical 

properties are shown in Table 4.1 (Blue Circle, 1999). As the focus of the project 

was on test development and correlation with other tests, it was decided not to 

incorporate cement additions in this study.

4.3.2 Aggregates

The coarse aggregate used was 6 mm crushed basalt. Nilsson et al. (1996) stated that 

the thickness of the concrete specimen used in normal diffusion cell tests should be 

three times the maximum size of coarse aggregate, in order to minimise the 

preferential flow of chloride ions through the interfacial transition zone. Therefore, if 

20 mm size coarse aggregate was used, the thickness of the specimen should be 60 

mm. This would result in an unacceptable test duration for the normal diffusion cell 

test. However, with 6 mm size aggregate, the test specimen could be 18-20 mm, 

which is acceptable while considering the test duration for the normal diffusion cell 

test. The fine aggregate used was medium graded natural sand (BS 882: 1992). All 

the test specimens were cast with these aggregates unless otherwise stated.

Both types of aggregate used were from sources in Northern Ireland. The test 

specimens used in each of the three experiments were made from the same batch of 

aggregates.
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4.3.3 Water

To control the moisture condition of the aggregate in the concrete mix, both the fine 

and coarse aggregates were dried. The drying regime used was 48 hours in a fan 

assisted oven at a temperature of 40°C (±1°C), then allowed to cool to 20°C (±1°C). 

In order to compensate for any absorption of water by the aggregates during mixing 

of the concrete, the 1-hour water absorption value was determined and this quantity 

was added to the mix water, which was tap water.

4.4 Manufacture of test specimens

4.4.1 Mixes used

In the three experiments, eight Portland cement concrete mixes were used. The mixes 

were selected to give a good range of cement contents and w/c ratios. The mix 

proportions were calculated using the yield equation and are shown in Table 4.2. 

This table also gives properties of the mixes, which are discussed in section 4.5. The 

mixes selected did not require any admixtures to make them workable, nor did they 

segregate due to a high cement paste content.

4.4.2 Manufacture of concrete

For each mix, the required quantities were batched by mass. The quantities were 

mixed in a pan mixer in accordance with BS 1881: Part 125: 1986, using the 

following procedure:

i) Before the addition of the materials, a damp cloth was used to moisten the 

paddles and pan of the mixer.

ii) Approximately half the coarse aggregate, all the fine aggregate and the 

remaining coarse aggregate were added in that order, evenly over the pan.
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iii) The aggregates were mixed for 30 seconds.

iv) Half the total volume of water (mix water plus that required for 1 hour 

absorption by aggregates) was added within the next 15 seconds.

v) The materials were mixed for 3 minutes and then left covered in the pan for 

15 minutes.

vi) The cement was added evenly over the aggregate in the pan.

vii) Mixing continued for 30 seconds.

viii) The mixer was stopped and any material adhering to the paddles was 

scraped into the pan.

be) Mixing continued again and the remaining water was added within the next 

30 seconds.

x) Mixing continued for 3 minutes after all the materials had been added.

4.4.3 Casting of test specimens

The concrete was cast in different size moulds for each of the tests conducted in the 

experimental programme. The test specimens for the normal diffusion cell tests and 

the standard chloride migration tests were cast in moulds of size 300 x 300 x 80 mm 

in order to facilitate the removal of 100 mm diameter cores. The moulds used for the 

chloride ponding tests were of size 250 x 250 x 100 mm and incorporated a 10 mm 

insert, to provide the ponding reservoir. The test specimens for the in-situ chloride 

migration test were cast in moulds of size 230 x 230 x 80 mm. Prior to casting, the 

joints of the moulds were sealed with a thin layer of silicone sealant, to prevent 

leakage of bleed water and cement paste. In addition, three 100 mm cubes were cast 

for each mix for determining the compressive strength. All moulds were coated with 

a mould release oil one hour before casting. The concrete was added to the moulds in 

two equal layers and compacted using a vibrating table. The concrete was compacted
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uniil air bubbles stopped appearing on the concrete surface. A level surface was 

achieved by using a metal trowel.

4.4.4 Curing of test specimens

Two different curing regimes were used in the experimental programme. One regime 

was adopted for the concrete prepared for Experiment 1 and a different regime was 

used for Experiments 2 and 3.

4.4.4.1 Curing regime in Experiment 1

All specimens were removed from the moulds after 24 hours and placed in a constant 

temperature water bath at 20°C (±1°C) where they remained for 3 days. The 

specimens were then placed in a storage lab, kept at a constant temperature of 20°C 

(±1°C) and 55% (±1%) relative humidity, until the age of 28 days.

4.4.4.2 Curing regime in Experiments 2 and 3

The curing regime was changed for Experiments 2 and 3, to ensure that the concrete 

was adequately hydrated before testing for chloride diffusivity. Bamforth and Price 

(1993) found that for concrete cured for less than 28 days, the chloride diffusivity 

was influenced by the duration of curing, whereas for concrete cured for 28 days and 

beyond the chloride diffusivity was relatively constant.

As water is required for the hydration of cement, proper curing can be achieved by

immersing the concrete in water, or by preventing the loss of water from the

concrete. It was considered that the constant temperature water baths available in the

laboratory were not ideal, as the constant circulation of water through the tanks could

have resulted in leaching from the surface layer of the test specimens. Therefore, a

curing regime that would retain the water in the concrete was adopted. The concrete
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was removed from the moulds and immersed in a constant temperature water bath 

(20 ± 1°C) for three days. The specimens were then wrapped in polythene sheets and 

the joints were sealed with insulating tape. These were then placed in a storage lab at 

2()0C (± 1°C) and 55% (± 1%) relative humidity, where they remained until they 

were ready for testing at the age of 28 days.

4.5 Tests on fresh concrete

The workability and air content of the fresh concrete were determined. The average 

values of these properties are reported in Table 4.2.

4.5.1 Workability

The workability of the concrete was determined using the slump test and the 

compacting factor test.

4.5.1.1 The slump test

The slump test was carried out in accordance with BS 1881: Part 102: 1983. This test 

measures the consistency of the mix and is especially suitable for detecting variations 

in mixes of medium and high workability.

4.5.1.2 Compacting factor test

This test is a measure of the amount of compaction achieved by dropping concrete 

through two hoppers into a cylindrical container, relative to the fully compacted 

concrete. This ratio is the compaction factor (BS 1881: Part 103: 1983). This test is 

more sensitive for mixes with low workability, where the slump test will not detect 

any real differences between mixes.
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4.5.1.3 Air content

The apparent air content of the fresh compacted concrete was determined using an air 

entrainment meter, in accordance with BS 1881: Part 106: 1983.

4.6 Tests on hardened concrete

4.6.1 Determination of compressive strength

For each mix, three 100mm cubes were cast These cubes were then crushed at 28 

days of age to determine the concrete compressive strength (BS 1881: Part 116: 

1983). The cubes were cured in the same way as the specimens used for the different 

tests. The average compressive strength of the mixes and the standard deviation in 

compressive strength between different castings are presented in Table 4.2. The 

variations in the compressive strength between castings can be considered to be 

small relative to the effect of mix parameters on the compressive strength (Table 

4.2).

4.6.2 Determination of effective diffusion coefficient

The effective diffusion coefficient of each of the different concrete mixes was 

determined by carrying out tests using a modified version of the two-compartment 

normal diffusion cell apparatus.

4.6.2.1 Preparation of test specimens

Three slabs of size 300 x 300 x 80 mm were removed from the constant temperature

room at the age of 28 days for each mix. The slabs were unwrapped from the

polythene sheet and one 100 mm diameter core was removed from each slab. A 20

mm slice was cut from the face of the core that was in contact with the bottom of the

mould. The exact thickness of this test specimen was obtained using vernier calipers,
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as it is required in subsequent calculations of the effective diffusion coefficient 

(section 4.6.2.4). This method of casting slabs and then coring, instead of casting the 

concrete in a cylindrical mould, was considered to give a more representative 

specimen of the bulk concrete, by preventing preferential orientation of the aggregate 

close to the mould surfaces. The 20 mm thick disc was used because it would be 

three times thicker than the largest aggregate size (6 mm) in the concrete, eliminating 

the effect of the interfacial zone, but result in an acceptable test duration.

4.6.2.2 Test set-up

A schematic diagram and photograph of the diffusion cell test arrangement are 

presented in Figures 4.2 and 4.3 respectively.

Cell arrangement

The test set-up was similar to that described by Hansson and Berke (1989) and Dhir 

et al. (1990), where a diffusion cell, the ‘downstream’ cell containing the test 

specimen was placed in a tank containing the chloride source solution, the ‘upstream’ 

cell. The test specimens were in contact with the chloride source solution, enabling 

the chloride ions to diffuse through the specimen into the diffusion cell.

The diffusion cell was made from perspex, with one end of the cell open to enable

the chlorides to arrive into the cell. The volume of the perspex cell was 475cm3. The

test specimen was secured to the perspex cell using a silicone sealant. This meant the

area of the concrete in contact with the downstream cell was 43 cm2, compared to the

area of the specimen, which was 79 cm2. The silicone was applied to the other face

of the specimen to reduce the area in contact with the chloride source solution to

43 cm2 also. The silicone sealant was also applied to the curved surface of the test

specimen to ensure uni-directional penetration of chlorides into the specimen. This
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method of securing the specimen to the perspex cell may have introduced an ‘edge 

effect’, where the chlorides (lowed through an area greater than the area in contact 

with the two solutions. However, the specimen thickness (20 mm) was considered to 

be thin enough to ensure the How of chlorides was primarily one-dimensional, thus, 

in subsequent calculations of the effective diffusion coefficient, the area which the 

chlorides diffused through was taken as 43 cm2.

With this set-up, although a decrease in the concentration of the chloride source 

solution was expected during the test, it was considered to be insignificant while 

considering the large volume of the chloride source solution. Therefore, the need to 

replenish the chloride source solution during the test was avoided. The set-up also 

proved to be economical, with the tanks being able to accommodate up to thirty 

diffusion cells.

Conditioning of test .specimens

After the test specimen was sealed to the perspex cell, it was pre-saturated with water 

to ensure that diffusion was the only mechanism responsible for the transport of the 

chlorides through the test specimen. The test specimens were saturated by placing the 

diffusion cells in a tank containing water. The bottom surface of the specimen was 

kept in contact with the water for a period of 48 hours, during which time the 20 mm 

thick disc absorbed water through its thickness. This technique of exposing one side 

to the water prevented the possibility of air being trapped in the concrete. The 

evaporation of water from the other side of the disc was prevented by keeping the 

tank covered during the pre-saturation period.
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Solutions used

The neutral solution in the diffusion cell was distilled water containing saturated 

Ca(OH)2. The chloride source solution was 0.55M NaCl and saturated Ca(OH)2. This 

concentration of NaCl was chosen as it was considered to be similar to the 

concentration of sea water (Buenfeld, 1984). The Ca(OH)2 was added to both 

solutions to prevent any leaching effects caused by the long test duration.

4.6.2.3 Test measurements

The chloride concentration in the ‘downstream’ cell was measured regularly using 

Orion ion selective electrodes (Figure 4.3). The chloride electrode and the double 

junction reference electrode were calibrated with standard solutions of lOOppm and 

lOOOppm chloride concentration prior to the test measurements.

4.6.2.4 Calculation of the effective diffusion coefficient

The chloride concentration values determined in the ‘downstream’ cell were plotted 

against time and the change in chloride concentration with time through the 

specimen during steady state was obtained. This value (dc2/dt) was substituted into 

the solution to Pick’s Law of Diffusion given by Page et al. (1981). The equation is 

given below with a worked example given in Chapter 5.

VL f dc2 '
(4.1)

Where,

V

effective diffusion coefficient (cm2/s) 

volume of ‘downstream’ cell (475 cm3)

L thickness of sample (~ 2 cm)

C, concentration of chloride source solution (0.55 mol/cm3)
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A = transmission area (43 cm2)

dc^/dt = steady state How of chlorides through test specimen (mol/cm3s)

4.6.3 Determination of standard migration coefficient

The standard chloride migration test (one-dimensional flow through a concrete disc) 

was carried out to determine the standard migration coefficient of the different 

mixes.

Two different test set-ups were used in this research to carry out the standard 

chloride migration test. In Experiment 1, a ‘multi-cell’ arrangement was adopted. 

This set-up was similar to the normal diffusion cell test, except that an electrode, 

which acted as the anode, was placed in the cell containing the neutral solution and 

another electrode, which acted as the cathode, was placed in the tank containing the 

chloride source solution (see section 4.6.3.1 for details). In Experiment 2, a ‘two- 

compartment’ arrangement was used similar to that used by Andrade and Sanjudn 

(1994) (see section 4.6.3.2 for details).

The test specimens used in both arrangements were similar to those used in the 

normal diffusion cell tests. That is, for each mix, one 100 mm diameter core was 

taken from 3 slabs and a 20 mm slice was cut from each core, with the exact 

thickness checked using vernier calipers.

4.6.3.1 Multi-cell arrangement

A schematic diagram and photograph of the multi-cell chloride migration test are 

shown in Figure 4.4 and 4.5 respectively.



Prior to the test specimen being secured to the perspex cell, the electrode, which 

acted as the anode, was placed in the cell. The anode was a circular disc of mild 

steel, 70 mm in diameter, and 4 mm in thickness, with a connecting arm 100 mm in 

length, for attaching to the power supply. The test specimen was then pre-saturated 

with water, using the technique described in section 4.6.2.2 for the normal diffusion 

cell tests. After the conditioning of the specimen, the perspex cell was filled with 475 

cnr of distilled water, the neutral solution. The cell was then placed in a plastic tank 

that contained a 3 mm thick sheet of stainless steel, and 4 litres of the chloride source 

solution. The sheet of stainless steel acted as the cathode when attached to a power 

supply. A plastic mesh was placed on top of the stainless steel to keep the test 

specimen 5 mm from the cathode. The concentration of the chloride source solution 

was checked during testing and replaced to maintain a constant chloride 

concentration.

Test measurements

The chloride concentration in the neutral solution was monitored throughout the test 

using the ion selective electrodes, which were frequently calibrated to ensure an 

accurate chloride concentration was obtained. Measurements of current and 

temperature were taken along with the concentration readings. The current flowing 

through the test specimen was measured by inserting an ammeter in series with each 

cell, as illustrated in Figure 4.4. A Digitron thermometer was used to record the 

temperature in the neutral solution during the test.

Prior to each measurement being taken, the perspex cells were tilted to ensure that no 

hydrogen gas was trapped between the cathode and the test specimen, which may 

otherwise affect the flow of chlorides.
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4.6.3.2 Two-compartment arrangement

In Experiment 2, a two-compartment arrangement was chosen for a number of 

reasons:

1. A large number of perspex cells were available, which enabled several two- 

compartment tests to be conducted simultaneously.

2. This arrangement avoided the possibility of gases being trapped at the concrete 

surface.

3. This set-up ensured that the whole area of the test specimen was in contact with 

the two cells, which avoided the ‘edge effect’.

A schematic diagram and a photograph of the test set-up are given in Figure 4.6 and 

4.7 respectively.

The curved surface of the test specimen was coated with a 15 mm thick layer of wax. 

This was to ensure that the perspex cells were in contact with the wax, and not the 

test specimen, eliminating the ‘edge-effect’. The specimen was then placed between 

the two cells, which each contained a circular electrode of size 100 mm diameter and 

4 mm thickness. The electrode that was meant to act as the anode was made from 

mild steel and the one to act as the cathode was made from stainless steel. A 

watertight seal was achieved between the perspex cells and the wax by clamping 

both cells together, as illustrated in Figure 4.7. Distilled water (1470 cm3 volume) 

was added to the cell containing the mild steel, with the same volume of sodium 

chloride solution added to the cell containing the stainless steel electrode. The 

concentration of the sodium chloride solution varied between tests, and details are 

given in the appropriate sections.
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The test measurements were similar to those made in the multi-cell arrangement. 

These data were used to caleulate the standard migration coefficient as discussed

below.

4.6.3.3 Calculation of the standard migration coefficient

The change in chloride concentration in the neutral solution during steady state 

conditions (dc/dt) and the average temperature during steady state (T) were used to 

calculate the standard migration coefficient using the Nernst Planck equation (3.16) 

[or the Einstein relation (3.17)]. The Nernst-Planck equation is presented in this 

section, with worked examples given in Chapter 5.

Where,

D

J

R

T

L

F

C

E

V

A

dc/dt

and

D =
JRTL

zFCE
V_dc_ 
A dt

(4.2)

(4.3)

standard migration coefficient (cm2/s) 

flux of chloride ions (mol/cm2s) 

gas constant (8.31 J/K.mol)

average temperature during steady state conditions (K) 

thickness of the disc specimen (cm) 

valency of chloride ions (-1)

Faradays Constant (9.65xl04 c/mol) 

concentration of chloride source solution (mol/cm3) 

electrical potential applied between the anode and cathode (V) 

volume of ‘downstream’ cell (Exp 1, 475 cm3: Exp 2, 1470 cm3) 

transmission area (Exp 1, 43 cm2: Exp 2, 78.5 cm2) 

steady state flow of chlorides through test specimen (mol/cm3s)
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4.6.4 Determination of apparent diffusion coefficient

The apparent diffusion coefficient was determined from chloride profiles obtained by 

carrying out chloride ponding tests. Four test specimens per mix were ponded with a 

chloride solution for a period of 60 weeks, at which time two specimens were used to 

obtain the chloride profile and two specimens were used to carry out the newly 

developed in-situ chloride migration test. In this section, the methods used to 

determine the apparent diffusion coefficient are discussed. The details of in-situ 

chloride migration tests carried out on the ponded slabs are given in Chapter 7.

4.6.4.1 Preparation of test specimens

Four concrete slabs of 250 x 250 x 100 mm were cast, with a dyke of 10 mm depth. 

The slabs also contained eight electrodes, as illustrated in Figure 4.8. These 

electrodes were used to monitor the changes in internal electrical resistance due to 

the arrival of chloride ions or changes to the pore structure of the concrete. The 

electrodes were stainless steel rods, 1.5 mm in diameter and 300 mm in length. The 

rods were covered with a heat-shrink sleeve apart from a 20 mm length in the centre. 

The electrodes were placed in horizontal pairs, 5 mm apart, and at 10 mm vertical 

intervals from the concrete surface, down to a depth of 40 mm. The pairs of 

electrodes were not positioned directly below each other, but staggered (Figure 4.8), 

in order to ensure that the concrete around the electrodes was representative of the 

bulk concrete.

Again, the curing regime adopted for the test specimens was 3 days in water at 20UC 

(± l°C), then wrapped in a polythene sheet and placed in a laboratory at 20°C (± 1°C) 

and 55% (± 1%) relative humidity until the age of 28 days. The slabs were then 

unwrapped and the 4 lateral sides of the slabs were coated three times with a water



proofing agent, Sikaguard 680 Icosit concrete cosmetic acrylic paint, with a 2 hour 

interval between each coat. This coating was to ensure there was no moisture loss 

through the sides during the test.

To pre-saturate the concrete, the slabs were placed on one of the painted sides in a 

large plastic tank. This tank was filled with water in 4 layers over a period of 8 days. 

This technique was used to ensure that no air was trapped in the concrete prior to the 

start of the test. After the pre-saturation of the concrete, the bottoms of the slabs were 

coated with the water-proofing agent. This was to ensure that the slabs remained 

saturated during the ponding period.

4.6.4.2 Ponding regime

At the age of 37 days the slabs were placed in a constant temperature (20 ± 1°C) and 

relative humidity (55 ± 1%) laboratory. The specimens were then continuously 

ponded with a 0.55M NaCl solution for a period of 60 weeks. This duration of 

ponding was considered to be necessary to result in a measurable chloride profile 

within the test specimens. The chloride solution was replaced every two weeks to 

keep the concentration constant. The slabs were covered with plywood sheeting in 

order to prevent evaporation of the solution occurring.

4.6.4.3 Resistance measurements

The resistance between embedded electrodes in concrete depends on the pore 

structure and the pore solution conductivity (Nilsson et ai, 1996). Therefore, it may 

be possible to identify the presence of chloride ions in the pores, or any 

modifications to the pore structure caused by chloride binding by the change in the 

resistance between electrodes. Here, it was assumed that the hydration of the
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Portland cement was complete before the ponding commenced due to the 28 days of 

curing given to these specimens.

A Jenway 4010 conductance meter (Jenway, 1988), as shown in Figure 4.9, was used 

to measure the conductance across the pairs of electrodes 1-2, 3-4, 5-6 and 7-8 

shown in Figure 4.8. The conductance measurements were determined weekly during 

the 60 week ponding period. The conductance values were inverted to give the 

resistance across the electrodes in the concrete. In order to identify the relative 

changes in the resistance in the concrete during the ponding period, the resistance 

readings across each pair of electrodes taken at any week (Rj) were divided by the 

initial resistance at the same electrodes (Ro), as discussed by McCarter et al. (1995). 

This ratio of change in resistance will be discussed in detail in Chapter 7.

4.6.4.4 Determination of the chloride profile

After the 60 weeks ponding period, two of the test specimens were used to determine 

the chloride profile, for calculating the apparent diffusion coefficient.

Extraction of concrete dust samples

To identify the depth of penetration of the chlorides and, thus, the depth up to which 

dust samples had to be extracted, one corner of the specimens was broken and 

sprayed with a 0.1M silver nitrate solution. The area where chlorides were present 

was identifiable by a light whitish colour while the concrete not containing chlorides 

had a dark colour. The silver nitrate test showed that in most specimens chlorides 

were present within the top 40 mm of concrete. Therefore, 40mm was selected as the 

maximum depth at which the dust samples were collected for all the specimens. The 

extraction of concrete at different depths was made using a profile-grinding 

technique. This technique is increasingly used for this purpose, due to its high



precision in collecting the dust samples at small incremental depths from the surface

of the concrete (Nilsson et a\. 1996). A portable instrument marketed by Germann 

Instruments (1998), shown in Figure 4.10, was used to grind the concrete at 0.5 mm 

intervals down to a depth of 40 mm. After grinding each incremental depth of 0.5 

mm, the dust was either collected and stored in airtight bags for analysis, or removed 

by vacuuming, to prevent any contamination of samples between different depths. 

The dust for the chloride analysis was collected from 1 mm depths at every 5 mm 

intervals, i.e. 0-1 mm, 5-6 mm, 10-11 mm, down to 40-41 mm.

Determination of the chloride content

The acid soluble chloride content of the extracted concrete powder was obtained 

using the procedure outlined in BS 1881: Part 124: 1988. The acid soluble test 

measures the total ehloride content (free and bound chlorides). A detailed description 

of the test procedure used is given below:

i) Five grains of concrete powder were weighed in a clean glass beaker.

ii) Fifty milli-litres of distilled water was added to disperse the powder.

iii) Ten milli-litres of concentrated nitric acid was added.

iv) Fifty milli-litres of hot water was added.

v) The beaker was covered and boiled for 4-5. The contents of the beaker were

stirred occasionally.

vi) The covered beaker was allowed to cool for 15 minutes

vii) The contents of the beaker were centrifuged to separate the solids from the

liquid. The liquid was then poured into a clean beaker.

viii) The beaker containing the liquid was weighed. This was necessary in case 

any evaporation had occurred during the boiling process, affecting the 

chloride concentration.
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ix) The chloride concentration of the liquid in the beaker was measured using ion 

selective electrodes.

The ion selective electrodes used to determine the chloride concentration were not 

recommended by their manufacturer, Orion, for use in very acidic solutions. 

Therefore, a known quantity of sodium hydroxide was added to the liquid to raise the 

pH, to enable the chloride concentration to be measured using the ion selective 

electrodes. The electrodes were frequently calibrated in standard chloride solutions 

as described in section 4.6.2.3. The volume of sodium hydroxide added to the liquid 

was accounted for in the calculation of the actual chloride concentration in the 

concrete sample. The concentration in ppm was converted to a percentage with 

respect to the mass of cement in the original mix proportions using the following 

equation.

Where,

%cl

x

V

Q

R

(4.4)

percentage chloride content by weight of cement

ion selective electrode reading (ppm)

total volume of liquid in beaker (chloride solution and sodium

hydroxide solution)

Quantity of concrete dust used in the analysis (5 g)

Ratio of cement used in original mix (e.g. For Mix 4 concrete the 

cement content was 436.9 kg/m3 and the sample density was 2423 

kg/m3, therefore, R= 436.9/2423 = 0.180)
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The chloride contents were plotted as a function of depth to give a chloride profile 

for each mix. This profile was used to calculate the apparent diffusion coefficient 

using the error function solution of Pick’s 2mi Law of Diffusion.

Where,

C(x,t)

C,

Cs

Dapp

erfc

C(XJ) = c, + (Cs - C, )erfc
( \ x

V4,Z)w
(4.5)

chloride profile i.e., the chloride concentration of the concrete at 

depth, x (cm), from the exposed surface at the time, t (36288000 s), 

since the chloride exposure started

initial chloride concentration of the concrete (taken as zero) 

chloride concentration of the concrete surface (mol/cm3) 

apparent diffusion coefficient (cm2/s) 

error function complement, found in mathematical handbooks

The approximate form of this equation using the method outlined by Poulsen (1990) 

is discussed in detail with a worked example in Chapter 7.
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0.05M Ca(C)H), 
in distilled waterTimber rail to support 

diffusion eells

Volume = 475 cm-

74 mm
Level of 
solution

Silieone sealant 
Conerete specimen

Perspex
support 0.55 M NaCI + 0.05M Cat OH),

Bottom of plasdc tank

Figure 4.2 Schematic representation of the normal diffusion cell test

Figure 4.5 Normal diffusion cells in a tank of containing the chloride source
solution
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Power supply

Mild sled 
anode

Distilled
water

Distilled
water

Chloride 
source solution

Stainless steel cathode — Plastic mesh

Figure 4.4 Schematic representation of the ‘multi-cell’ chloride migration
test set-up

Figure 4.5 ‘Multi-cell' chloride migration test



AnodeCathode

‘downstream’ cell 
containing 

distilled water
containing NaCl 

solution

Test specimen 
encased in wax

Clamping bolts

Figure 4.6 Schematic representation of the ‘two-compartment’ 
chloride migration test

Figure 4.7 ‘Two-compartment’ chloride migration test
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Detail A: Position of electrodes 
( 1 to 8 indicates electrodes)

Figure 4.8 Concrete slab containing embedded electrodes used in
chloride ponding test
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Figure 4.9 Measuring resistance of embedded electrodes using the
conductivity meter

Figure 4.10 Profile grinding instrument used for extracting concrete
at dit'foreni depths 
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5 Development of an in-situ chloride 

migration test

5.1 Introduction

In chapter 3, the need to develop a test that can determine the chloride diffusivity of 

concrete on site was established. It was concluded that amongst the various methods 

available to determine the chloride diffusivity of concrete, the steady state migration 

test seemed to be the most suitable technique that could be developed for in-situ use.

This chapter describes the development of a new apparatus to determine the chloride 

diffusivity of concrete on site. The test is referred to as an in-situ chloride migration 

test.

5.2 Design and development of the in-situ chloride 

migration test apparatus

The design requirements of the proposed test were drawn from those required for an 

in-situ test, while satisfying the fundamental principles of the standard chloride 

migration test (i.e. steady state flow of chloride ions through the concrete disc under 

test).

1. The design features required for an in-situ test are as follows:

i) It should be portable and sufficiently robust.

ii) It should be easy to operate and should not require skilled personnel.

iii) It should involve an acceptable test duration.
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iv) The aesthetics or service life of the structure should not be adversely affected 

by the test.

2. The proposed test must have two cells, an ‘upstream’ cell, which contains the 

chloride source solution and a ‘downstream’ cell, to which the chlorides are 

transported after migrating through the concrete. The two cells must be placed on 

the concrete surface, separated by the concrete to be tested.

3. The rate of migration of chloride ions between the two cells through the concrete 

and, hence, the test duration, depends on both the intensity of the applied voltage 

and the arrangement of the cells. Therefore, the geometry of the cells and the 

position of the electrodes in the cells must be considered as design parameters.

4. The test should measure the chloride diffusivity of a representative volume of 

concrete. Again, this would depend on the arrangement and geometry of the cells 

and the layout of the electrodes.

5.2.1 Principle of design

5.2.1.1 Preliminary design

The preliminary investigations into the in-situ chloride migration test were conducted 

by Monaghan (1993). The test set-up shown in Figure 5.1 consisted of two surface 

mounted cells, one containing the chloride source solution and the other the neutral 

solution. The potential difference was applied across stainless steel electrodes in each 

cell.

Monaghan (1993) found that by regularly monitoring the chloride concentration in 

the neutral solution, it was possible to observe a steady state migration of chlorides

130



between the two cells. However, Monaghan (1993) identified several problems with 

the design:

• Due to the positioning of the two cells on the concrete surface, the chlorides 

would migrate through the concrete in different directions. This would make it 

difficult to estimate the flow path taken by the chloride ions, and, thus, calculate 

a migration coefficient.

• The test duration was considered to be prohibitive for in-situ applications due to 

the distance the chloride ions had to migrate through between the two cells.

• The apparatus consisted of two separate units, which involved expertise to ensure 

they were placed in the same relative position every time.

5.2.1.2 Initial design of the in-situ chloride migration test (Mark I)

Based on the preliminary investigations by Monaghan (1993) and from the review of 

literature, the initial design was chosen. A conceptual drawing of the initial design of 

the in-situ chloride migration test (Mark I) is shown in Figure 5.2.

Cells

Two cylinders, of different diameters, concentrically placed on the concrete surface 

were chosen to be the cell arrangement. Here, the cylinder with the smaller diameter, 

the inner cell, acted as the ‘upstream’ cell containing the chloride source solution and 

the annular region between the two cylinders, the outer cell, acted as the 

‘downstream' cell. This arrangement meant that the chlorides would migrate between 

the cells through the near surface concrete.

Electrodes

In the standard chloride migration tests reviewed in Chapter 3, the placement of the 

electrodes varied between researchers. Zhang and Gjorv (1995a) and McGrath and
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Hooton (1996) used mesh eleetrodes with an area similar to that of the concrete and

were placed parallel to the concrete surface. However, Andrade and Sanjudn (1994) 

used circular steel rods, with a much smaller area than the concrete surface. No 

significance was attached by the authors to the effect of the exact shape and location 

of the electrodes on the test results. In the absence of this data, it was considered 

logical to place the electrodes relatively close to the test surface so that the potential 

loss across the solution would be a minimum. Therefore, the electrodes in the cells 

were placed close to the concrete surface, with the electrode in the outer cell annular 

shaped. This would result in an axi-symmetric flow of chloride ions from the inner 

cell through the concrete into the outer cell.

It was imperative that chlorine gas was not evolved during the test, which, if formed, 

would yield an erroneous test result. In order to ensure this, the electrodes were 

chosen to encourage active anode dissolution (Andrade, 1993), a requirement not 

considered by Monaghan (1993).

Measuring the chloride transport

For this arrangement of the cells and the electrodes, by applying an electrical 

potential across the electrodes, the negatively charged chloride ions would migrate 

towards the positive electrode in the outer cell, through the near surface concrete. 

The measurement of the chloride concentration in the outer cell would enable the 

How rate of the chloride ions through the concrete to be determined which would be 

the basis for determining the migration coefficient.

132



5.2.2 In-situ chloride migration test (Mark I)

5.2.2.1 Description of the apparatus

Details of the in-situ chloride migration test (Mark I) are presented in Figure 5.3 and 

a photograph of the apparatus is shown in Figure 5.4. With reference to these two 

figures, a brief description of the various parts in given below.

Base Plate

The 12 mm thick base plate was made from perspex. This base plate isolated an area 

of 19.6 cm", for the chlorides to leave the inner cell and enter the concrete and an 

area of 92.2 cm2 for the chlorides to arrive in the outer cell after migrating through 

the concrete. The 4 mm thick rubber seals were secured between the base plate and 

the concrete surface by mechanical clamping, cf. Figure 5.4.

Main Unit

The main unit was also constructed from perspex. The 3 mm thick tubing of 55 mm 

length with internal diameters of 50 mm and 120 mm were secured to a perspex 

plate. This created the inner and outer cells, with approximate volumes of 125 cnr 

and 560 cm2 respectively. The main body was fixed to the base plate by three 

mounting screws with the seals provided by 2 ‘O’ rings.

The 5 mm thick perspex lid was used to avoid contamination between the solutions 

and prevent evaporation. The openings in the lid were for securing the anode and 

cathode in place, to allow for replenishment of solutions and to take measurements of 

the chloride concentration.
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Electrodes

Although the electrodes are not strictly the anode and cathode until the application of 

a potential difference, for descriptive purposes, the electrode in the inner cell will be 

described as the cathode and the electrode in the outer cell will be referred to as the 

anode.

The cathode was ‘IT shaped and made from a 10 mm x 3 mm strip of stainless steel 

and was positioned in the inner cell. The annular anode of 100 mm in diameter, 

positioned in the outer cell was made from a 5 mm diameter mild steel rod. The 

anode had an arm of length 65 mm for connecting to the power supply. Due to the 

design of the apparatus, both electrodes were approximately 25 mm from the 

concrete surface.

S.2.2.2 Preliminary Investigations (Exp. 1A)

The main objectives of the Experiment 1A were as follows:

i) To verify if the apparatus would be suitable for use on site.

ii) To assess if the test duration was acceptable.

iii) To find out information about the flow path of the chloride ions in the

concrete.

Details of test specimens

A mix ratio of 1:1.65:3 between cement, sand and coarse aggregate, with a water- 

cement ratio of 0.65 was used. The aggregates used were 10 mm basalt and medium 

graded sand. This mix was selected to help reduce the test duration and, hence, give 

the minimum time required to obtain the test result. Test specimens of size 230 x 230 

x 80 mm were cast. The specimens were removed from the moulds after 24 hours.
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cured in water at 20°C (± 1°C) for three days, followed by aii- storage at 20°C(± 1°C) 

and 55 % (±1%) relative humidity until the age of 28 days. Prior to testing, the 

specimens were immersed in water for a period of 48 hours to saturate them.

Test parameters

The chloride source solution used was 0.55M NaCl. This was the most frequently 

used chloride source solution in the chloride migration tests reviewed as it is similar 

to that of seawater (Buenfeld, 1984). For the neutral solution, distilled water was 

used. The choice of stainless steel as the cathode and mild steel as the anode was to 

prevent chlorine gas evolution. The potential difference used was 60V dc.

Test procedure and measurements

The perspex base plate was secured to the concrete surface by mechanical clamping 

(Figure 5.4). The main unit was then bolted onto the base plate. The anode and 

cathode were then inserted and the lid put in place. The 0.55M NaCl chloride 

solution (125 cm3) was poured into the inner cell, and distilled water (560 cm3) was 

poured into the outer cell. The electrodes were connected to a power supply and the 

voltage adjusted to 60 V. The test commenced when the power was switched on.

Throughout the test, the concentration of the chloride ions in the outer cell was 

measured using the ion selective electrode method. The current flowing in the system 

and the temperature of the distilled water in the outer cell were also monitored 

throughout the test (as discussed in Chapter 4 for the standard chloride migration 

tests). At the end of each test, the test specimens were split into two and the freshly 

broken surfaces were sprayed with a 0.1M silver nitrate solution. The whitish 

coloured area containing chlorides was distinguishable from the concrete not 

containing chlorides.
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Results and discussion

Figure 5.5 gives the amount of chloride ions passed into the outer cell during the test. 

After a period of approximately 5 hours, there was a constant rate of increase in the 

chloride concentration. This constant rate of increase indicated steady state 

conditions, where there was a constant rate of transfer of chlorides through the 

concrete between the two cells. The slope of the straight-line portion of the graph, 

determined by regression analysis, would give the amount of chlorides passing 

through the specimen per unit time. This regression value would provide the basis for 

calculating the migration coefficient as a measure of the chloride diffusivity.

The test was run for approximately 30 hours. This was to identify the duration of the 

steady state flow of chlorides. The test duration could have been shortened by taking 

fewer chloride concentration measurements. In the proposed test, the test duration is 

the time period required to collect a sufficient number of concentration 

measurements during the steady state conditions in order to obtain the regression 

analysis to an acceptable degree of accuracy.

The concentration graph presented in Figure 5.5 is a typical example of all the 

concentration graphs from the proposed test collected during this research.

Measurements of the current flowing in the system were made throughout the test

duration. The objective was to see if a correlation existed between the current flow

and the transfer of chloride ions between the cells. The current graph is presented in

Figure 5.6. On commencement of the test, the current flowing was 95 mA. This

initial value was dependent on the pore structure and pore solution composition of

the concrete (Buenfeld and Newman, 1987). This value would have been much lower
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had the test area not been pre-saturated with water. As the test proceeded the current 

increased until a peak value of 185 mA at approximately 5 hours. This corresponds 

to the start of the steady state condition in the concentration graph. This would 

indicate that the increase in current was caused by the movement of a chloride front 

through the concrete. After this current peak, the current fluctuated and decreased 

slightly for the remainder of the test. This trend was found to happen in all the 

migration tests conducted throughout this research. Although the current 

measurements are not required for the calculation of the migration coefficient, they 

are beneficial for estimating the start of steady state conditions, at which point the 

chloride concentration in the outer cell can be measured more frequently.

A possible explanation for the shape of the current graph can be given in terms of the 

pore solution ions in the concrete. The current measurement is influenced by all the 

ions in the system. The current peak may be as the result of the chloride ions and the 

pore solution ions. During the steady state flow of chlorides, the counter migration of 

pore solution ions may have reduced the ability of the pore solution to conduct 

electricity (Arup, 1993). The reduction in current could also indicate an increase in 

the physical resistance of the concrete to current flow, possibly caused by 

modifications of the pores by chloride binding (Streicher, 1996).

The temperature in the outer cell was monitored throughout the test and is presented 

in Figure 5.7. The temperature increased from 17 0C at the start of the test to 20°C at 

the start of steady state conditions (5 hours) and increased gradually to 23°C towards 

the end of the test. In calculations of the migration coefficient (in later sections), 

where temperature was included as a variable, the average temperature during the 

steady state was used.
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As the temperature was measured in the outer cell solution, it may not be as high as 

that in the concrete itself, as the concrete may act as a heat sink (Whiting, 1981). 

This may not be found in the standard chloride migration tests, where the test 

specimen is a small concrete disc.

Figure 5.8 shows the test specimen after it had been split and sprayed with a 0.1M 

silver nitrate solution. The semi-circular pink region indicated the presence of 

chloride ions in the concrete down to 35 mm. This would suggest that the chloride 

ions did not simply take the shortest flow path close to the surface between the two 

cells. However, the amount of chlorides flowing through the concrete at different 

depths may be different.

Concludintz Remarks

The following conclusions were made from Experiment 1A:

1. The apparatus was found to be robust and relatively easy to set-up and operate. 

The most difficult part of the set-up procedure concerned the seals between the 

cells. Applying the correct pressure, especially to the inner seal was difficult and 

required the use of skilled personnel.

2. Results showed that a steady state flow of chlorides through the concrete 

occurred after 5 hours. Although this result was for one concrete mix and one 

voltage, it showed that the test could be conducted within a short period of time.

3. The silver nitrate test highlighted the presence of chlorides down to a depth of 

35 mm. This showed that the chlorides migrated through a representative test 

area of concrete and not just close to the surface.
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5.2.3 Modified in-situ chloride migration test (Mark II)

The Experiment 1A highlighted several problems with the initial design of the

apparatus:

1. The main body of the apparatus was found to have adequate robustness to be 

fixed directly onto the concrete surface, eliminating the need for a base plate. 

This would ease the set-up of the apparatus, enable the electrodes to be 

positioned closer to the concrete surface and, also, reduce the possibility of leaks 

occurring between the cells, as two seals are being removed from the system.

2. It was found with the initial design that it was more difficult to get a seal with the 

rubber seals between the base plate and the concrete surface compared with the 

small ‘O’ rings between the main unit and the base plate. This was considered to 

be the result of the size of the area of the seal in contact with the concrete. The 

smaller the contact area, the less pressure was required to provide a watertight 

seal. However, small ‘O’ rings are not suitable for concrete surfaces which may 

be rough. Therefore, in the modified design, an intermediate size seal was used. 

This would enable a watertight seal to be achieved yet the seal would be 

sufficiently thick for rough surfaces.

3. By clamping the base plate to the concrete at the outer edges and also securing 

the main unit to the base plate by three screws (Figure 5.4), the same pressure 

was not applied to the outer and inner seals. Therefore, in the modified design 

sufficient pressure should be exerted on both seals.

4. The inner cell containing the sodium chloride solution had a relatively small 

volume. To avoid replenishing this cell during the test, the volume should be 

increased. This would be achievable by increasing the height of the inner cell. 

This would also reduce the risk of cross contamination between the cell.
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These features were incorporated in the design of the modified in-situ chloride 

migration test.

5.2.3.1 Description of the modified in-situ chloride migration test (Mark II)

3-D model drawings and a photograph of the modified in-situ chloride migration test 

(Mark II) are presented in Figure 5.9 and 5.10 respectively. The detailed design 

drawings of the apparatus are included in Appendix AT

Main unit

The inner cell was made from 5 mm thick, 58 mm internal diameter perspex tubing. 

The height of the cell was 90 mm, giving an approximate volume of 235 cm\ The 

outer cell was made from 3 mm thick, 144 mm internal diameter perspex tubing. The 

height of the outer cell was 55 mm, giving an approximate volume of 725 cm3. Both 

cells were secured to a perspex plate, giving a contact area of 19.6 cm2 in the inner 

cell and 100 cm2 in the outer cell.

The sealing rings were made from 4 mm thick rubber. The width of the rings was 6 

mm. This was much smaller than that used in the preliminary apparatus and required 

a reduced pressure to provide a watertight seal.

Clampintz bracket

To ensure that adequate pressure was applied to both sealing rings, a clamping 

bracket was used. This bracket was made from steel for its good properties of 

strength and rigidity. The bracket would seal the outer ring by pressure exerted by 

mechanical clamps. The inner ring would be sealed by tightening the wing nuts on 

the clamping bracket.
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Lids for the main unit

The lid for the inner cell was made from 10 mm perspex sheeting. This thickness was 

required to ensure that adequate force was transmitted from the clamping bracket to 

the inner sealing ring. The outer lid was made from 5 mm perspex, and made in two 

halves. This meant that the outer lid could be removed at any stage of the test and 

was not restricted by the bracket.

Electrodes

The details of the electrodes are not included in this section as they varied between 

different sets of test. However, the precise details of the anode and cathode used in 

all tests will be given in the relevant sections later in this thesis.

5.2.3.2 Method of operation of the modified apparatus

The procedure used to set-up a test with the modified apparatus is given below:

i) The concrete was pre-saturated and any dirt present on the test surface was 

removed.

ii) The main unit of the apparatus with both rubber seals in place was placed on 

the concrete surface.

iii) The anode and cathode were placed in the respective cells.

iv) The lids were placed onto the cells.

v) The clamping bracket was placed over the main unit and secured by 

mechanical clamping which sealed the outer rubber ring.

vi) The wing nuts on the clamping bracket were tightened to seal the inner rubber 

ring.

vii) The solutions were added to the respective cells.

viii) The electrodes were connected to a power supply.
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This set-up proved to be a simple procedure, not requiring the use of skilled 

personnel. The set-up time for the new apparatus was approximately five minutes.

5.3 Calculation of a migration coefficient

5.3.1 Introduction

For calculating the chloride diffusivity of concrete from steady state migration tests, 

the Nernst-Planck equation (or the Einstein Relation) is generally used, as described 

in Chapter 3. For convenience, the general form of the Nernst-Planck equation, 

neglecting the effect of diffusion and convection is given below:

Where,

J

D

F

c =

R

T

dE/dx =

V

A

dc/dt =

J =
P zFc dE 

~RT~dx

Also, V dc 
A dr

flux of chloride ions (mol/cnTs) 

migration coefficient (cm2/s) 

valency of chloride ions (-1)

Faradays Constant (9.65x104 c/mol)

concentration of chloride solution (mol/cm3)

gas constant (8.31 J/K.mol)

absolute temperature (K)

electric field across specimen (V/cm)

volume of collecting cell (cm3)

transmission area (cm2)

steady state migration of chlorides (mol/cm3s)

(5.1a)

(5Ab)
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For a specific test, the parameters, z, F and R are constant, and the parameter c, has a 

unique value, thus equation (5.1) can be written as:

(5.2a)

and J = — 
A

(5.2b)

Where,

a zFc/R

Q V.dc/dt = total flow of chlorides through the specimen (mol/s)

In a standard chloride migration test, by measuring the steady state flow of chloride 

ions, <2, and the temperature, 7, and knowing the How length, L (from which dE/dx 

can be obtained) and the transmission area. A, the migration coefficient can be 

obtained. In this context, the following features of the proposed test need to be 

considered.

As illustrated in Figure 5.8, the How of chlorides takes place during a test down to a 

depth of 35 mm. However, it can be argued that all the chlorides are not transported 

through the concrete at the same rate. Nearer to the surface, where the flow lines are 

shorter, the electric field driving the chlorides will be large, whereas deeper in the 

concrete, where the flow lines are longer, the electric field will be small. That is, the 

electric field in the concrete will not be uniform in the region through which the 

chlorides are transported.

As a consequence, although the rate of flow of chlorides is constant once a steady 

state is reached, there is a need to define an appropriate value of L and A. The

approach used here is to consider an average flow length, L and an average area, A
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through which chlorides are transported in order to determine an effective migration 

coefficient for the zone of concrete that transported the chlorides. Therefore, the 

variation in flow with depth from the surface is taken into account by averaging it 

over the depth.

5.3.2 Theoretical basis

The total flow of chlorides between the cells has been approximated by the flow 

through a tapered region, as illustrated in Figure 5.11. The chlorides migrate from the 

inner cell, through an area A], travel through the concrete and arrive in the outer cell, 

through an area A2. Here, the area of inflow and outflow. A! and A2 respectively are 

known from the geometry of the cells. The average area (A) that the chlorides 

migrate through can be considered to be the average of A| and A2, i.e. (Aj + A2)/2. 

As there is a steady state flow, the total flow of chlorides leaving the inner cell, Q 

will be the same as the total flow of chlorides arriving in the outer cell. The average 

distance (L) travelled by the chloride ions through the concrete is the unknown 

parameter.

The parameter L can be determined by considering the inflow and the outflow 

through a section of concrete, as shown in Figure 5.11. In this figure the total flow of 

chlorides through the inner cell is the same as that through the outer cell. That is, the 

total flow of chlorides through the section is also equal to Q. Therefore, from a 

consideration of the flow of chlorides through a small section of concrete of 

thickness 8x, a differential equation of the flow of chlorides can be derived (Full 

details of the derivation are presented in Appendix A2).
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The governing differential equation for the flow of ehloride ions through a tapered

region is given as:

clA cU
J — +/\— = 0 

dx dx
(5.3)

Knowing that from equation (5.2a),

and from geometry,

J =-D a dE 
T dx

A = A +
{A, -A.)x

dA _A1- A, 
dx L

Therefore, equation (5.3) beeomes:

d2E | (A2 - A,) dE
dx2 AXL+ (A2 - A, )x dx

(5.4)

(5.5)

Integrating the 21K| order differential equation (5.5) gives:

E{x) = D, +
D2 Log [a, L + (A, — A )^]

(A - A)
(5.6)

Where Dj and D2 are the constants of integration.

Applying the boundary conditions to equation (5.6): Potential E at A|, E(0) = Ej and 

Potential E at A2, E(L) = E2, enables the constants of integration Di and D2 to be 

determined:
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(5.7)q - £ (Ex-E2)LogA,L
1 ' Log{^L) - Log(AiL)

D {A-\)(E{-E2)
2 Log (AD-Log (AL)

Substituting equations (5.7) and (5.8) into equation (5.6) and differentiating gives:

— = ~ (El - E2)(A2 - A) (5 9)

dx [Log(AE) - Log(AE)]iA[L +(A ~ A)x]

Substituting equation (5.9) into the Nernst-Planck equation (5.2a) gives the following 

equation, which enables the average flow distance travelled by the chloride ions (L) 

through the concrete to be determined.

a 'a T
lq = d-(d-e2)(a-A) Log A

\ L
(5.10)

Where,

L

Q

D

a

T

(E, - E2)

A,

A2

average How length of the chloride ions (cm)

total flow of chlorides through the concrete (mol/s)

migration coefficient (cm2/s)

zFc/R = constant (mol. K/cm\V)

average temperature during the steady state (K)

potential difference (v)

area of inner cell (cm2)

area of outer cell (cm2)
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Therefore, in the in-situ chloride migration lest, the average values for L and A can 

be established. This would mean that with the proposed test, by measuring the steady 

state flow of chlorides, dc/dt, a migration coefficient could be determined as a 

measure of the chloride diffusivity of the concrete.

Equation (5.5) has been solved for the determination of L, experimentally and by 

using a finite element model. The details of each method will be discussed next.

5.3.3 Experimental determination of L (Exp IB)

5.3.3.1 Introduction

In equation (5.5), the parameters, Ei, E2, A, and A2 are known. The parameter a 

(z.Fc/R) has a unique value for a specific test. Therefore, the unknown parameters are 

L, Q, T and D.

The value of Q can be determined by measuring dc/dt, the change in chloride 

concentration in the outer cell, during the steady state conditions. The value of T can 

be determined by measuring the temperature in the outer cell. The value of the 

material property, the migration coefficient D can be determined from a standard 

chloride migration test (one-dimensional flow through a concrete disc). The 

assumption being, that if all the test variables are constant, both tests would give the 

same value of the migration coefficient. This would enable the parameter L to be 

determined.
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5.3.3.2 Details of test specimens

Three mixes were used in this experiment. They were the mixes designated Mix 2, 4 

and 7 in Table 4.2. Mix 2 had a water-cement (w-c) ratio of 0.45, and an aggregate- 

cement (a-c) ratio of 3. Mix 4 had a w-c ratio of 0.55 and an a-c ratio of 4. Mix 7 had 

a w-c ratio of 0.65 and an a-c ratio of 5. These mixes were selected to give a range of 

concrete quality and to check if the value of L, the average flow length of the 

chloride ions, was independent of the concrete quality.

The materials used were as described in Chapter 4. The curing regime was 3 days in 

water (20 ± 1°C) and 25 days in air (20 ± 1°C and 55 ± 1% RH). Test specimens of 

230 x 230 x 80 mm were used for the in-situ chloride migration test. Prior to testing, 

the sides of the specimens were coated with Sikaguard 680 Icosit concrete cosmetic 

acrylic paint in order to ensure the specimens remained saturated throughout the test. 

For the standard chloride migration tests, 100mm cores were removed from 300 x 

300 x 80 mm size slabs. A 20 mm slice was removed from the end of the core in 

contact with the casting mould and used as the test specimen. The test specimens for 

the two tests were cast from the same batch of concrete.

5.3.3.3 Test variables

The test variables were the same for both the standard chloride migration test and the 

in-situ chloride migration test. This was imperative, as the main assumption was that 

the migration coefficient would be the same in the two migration tests.

A 0.55M NaCl solution was used as the chloride source solution, with distilled water 

as the neutral solution. In the in-situ test, a 5 mm diameter stainless steel rod shaped 

as an ‘L’ was used as the cathode, with a 5 mm diameter mild steel rod, shaped as a
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ring used as the anode. In the standard chloride migration test, a stainless steel plate 

was used as the cathode, with a 5 mm diameter mild steel rod shaped as an ‘L’, used 

as the anode, ch Figure 4.4. The applied electrical potential was 30 V.

5.3.3.4 Test measurements

In both tests, the chloride concentration in the downstream cell was monitored 

regularly using chloride ion selective electrodes. The temperature in the downstream 

cells was also monitored.

5.3.3.5 Results and discussion

The results of experiment IB, to determine the value of L are presented in Table 5.1. 

Examples of the calculations are presented in Appendix A3.

From the standard chloride migration test, by measuring the steady state flow of 

chlorides through the concrete and the temperature in the downstream cell, the 

migration coefficients were determined. The average migration coefficient for mix 2 

(w/c = 0.45: a/c = 3) was 1.05x1 O'8 cm2/s, mix 4 (w/c = 0.55: a/c = 4) was 1.29x1 O'8 

cm2/s and mix 7 (w/c = 0.65: a/c = 5) was 1.47xl0‘8 cm2/s. It was not necessary to 

include correction factors for ionic interaction or potential drop, as they would not 

affect the value for L.

In the in-situ chloride migration test, by measuring the chloride concentration in the 

outer cell, the total How of chlorides (Q) was determined. The total flow of chlorides 

through the concrete of mix 2 was 1.3xl0"4 mol/s. This increased to 1.54xl0'4 mol/s 

for mix 4 and 1.76xl()'4 mol/s for mix 7. The average temperature T, of the solution 

in the outer cell was also determined for each mix. The parameter a (zFc/R) was
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determined by substituting for the constant terms z, F and R and the value of c, the 

concentration of the chloride source solution (0.55M).

Knowing the value of D, Q, T and a, the average flow length of the chloride ions in 

the in-situ test, L, was calculated using equation 5.8. The values of L for the three 

concrete mixes were 2.73 cm, 2.72 cm and 2.7 cm, see Table 5.1. These values are 

very similar and show that the concrete quality has no effect on the average distance 

travelled by the chloride ions in an in-situ chloride migration test. The average of 

these three values was 2.72 cm (2.716 cm). This can be considered to be the average 

distance that the chloride ions migrate through concrete between the two cells.

5.3.4 Determination of L by finite element modelling

5.3.4.1 Introduction

The flow of chlorides through the concrete under an electrical potential in an in-situ 

chloride migration test is analogous to the flow of electrical current through a 

material with a given conductivity under an electrical potential. This is a typical 

potential problem, where the distribution of the potential is governed by Poisson’s 

equation. In cases where the boundary conditions are not straightforward, the finite 

element method provides an effective technique for obtaining accurate solutions. 

Therefore, the finite element method has been used to predict the potential field in 

the concrete during the in-situ chloride migration test. Thus, establishing the 

potential field and the material property, the conductivity, the total flux, Q passed 

through the region can be determined and the parameter L calculated from equation 

(5.8).
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S.3.4.2 Model description

The flow of electrical current through the concrete was modelled using a finite 

element package, ABAQUS. It was assumed that the concrete was a homogeneous 

and isotropic material. The flow of chlorides between the cells in an in-situ chloride 

migration test is axi-symmetric as shown in Figure 5.12. Therefore, only the region 

AEFJ needed to be modelled, using eight noded axi-symmetric elements as marked 

in Figure 5.13.

Material properties

The value of conductivity for the concrete in the model was arbitrarily chosen as 

1 Siemens/cm. This value may appear unrealistic as Whittingham et al. (1981) 

quoted that the conductivity of moist concrete was typically 3xl()'4 Siemens/cm. The 

value of the conductivity chosen will influence the flow of current, Q, but not the 

average flow length L.

Boundary Conditions

In the model it was assumed that the boundary DEFJ in Figure 5.12 was 

impermeable, i.e. there was no flow of electrical current by ionic conduction of the 

chloride ions at this boundary. Also, the symmetry conditions along AJ required that 

there was no flow of chlorides across this line.

The potential difference used in the model was 30v, the same as that used in the 

experimental determination of L. Therefore, the value of potential along AB was set 

to zero and the value of potential along CD was set to 30 V.
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S.3.4.3 Model analysis

Finite element analysis was used to solve the Poisson’s equation using the heat 

transfer facility in ABAQUS, which has a similar analogy to the flow of electrical 

current under an electrical field. The program solved Poisson’s equation for the 

electrical potential distribution in the concrete and a contour plot of the potential 

field is shown in Figure 5.13. The flow of electrical current was then determined 

element by element in the model. The total flow of current along the boundary of the 

inner cell or the outer cell was obtained by integrating the flux along either boundary.

5.3.4.4 Results and discussion

Figure 5.13 shows a contour plot of the potential variation through the concrete, with 

different colours marking the lines of equal potential or equipotential line. The 

equipotential lines are closely spaced close to the concrete surface, where the 

distance between the prescribed potential was small, whereas they are more widely 

spaced deeper in the concrete. The flow of current will be largest when the 

equipotential lines are closely spaced. The current flow from the inner cell will be 

largest near to the point B in Figure 5.13 and reduce nearer the centre of the inner 

cell. The flow through the outer cell will be largest near to point C and reduce further 

away from the inner cell as the equipotential lines are more widely spaced.

The total flow along each of the boundaries U1 and U3 in Figure 5.13 was 

determined to give the total flow through the inner cell and outer cell respectively. 

The flow was 291 A/cm2 through the inner cell and 302 A/cm2 through the outer cell. 

The two values were similar, with the slight difference probably caused by 

inaccuracies in the mesh design. The average of the two values was taken to be the 

flow of electrical current through the concrete, which yielded a value for Q of

152



297A/cm2. This value of Q was substituted into equation 5.8, knowing that the 

material property (Da/T) was 1. This gave a value for L of 5.0 cm.

5.3.5 Concluding remarks

The value of L obtained experimentally was 2.72 cm whereas the value of L obtained 

from the model was 5.0 cm. The refinement of the finite element model close to the 

surface, where the majority of flow occurred, may have gave an average flow length 

in closer agreement to the experimental value. As the experimental value of L (2.72 

cm) was repeatable for 3 different concrete mixes, it was concluded that this value of 

the average flow length of the chloride ions through the concrete should be used in 

the in-situ chloride migration test. Therefore, this value has been used in all 

subsequent calculations of a migration coefficient from the proposed test.

5.4 Use of the in-situ chloride migration test to

determine the chloride diffusivity of concrete 

(Exp 1C)

5.4.1 Introduction

The aim of this experimental programme was to assess the usefulness of the 

proposed in-situ chloride migration test for determining the chloride diffusivity of 

concrete. The specific objectives of this experiment were:

i) To assess the performance of the proposed test against the more established 

standard chloride migration test.

ii) to establish the effectiveness of the migration test as a measure of the chloride 

diffusivity by comparing with the normal diffusion cell test.
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5.4.2 Experimental details

Specimen details

Eight Portland cement concrete mixes were used. The details were given in Table 

4.2. The curing regime used was 3 days in water (20 ± 1°C) and 25 days in air 

(20 ± 1°C and 55 ± % RH). The size of specimens for the standard chloride migration 

tests and the normal diffusion cell tests were 100 mm diameter circular discs of 20 

mm thickness. Specimens of 230 x 230 x 80 mm were used for the in-situ chloride 

migration tests.

Test variables

For all tests, a chloride source solution of 0.55M NaCl was used, with distilled water 

as the neutral solution. In the normal diffusion tests, saturated Ca(OH)2 was added to 

both solutions to prevent leaching of Ca(OH)2 from the test specimens. In the 

migration tests, the anode and cathode were mild steel and stainless steel 

respectively. However, the grade of mild steel used in both tests differed slightly. 

This was not realised until the tests had commenced. Therefore, the results are 

reported, by giving due consideration to any effect this may have on the data.

Test measurements

In the migration tests, the chloride concentration in the ‘downstream cell’ was 

monitored during the test, as well as the temperature and the current flowing through 

the system. The only measurement in the normal diffusion test was the chloride 

concentration in the neutral solution.

5.4.3 Results and discussion

The results from the individual tests will be discussed first and then the relationships 

between the three tests will be discussed.
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5.4.3.1 In-situ chloride migration test

The results from the in-situ chloride migration test have been tabulated and presented 

in Table 5.2. An example calculation is presented in Appendix A4.

By monitoring the chloride concentration in the downstream cell, the steady state 

flow of chlorides through the concrete was observed, (dc/dt). This parameter, allied 

with the average temperature in the downstream cell, (T), enabled the migration 

coefficient to be determined. The migration coefficient for a particular concrete mix 

was an average of three individual tests. The value of the peak current measured 

during the test was also averaged for each concrete mix. The value of the peak 

current was used instead of the average current during steady state conditions, as the 

current fluctuates after the peak value (Figure 5.6). This fluctuation would mean the 

average current was dependent on the time at which the readings were taken and 

thus, may introduce an error in the result.

The migration coefficient, which will be referred to as an in-situ migration 

coefficient (Dm.situ) was calculated using the Nernst-Planck equation (3.16) and from 

a solution of the Einstein relation (3.17). The two equations gave practically the same 

value for the migration coefficient (Table 5.2). Therefore, in all subsequent 

calculation and presentation of migration coefficients, the Nernst-Planck equation 

has been used.

The in-situ migration coefficients in Table 5.2 are plotted in Figure 5.14 and 5.15 to

show the effect of w-c ratio and a-c ratio respectively. Figure 5.14 shows that the

lowest values of Dm.^u corresponded to the lowest w-c ratio and that increasing the

w-c ratio resulted in an increase in Din.situ. This trend is similar to that observed by
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Sugiyama et al. (1996). The changes in D,n.M(U caused by a change in the a-c ratio for 

a given w-c ratio did not follow one specific trend. At w-c ratio of 0.45 and 0.55, a 

decrease in Din.Situ was observed when the a-c ratio was increased, whereas at w-c 

ratio of 0.65, the Dm_Si,u values increased when the a/c changed from 4 to 5, but 

decreased when the a/c was changed from 5 to 6 (Figure 5.15). The differences 

caused by a change in the a-c ratio were small relative to the change in Din.situ due to 

varying the w/c ratio. The effect of mix parameters on the in-situ migration 

coefficient will be discussed in more detail in Chapter 7.

The in-situ migration coefficient for the 8 mixes has been plotted against the average 

peak current in Figure 5.16. This graph shows that there is a very good linear 

relationship (R2 = 0.94) between the steady state flow of chlorides and the peak 

current flowing through the concrete. As discussed in section 5.2.2.1, the increase in 

current during a test was caused by the movement of a chloride front through the 

sample with the peak current occurring when the chloride front had moved through 

the whole sample. At this stage the chloride concentration within the sample had 

reached steady conditions, i.e. constant concentration throughout the sample and the 

start of steady state. Therefore, at the start of steady state conditions the different 

concrete mixes may have had relatively similar pore solution conductivities, which is 

in agreement with observations made by Streicher (1996). This would have resulted 

in the current value being primarily dependent on the physical resistance of the 

concrete to ionic transport, which also controls the in-situ migration coefficient.
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S.4.3.2 Standard chloride migration tests

The results from the chloride migration tests have been tabulated and presented in 

Table 5.3. The coefficient from this test will be referred to as a standard migration 

coefficient (D,mg). A worked example is included in Appendix A4.

The standard migration coefficients have been plotted in Figure 5.17 and Figure 5.18 

to show the influence of w-c ratio and a-c ratio respectively. The range of standard 

migration coefficients found varied from 9.72 x 10"9 cm2/s for Mix 1 to 3.02 x 10"8 

cm2/s for Mix 7. Again, the w-c ratio was the main factor influencing the test values, 

with higher Dnug values observed with increasing w-c ratio (Figure 5.17). The 

influence of the a-c ratio on Dnilg varied between w-c ratios, although generally the 

effect of a-c ratio was small relative to the change in Dinjg due to varying the w-c 

ratio (Figure 5.18).

The migration coefficients have been plotted against the peak current and presented 

in Figure 5.19. This graph shows that there is also a good linear relationship 

(R2 = 0.88) between the steady state flow of chlorides and the current flowing 

through the concrete. As discussed, the steady state flow of chlorides through the test 

samples may have resulted in similar pore solution compositions (Streicher, 1996). 

Thus, the current was a measure of the physical resistance of the concrete to chloride 

transport.

5.4.3.3 Normal diffusion cell tests

The results from the normal diffusion cell tests are presented in Figure 5.20 and 

Table 5.4. The calculated coefficient is referred to as the effective diffusion 

coefficient (De). A worked calculation is included in Appendix A4.
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Figure 5.20 shows the average ehloride coneentration in the downstream cell for the 

8 mixes tested. This graph illustrates the long-term nature of the test. The test 

duration was between 400 and 800 days, depending on the quality of the concrete. 

This duration was necessary to obtain sufficient data for an accurate calculation of 

the effective diffusion coefficient. Although this test is generally regarded as the 

most suitable technique for accurately determining the chloride diffusivity of 

concrete, the long test duration required for the test makes this technique prohibitive 

and not practicable to use.

The effects of w-c ratio and a-c ratio on the effective diffusion coefficient are shown 

in Figures 5.21 and 5.22 respectively. The values of De ranged from 1.1 x 10"8 cm2/s 

to 4.5 x 108 cnr/s. The De values increased with an increase in the w-c ratio (Figure 

5.21), which was in agreement with the findings of MacDonald and Northwood 

(1995). The influence of w-c ratio on De was more pronounced when the a-c ratio 

was 5 instead of 4. The effect of increasing the a-c ratio resulted in a decrease in De 

for w-c ratios of 0.45 and 0.55. However, the a-c ratio had no specific effect on the 

test values when the w-c ratio was 0.65. The effect of mix parameters on the 

diffusion results is discussed in more detail in Chapter 7.

5.4.3.4 Correlation between test methods

Proposed in-situ test and standard chloride migration test

The correlation between the in-situ migration coefficient and the standard migration 

coefficient is presented in Figure 5.23. There is a high degree of correlation between 

the two migration tests (R2 = 0.95), showing that the proposed test can determine the
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chloride diffusivity of concrete on site as accurately as the more established standard 

chloride migration test, which involves the removal of cores.

Proposed in-situ test and normal diffusion cell test

The correlation between the in-situ migration coefficient and the effective diffusion 

coefficient is presented in Figure 5.24. There is an exponential relationship 

(R2 = 0.84) between the two test methods. The effective diffusion coefficients have a 

larger range of values for the 8 mixes tested, compared to the in-situ migration 

coefficients. This was especially evident in Mix 7 (w/c = 0.65: a/c = 5), where the 

effective diffusion coefficient was much larger than the in-situ migration coefficient. 

Table 5.4 shows that one of the three De values determined for Mix 7 was higher 

than the other two values. This may have resulted in the deviation for Mix 7 from the 

observed trend between the tests.

The good relationship between the two test methods shows that the effective 

diffusion coefficient of concrete can be established by conducting an in-situ chloride 

migration test.

Standard chloride migration test and the normal diffusion cell test 

The correlation between the standard migration coefficient and the effective 

diffusion coefficient is presented in Figure 5.25. There is an exponential trend 

between the two data sets (R2 = 0.79). Again, the De value for Mix 7 may have been 

due to an error in one of the three tests conducted. The relationship between the test 

methods for the other seven mixes was good, which shows the effectiveness of the 

migration test as a measure of the chloride diffusivity.
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5.4.4 Conclusions of the usefulness of the in-situ chloride

migration test

The main findings of the experimental programme were:

1. The technique of using a normal diffusion cell test to determine the chloride 

diffusivity requires a very long test duration and may not be a feasible option for 

evaluating the resistance of concrete to chloride ingress on site

2. The proposed in-situ chloride migration test correlated very well with the 

standard chloride migration test. This means that the proposed test, as a rapid 

measure of the chloride diffusivity, is a practicable alternative to removing cores 

and conducting tests in the laboratory.

3. The in-situ migration test correlated well with the normal diffusion cell test, 

showing that the long-term diffusivity of Portland cement concrete on site can be 

determined from a short-term migration test.

5.5 Verification of the flow path of the chloride ions 

through concrete in the in-situ chloride migration 

test (Exp. ID)

5.5.1 Introduction

In section 5.2.2.2, the flow path of the chlorides through the concrete in an in-situ 

chloride migration test was identified by the silver nitrate test, cf. Figure 5.8. This 

'bulb of flow’ corresponded to the flow area at the end of the test. It did not give any 

information about whether a steady state flow had occurred before the chlorides had 

migrated through the whole area of the outer cell.
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The aim of this experiment was to find out the exact flow path taken by the chlorides 

in relation to the flow of chlorides arriving in the outer cell. The area penetrated by 

the chlorides at any given time during the test was investigated in two different ways; 

using the silver nitrate test at different test intervals and by using resistance 

measurements to monitor the flow of chlorides through the concrete.

5.5.2 Silver nitrate test

The flow area of the chlorides through the concrete in relation to the chlorides 

arriving in the outer cell was investigated using the silver nitrate test as introduced in 

section 5.2.2.2. The flow area was determined for different test durations, enabling a 

profile to be established of the area penetrated by the chlorides during the test.

5.5.2.1 Experimental details

The in-situ chloride migration test was conducted on concrete mix 5 (w/c = 0.55: 

a/c = 5) with maximum aggregate size of 10 mm instead of 6 mm. The test variables 

were the same as those used in Experiment (1C), except that the voltage used was 

60 V. The test duration used was 2, 4, 6, 8, 10 and 12 hours. In the tests, the chloride 

concentration was monitored in the outer cell to indicate the start of the constant rate 

of increase in chloride concentration. At the end of each test duration, the specimens 

were split and sprayed with 0.1M silver nitrate.

5.5.2.2 Results and discussion

The photograph presented in Figure 5.26 illustrates the development of the ‘bulb of 

flow’ when the test duration changed from 4 hours to 12 hours. The profile of the 

area penetrated by the chlorides throughout the test is presented in Figure 5.27. For 

each time interval, the dimensions of the flow area are the average of two tests. The 

average chloride concentration in the outer cell during the tests Is presented in Figure
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5.28, where the steady increase in chloride concentration was obtained after a test 

period of 5 hours.

At the start of the steady increase in chloride concentration in the outer cell, the 

chlorides had penetrated to a depth of 20 mm and migrated through the inner half of 

the outer cell as indicated in Figure 5.27. As the test duration proceeded the chlorides 

penetrated deeper and migrated through the whole of the outer cell. However, 

although the flow area developed over the test duration, there was a constant rate of 

increase in the chloride concentration in the outer cell (Figure 5.28).

This shows that a steady increase in chloride concentration in the outer cell was 

obtained before the chlorides had penetrated through the whole area of the outer cell 

and that the flow area changed during the period of testing.

5.5.3 Resistance-ratio measurements

5.5.3.1 Introduction

The electrical resistance of concrete is dependent on the pore structure and the pore 

solution composition (assuming the concrete is fully saturated), (Buenfeld and 

Newman, 1987). The presence of chlorides in the pores could increase the 

conductivity of the pore solution (Nilsson et al„ 1996), resulting in a decrease in the 

electrical resistance of the concrete, assuming that there was minimal chloride 

binding due to the short test duration (Streicher, 1996). Therefore, the electrical 

resistance across electrodes in concrete could identify the flow of chlorides in an in- 

situ chloride migration test.
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Prior to considering the details of the experiment and the presentation of the results, 

the background to using and interpreting resistance measurements as a monitoring 

technique will be given. This is based on the work of McCarter et al. (1995) and 

McCarter et al. (1996) that used resistance measurements to monitor the absorption 

and diffusion of a chloride solution into concrete. Figure 5.29a shows a sketch of two 

electrodes in concrete and the zone of influence of the electric field of the electrodes. 

As the chlorides migrate through the zone of influence of the electrodes, the 

electrical resistance will change as illustrated in Figure 5.29b, assuming there is 

minimal chloride binding or counter migration of pore solution ions. McCarter et al. 

(1995) presented the resistance measurements as a ratio, the resistance (Rj) during 

the test relative to the initial resistance value (Ro). This non-dimensional term can 

quantify the movement of water and chlorides in the concrete. In Figure 5.29a, as the 

chlorides move into the zone of influence of the electric field (Position 1), the 

electrical resistance-ratio should decrease, as shown in Figure 5.29b, due to the 

increased conductivity of the pore solution (McCarter et al., 1996). The electrical 

resistance should continue to decrease as the chlorides continue to migrate through 

the zone of influence (Position 2 in Figure 5.29a). Once the chlorides have moved 

beyond the zone of influence (Position 3), a constant resistance-ratio should be 

obtained if the chloride concentration in the zone of influence remains constant, i.e. a 

steady state flow of chlorides in the vicinity of the two electrodes.

In Figure 5.29b, the slope of the decreasing portion of the graph can indicate the rate 

of movement of the advancing chloride front (McCarter et al., 1995). A steep 

gradient in relation to a shallow gradient would indicate a faster flow of chlorides 

through the concrete in the vicinity of the electrodes. The actual value of the steady

state resistance-ratio can be used as an indication of the quantity of chlorides present.
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The smaller the steady state resistance-ratio, the greater the concentration of 

chlorides in the pores (McCarter et ai, 1996).

5.5.3.2 Experimental details

The Mix 5 ( w/c - 0.55: a/c = 5) test specimens used in Experiment 1C for the in-situ 

chloride migration test contained embedded stainless steel rods, as shown in Figure 

5.30a. The rods were 1.5 mm in diameter and covered with a heat shrinking rubber 

tubing for the entire length, except for 10 mm at the middle of the rod. This was to 

ensure that the resistance measurements were sensitive to changes to the concrete 

within the zone of concrete influencing the test.

The arrangement of the stainless steel rods was based on the area of chloride 

penetration (Figure 5.26), but also to ensure that the concrete around the electrodes 

was representative of the bulk material. The array of electrodes in Figure 5.30a, on 

the left side of the centre line can be considered to be on the right side of the centre 

line as shown in Figure 5.30b, as the flow of chloride ions between the cells is axi- 

symmetric.

5.5.3.3 Resistance measurements

Prior to the commencement of the in-situ chloride migration test, the initial resistance 

readings were taken between pair's of horizontal electrodes (1-2, 3-4 etc. in Figure 

5.30b). The conductivity meter was used as described in Chapter 4. The resistance 

was measured throughout the duration of the test. The in-situ chloride migration test 

was stopped during resistance measurements to ensure that there was no influence of 

the electric potential applied during the test on the resistance readings.
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5.5.3.4 Results and discussion

The variations in the resistance-ratio between the electrodes for concrete Mix 5 

during the in-situ chloride migration test are presented in Figures 5.31 to 5.34.

Figure 5.31 shows the resistance-ratio variation in the electrodes below the centre of 

the inner cell. The resistance ratio for electrode pair 1-2 decreased for 10 hours 

(T=10) from the start of the test, then remained relatively constant until T=25 hours, 

at which time it increased slightly until the end of the test (T=35 hours). This would 

suggest that by T=10 hours, the chloride ions had migrated through the zone of 

influence of the electrodes 1-2. The steady state resistance-ratio that followed 

indicated that there was a steady state flow of chlorides at this level after 10 hours. 

The increase in resistance-ratio towards the end of the test could have resulted from 

the counter movement of pore solution ions reducing the conductivity (Amp, 1993), 

or modifications to the pore structure reducing its ability to conduct an electrical 

current (Nilsson et al., 1996). A similar trend was found for electrode pair 3-4, with a 

steady state resistance-ratio observed after 16 hours, indicating that deeper in the 

concrete a longer time period was required for the flow of chlorides to reach steady 

state. The decrease in resistance between electrodes 5-6 was much smaller and 

continued until approximately 20 hours after the start of the test, at which time it 

increased until the end of the test. This trend would suggest that the concentration of 

chlorides at this depth was smaller, resulting in the smaller change in the resistance- 

ratio, however, steady state flow of chlorides was achieved after 20 hours. At 

electrodes 7-8, the resistance-ratio decreased slightly over the whole test duration 

indicating the presence of chlorides but not a steady state flow of chlorides at this 

depth. There was little change in the resistance-ratio at electrodes 9-10, suggesting

there was little concentration of chlorides at 45 mm depth in the concrete.
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Figure 5.32 shows the resistance-ratio variation in the electrodes at the outer edge of 

the inner cell, with a similar trend observed as in Figure 5.31. The largest change in 

resistance-ratio occurred in the electrodes nearest to the concrete surface (11-12), 

with a steady state flow of chlorides at this level after 10 hours. The change in 

resistance-ratio deeper in the concrete was much smaller, indicating a smaller 

amount of chlorides were transported deeper in the concrete.

Figure 5.33 shows the resistance ratio variation in the electrodes at the inner edge of 

the outer cell. The resistance-ratio for electrodes 21-22 decreased until approximately 

T= 15-20 hours then increased slightly until the end of the test. A steady state 

resistance-ratio was also observed at electrodes 23-24 after 20 hours, although the 

actual change in resistance was much smaller compared to the change in electrodes 

21-22. There was little change in resistance-ratio at electrodes 25-26 and 27-28 

deeper in the concrete. This Figure suggests that a steady state flow of chlorides 

occurred at electrodes 21-22 and 23-24 after approximately 15 and 20 hours 

respectively, with the greater proportion of the flow occurring in the vicinity of the 

electrodes nearest to the concrete surface. By monitoring the chloride concentration 

in the neutral solution using ion selective electrodes, the constant rate of increase in 

chloride concentration in the outer cell was observed after 12.5 hours and remained 

constant until 35 hours. Therefore, it is primarily the chloride flow through the top 20 

mm of concrete which influences the result from an in-situ chloride migration test.

The variations in the resistance-ratio for the electrodes below the outer cell are 

presented in Figure 5.34. The resistance-ratio for the electrodes nearest the concrete

surface (29-30) decreased from the start of the test until approximately 15 hours then
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increased slightly until the end of the test. This would indicate that a steady state 

flow of chlorides occurred in the vicinity of these electrodes, but the actual flow was 

smaller than at the other electrodes near to the surface (1-2, 11-12, and 21-22). The 

resistance-ratio at the other electrodes under the outer cell decreased slightly over the 

test duration, indicating the presence of small quantities of chlorides.

The trends observed in these figures would suggest that the greater proportion of the 

chlorides migrated within the top 20 mm of the concrete. The flow of chlorides 

deeper in the concrete contributed little to the chloride concentration measured in the 

outer cell. A decrease in resistance at all the electrodes suggested the presence of 

chlorides, which supports the shape of the ‘bulb of flow’ found by the silver nitrate 

test (Figure 5.26).

The results of the resistance-ratio measurements are also presented in the form of 

contour plots (Nolan et al., 1999). This was to identify any changes in the resistance- 

ratio variation in the concrete during the steady flow of chlorides into the outer cell. 

Therefore, the resistance-ratio variation in the concrete at the start of steady state 

(T=12.5) and the resistance-ratio variation after a period of steady state flow 

(T=22.5) are presented in Figures 5.35 and 5.36 respectively. The contour plots of 

the resistance-ratios were determined using a contour mapping computer package, 

SURFER.

Figure 5.35 shows that at the start of the constant rate of increase in chloride 

concentration in the outer cell, the resistance-ratio contours were closely spaced 

within the top 20 mm from the concrete surface and beyond this depth there was little

change in the resistance-ratio. The contours were closely spaced at the inner edge of
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the outer cell, with little change in resistance-ratio at the outer edge of the cell. This 

trend suggests that at the start of the steady increase in chloride concentration in the 

outer cell, the chlorides were flowing mostly through the top 20 mm of the concrete 

and were not flowing through the whole area of the outer cell.

Figure 5.36 shows the resistance-ratio variation approximately 10 hours after the 

start of steady state conditions. The contours were more widely spaced than in Figure 

5.35. A change in resistance-ratio was observed down to 35mm from the concrete 

surface and across the whole of the outer cell. This suggests that chlorides were 

flowing deeper and in larger quantities through the concrete and were migrating 

through the whole area of the outer cell. This contour plot of the resistance-ratio 

variation in the concrete after the steady flow of chlorides into the outer cell has a 

similar shape to the actual flow area of the chlorides at the end of the test, as 

determined by the silver nitrate test, cf. Figure 5.26.

5.5.3.5 General remarks

The results from the resistance-ratio measurements of the embedded electrodes 

indicate that the flow area is not constant during the steady increase in chloride 

concentration in the outer cell. At the start of the steady increase, the flow of 

chlorides is within the top 20mm and at the inner edge of the outer cell. As the test 

proceeds, the chlorides that migrated deeper in the concrete arrive in the outer cell, 

giving the observed area of flow.
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5.5.4 General discussion on the flow area in the in-situ chloride 

migration test

The results of the resistance-ratio measurements and the silver nitrate test yielded 

similar information about the movement of the chloride ions through the concrete in 

the in-situ chloride migration test. That is, the area of concrete through which the 

chlorides were migrating increased during the test, even though a constant rate of 

increase in chloride concentration in the outer cell was observed. This would suggest 

that the proportion of chlorides migrating deeper through the concrete was minimal 

and did not have a noticeable effect on the overall chloride concentration in the outer 

cell. This would mean that the test result is primarily influenced by the properties of 

the top 20mm of concrete.

The experiments have shown that during ‘steady state conditions’, the area of 

concrete penetrated by chloride ions changes with time. This means that the average 

area used to calculate an in-situ migration coefficient might be slightly higher than 

the actual average area that the chlorides migrate through. This change in area would 

mean the average distance travelled by the chloride ions would also change. 

However, the resultant in-situ migration coefficient would remain the same, as the 

ratio of the flow length to flow area would be constant. Therefore, the flow 

parameters obtained in section 5.3, for the migration of chloride ions through the 

concrete, can be used to calculate the in-situ migration coefficient from any test, 

irrespective of the exact duration of the test.
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5.6 Removal of chlorides from the test area (Exp. IE)

5.6.1 Introduction

The objective of this experiment was to establish if the chlorides could be removed 

from the concrete after an in-situ chloride migration test. This is important to ensure 

that the concrete is not adversely affected by conducting an in-situ chloride migration 

test. The technique of removing chlorides from concrete is generally referred to as 

desalination (Polder et al. 1995).

5.6.2 Experimental details

The in-situ chloride migration test (test variables as discussed in section 5.5.2.1) was 

conducted on a series of concrete Mix 5 specimens of size 230 x 230 x 80 mm, for a 

period of 12 hours. Two of the specimens were then split and sprayed with silver 

nitrate to identify the presence of chlorides. The total chloride content at three 

locations, A, B and C, indicated in Figure 5.37a, was determined by extracting the 

concrete sample with a rotary hammer drill, and using the acid soluble technique, 

described in section 4.6.4.4. This chloride content can be assumed to be the chloride 

content in the concrete after conducting an in-situ chloride migration test. The 

remaining test specimens were subjected to varying desalination regimes described 

below (two specimens per regime). The effectiveness of the desalination regimes was 

assessed using the silver nitrate test and by determining the total chloride content in 

the concrete.

5.6.2.1 Desalination regimes

To remove the chlorides from the concrete, different solutions were used as 

replacements for the test solutions, namely a saturated solution of Ca(OH)2 and
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distilled water. The voltage used for desalination was kept at 60 V, the same as the 

original test. The anode and cathode were also switched between the inner and outer 

cells. The anode material was mild steel and the cathode material was stainless steel. 

In all cases, the time period of desalination was determined by the concentration of 

chloride ions in the anolyte, with the test stopped when there was no appreciable 

change in the chloride concentration.

The details of the different desalination regimes and the test duration required for 

each regime are given in Table 5.5.

5.6.3 Results and discussion

The results of the different desalination tests are presented in Figure 5.37, illustrating 

the area of concrete were chlorides had been removed, as determined by the silver 

nitrate test.

Desalination regime 1 was to replace the solutions with distilled water and regime 2 

was to replace the solutions with Ca(OH)2. In both tests the polarity of the electrodes 

was the same as the original test. The tests were conducted for a period of two days, 

at which time no appreciable change in chloride concentration in the anolyte was 

noticed, although the chloride concentration was higher in the Ca(OH)2 solution 

compared to the distilled water. The concrete specimens were split and sprayed with 

0.1M silver nitrate solution. In both regimes, the chlorides beneath the inner cell had 

been removed, but the chlorides deeper in the concrete and along the outer edge of 

the original area penetrated remained, as shown in Figure 5.37b and 5.37c. A larger 

area of chlorides were removed with regime 2, where the desalinating solutions were 

Ca(OH)2. This may have been the result of less potential drop across the solutions
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compared to distilled water, due to greater concentration of ions to conduct the 

electric current. This would mean that there was a larger driving force acting on the 

chlorides to remove them from the concrete. As Ca(OH)2 proved to be more effective 

than distilled water for desalinating the test area, it was used as the solution in all 

other desalination tests.

In desalination regime 3, the polarity of the electrodes was reversed. A mild steel 

electrode was added to the inner cell, to act as the anode, with a stainless steel 

electrode added to the outer cell, to act as the cathode. The tests were conducted for a 

two-day period. The results of desalination regime 3, presented in Figure 5.37d, 

show that the chlorides beneath the inner cell remained, however, the chlorides 

deeper in the concrete and at the outer edge of the original area penetrated had been 

removed.

The results of desalination regimes 1, 2 and 3 showed that all the chlorides could not 

be removed from one arrangement of the anode and cathode. Therefore, the anode 

and cathode would have to be switched between cells during the desalination period.

In desalination regime 4, the cathode was positioned in the outer cell with the anode 

in the inner cell for a period of two days. The electrodes were then replaced and 

switched, with the cathode in the inner cell and the anode in the outer cell for two 

days. The effectiveness of this regime is illustrated in Figure 5.37e, showing that the 

chlorides close to the surface and at the outer edge of the original area penetrated 

were removed. However, some chlorides remained at a depth of 15-20 mm and at the 

inner edge of the outer cell.

172



In desalination regime 5, the original electrode anangement was used for two days, 

with the cathode in the inner cell and the anode in the outer cell. This was to remove 

the chlorides close to the surface. The electrodes were then switched for two days to 

remove the chlorides from deeper in the concrete. The results of this regime are 

shown in Figure 5.37f, with all the chlorides being removed from the original test 

area.

To confirm that all the chlorides had been removed from the test area for regime 5, 

the chloride content at locations A, B and C in Figure 5.37a was determined using 

the acid soluble technique. The chloride contents in the concrete before and after 

desalination have been presented in Table 5.6.

The average total chloride content in the concrete before desalination was 0.48% 

chloride by weight of cement. The value at location B, under the inner cell was 

slightly higher than at locations A and C. The slight variation in the values may have 

been as a result of the dust extraction using the rotary drill. The average total 

chloride content in the concrete after desalination was 0.04% chloride by weight of 

cement. This was a significant reduction in the chloride content in the concrete.

5.6.4 General remarks

The experiment showed that by conducting desalination for a period of 4 days, with 

switching the polarity of the electrodes after 2 days, the chlorides could be removed 

from the concrete. Therefore, by conducting an in-situ chloride migration test, the 

concrete under test will not be adversely affected if this desalination procedure is 

appended to the test.
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Further investigation may identify a more efficient desalinating regime, which would

make the desalination procedure more practicable for on site application.

5.7 Conclusions

On the basis of the research presented in this chapter, the following main conclusions

have been drawn on the development of an in-situ chloride migration test, to give a

rapid estimation of the chloride diffusivity of concrete on site,

1. A portable apparatus was developed which could determine the migration 

coefficient of concrete on site. The test apparatus was easy to operate, having a 

set-up time of about five minutes. The apparatus proved to be sufficiently robust 

and durable in the experiments conducted in the laboratory and, therefore, 

suitable for use on site.

2. The test duration was influenced by the number of measurements made of the 

chloride concentration in the outer cell. The test can be stopped when sufficient 

data has been collected to give a reliable set of data of the How of chlorides 

through the concrete. The exact test duration does not influence the calculation of 

an in-situ chloride migration coefficient.

3. The results from the proposed test correlated very well with the results from the 

established standard chloride migration test. This means that the proposed test is 

a practicable alternative to removing concrete cores from a structure and 

conducting migration tests in the laboratory.

4. The results of short term migration tests correlated well with the results of long 

term diffusion tests, showing that the in-situ chloride migration test can be used 

to determine accurately the chloride diffusivity of concrete.

5. The concrete under test is not adversely affected as the chlorides can be 

effectively removed from the concrete.
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Table 5.5 Desalination of the test area in an in-situ chloride migration test

Desalination
regime

Desalination
solutions

Polarity at start of 
desalination

Duration of 
desalination 

(days)

Duration after 
reversal of polarity 

(days)Inner cell Outer cell
1 H20 negative positive 2 -

2 Ca(OH)j negative positive 2 -

3 Ca(OH)2 positive negative 2 -

4 Ca(OH)2 positive negative 2 2
5 Ca(OH)2 negative positive 2 2

Table 5.6 Chloride content in concrete before and after desalination

Desalination regime % chloride by weight of cement
Location A Location B Location C

No Desalination 0.45 0.51 0.47
0.46 0.5

Desalination regime 5 0.05 0.04 0.042
0.03 0.05
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Figure 5.1 Preliminary in-situ chloride migration test apparatus 

(after Monaghan, 1993)
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PLAN

Inner ‘upstream’ cell 
containing chloride 
source solution

Negative electrode

Outer ‘downsti'eam’ cell 
containing neutral solution

Circular' positive electrode

SECTION Power Supply
Negative electrode

Circular
positive electrode Inner cell containing 

chloride source solution

Outer cell containing 
neutral solution

Flow of chlorides between the cells 
through the near surface concrete

Figure 5.2 Conceptual drawing of the initial design of the in-situ chloride

migration test (Mark I)
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CIRCULAR MILD STEEL ELECTRODE

STAINLESS STEEL ELECTRODE

BASE PLATE

Rubber seals

Figure 5.3 Dimensions of the in-situ chloride migration test apparatus

(Mark I)
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Figure 5.6 Current How in the in-situ chloride migration test (Exp 1 A)
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Figure 5.8 Flow area of chloride ions in the in-situ chloride 

migration lest (Mark 1)
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PLAN

SECTION

APPROXIMATION OF FLOW

INNER CELL 
Area = A! 
Total flow = Q 
Potential = E,

OUTER CELL 
Area = A2 
Total flow = Q 
Potential = E2 
Flux, J2 = Q/A2

Figure 5.11 Approximation of flow of ehloride ions through concrete in the in-

situ chloride migration test

187



A B C D E

J I H G F

■I 25 H 30 [ 40 4

Figure 5.12 Dimensions of concrete used in finite element model
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Figure 5.14 Effect of w/c on in-situ migration coefficient (Exp. 1C)
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Figure 5.15 Effect of a/c on in-situ migration coefficient (Exp. 1C)
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Mix: w/c, a/c
♦ 1 : 0.45, 2
□ 2: 0.45, 3
▲ 3: 0.45, 4
x 4: 0.55, 4
x 5: 0.55, 5
• 6: 0.65, 4
+ 7: 0.65, 5
- 8: 0.65, 6
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In-situ migration coefficient 
(xIO-8 cm2/s)

Figure 5.16 Correlation between in-situ migration coefficient and peak current

(Exp. 1C)
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Figure 5.17 Effect of w/c on standard migration coefficient (Exp. 1C)
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Figure 5.18 Effect of a/c on standard migration coefficient (Exp. 1C)

Mix: w/c, a/c
♦ 1 : 0.45, 2
a 2: 0.45, 3
A 3: 0.45, 4
x 4: 0.55, 4
x 5: 0.55, 5
• 6: 0.65, 4
+ 7: 0.65, 5
- 8: 0.65, 6

0.0 1.0 2.0 3.0 4.0

Standard migration coefficient 
(xIO8 cm2/s)

Figure 5.19 Correlation between standard migration coefficient and peak

current (Exp. 1C)
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Figure 5.21 Effect of w/c on effective diffusion coefficient (Exp. 1C)
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Figure 5.22 Effect of a/c on effective diffusion coefficient (Exp. 1C)
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Figure 5.23 Correlation between in-situ migration coefficient and standard

migration coefficient (Exp. 1C)
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Figure 5.24 Correlation between in-situ migration coefficient and effective

diffusion coefficient (Exp. 1C)
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Figure 5.25 Correlation between standard migration coefficient and effective

diffusion coefficient (Exp. IC)
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Figure 5.26 Flow area of chloride ions after test duration of 4 hours and 12

hours (Exp ID)
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Figure 5.27 Flow area of chlorides in the in-situ chloride migration test

(Exp ID)
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Figure 5.28 Chloride concentration in outer cell for concrete mix 5 (Exp ID)
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Direction of movement of chloride ions

Electrodes

Concrete

Figure 5.29a The spread of electric field between embedded electrodes 

(after McCarter et al., 1995)

Figure 5.29b Variation in resistance ratio across the electrodes due to advancing 

chloride front (after McCarter et al. 1995, McCarter et al. 1996)
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Figure 5.30a Arrangement of embedded electrodes (Exp ID)
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Figure 5.30b Equivalent arrangement of electrodes (Exp ID)
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Figure 5.31 Resistance ratio plots of concrete mix 5 for electrodes in the centre

of inner cell (Exp. ID)
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Figure 5.32 Resistance ratio plots of concrete mix 5 for electrodes at the outer

edge of the inner cell (Exp. ID)
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Figure 5.33 Resistance ratio plots of concrete mix 5 for electrodes at the inner
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Figure 5.34 Resistance ratio plots of concrete mix 5 for electrodes below the

outer cell (Exp. ID)
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6. Standardisation of the in-situ

chloride migration test

6.1 Introduction

The test result from a chloride migration test, i.e. the migration coefficient, may be 

influenced by the parameters of the test itself, in addition to the quality of the 

concrete tested. Therefore, in order to interpret the migration coefficient correctly, it 

is necessary to know first the effect of test parameters on the measured result, i.e. in 

this case the in-situ chloride migration test needs to be standardised.

The test parameters in a chloride migration test are the type of electrodes, the 

solutions in the two cells and the voltage applied between the electrodes. The test 

parameters should be such that they would prevent the evolution of chlorine gas. 

Andrade and Sanjudn (1994) considered that this was best achieved by using a 

corrodible anode material and distilled water as the neutral solution in the 

‘downstream’ cell. The review of literature also identified that stainless steel was the 

most frequently used material for the cathode, as it does not corrode when placed in 

the chloride source solution. Therefore, by keeping the cathode material as stainless 

steel and using distilled water as the neutral solution, the parameters to be tested and 

standardised were: the material for the anode, the concentration of the chloride 

source solution and the applied voltage.
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6.2 Experimental programme

6.2.1 Objectives of the experimental programme

The main objectives of the experimental programme were:

1. To determine the effect of the anode material, the concentration of the chloride 

source solution and the applied voltage on the results from migration tests.

2. To identify the level of the test parameters which are most suitable for the in-situ 

chloride migration test.

6.2.2 Experimental planning

The experimental programme was carried out in two stages. The first experiment 

(Exp. 2A) investigated the effect of the anode material on the measured value of the 

in-situ migration coefficient and is discussed in section 6.3. The next experiment 

(Exp. 2B) investigated the effect of the concentration and the voltage on the test 

result from the migration test, using both the standard chloride migration test (one

dimensional How) and the in-situ chloride migration test. The results of this 

experiment are discussed in section 6.4.

6.3 Effect of anode material (Exp. 2A)

6.3.1 Details of the electrodes

The in-situ migration coefficient of concrete was determined when different 

materials were used as the anode, in order to identify the most suitable anode 

material to be used in the standardised test. The materials used for the anode were 

mild steel, cast iron and graphite. Mild steel and cast iron were metals that would 

corrode when an electrical current was applied, thereby preventing the evolution of
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chlorine gas, (Andrade and Sanjudn, 1994). Graphite was selected as Dhir et at. 

(1990) identified this material as being the most suitable for chloride migration tests.

Typical examples of the anode and cathode used in the experiment are presented in 

Figure 6.1. The same dimensions of anode were used for each of the three materials 

tested. The annular anode had an internal diameter of 86 mm and an external 

diameter of 126 mm. The thickness of the anode was 5 mm which enabled the 

electrode to be reused after properly cleaning and preparing it. The stainless steel 

cathode had a diameter of 45 mm and was 5 mm thick (design drawings of the 

electrodes are presented in Appendix Al). The size of the anode and cathode were 

similar to the size of the inner and outer cell. This was to ensure that there was a 

uniform potential field across the inflow and outflow areas, as assumed in the 

derivation of the in-situ migration coefficient.

6.3.2 Other experimental details

The concrete designated Mix 2 in Table 4.2, (w/c = 0.45: a/c = 3) was used in this 

experiment. The actual mix selected was not important, as the main test parameter 

was the anode material. This mix was chosen as it helped to provide information on 

the possible test duration for the proposed test when conducted on good quality 

concrete.

The chloride source solution used was 0.55M NaCl with distilled water as the neutral 

solution. The tests were conducted at three voltages: 10 V, 30 V and 60 V.

206



6.3.3 Results and discussion

6.3.3.1 Visual observations

In the tests conducted using graphite as the anode material, chlorine gas was evolved. 

This was especially evident with the tests conducted at the higher voltages. There 

was also little dissolution of the graphite. Dhir et al. (1990) identified graphite as the 

most suitable anode material, as at 10 V no chlorine gas was evolved and no 

dissolution of the graphite occurred. However, at this voltage the flux of chlorides is 

small and, as a consequence, the amount of chlorine gas evolved is also small, which 

may be difficult to detect with visual observations. Therefore, it is not justifiable to 

consider that graphite is the most suitable anode material. This is reinforced in 

section 6.3.3.2 when discussing the effect of the anode material on the in-situ 

migration coefficient.

When mild steel and cast iron were used as the anode material, the colour of the 

neutral solution changed from clear to a ‘brownish’ colour as the test proceeded. This 

was considered to be attributable to the dissolution of the anode as small depositions 

of corrosion products were found on the concrete surface. On examination of the 

anode after the tests ‘pitting’ was observed on the surface.

6.3.3.2 In-situ migration coefficients

The in-situ migration coefficients (Djn.situ) for the three anode materials are presented 

in Table 6.1 and the average values are plotted in Figure 6.2.

Figure 6.2 shows that when graphite was used as the anode material, the in-situ 

migration coefficient decreased with an increase in the applied voltage, with a much
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lower Din-situ value at 60 V compared to the two other materials. At this voltage (60V) 

chlorine gas was detected when the anode was graphite. Therefore, the evolution of 

chlorine gas reduced the chloride concentration in the neutral solution, resulting in 

the lower value of the in-situ migration coefficient.

Figure 6.2 also shows that mild steel and cast iron gave similar results, with little 

variation between the two materials. The results show that the effect of voltage was 

similar for both the materials. The in-situ migration coefficient was slightly higher 

for tests conducted at 10 V, than at 30 V and 60 V. This trend does not agree with 

results from Sugiyama et al. (1996) who found that the migration coefficient 

increased with increasing voltage. This trend was probably the result of inaccuracies 

in the estimation of the flow parameters in the in-situ chloride migration test 

conducted at 10 V. This will be discussed further in section 6.4.

Table 6.1 shows that the time period to reach a steady state flow of chlorides and, 

hence, the test duration, was similar for both mild steel and cast iron. Therefore, 

either material could be used for the in-situ chloride migration test.

6.4 Effect of Concentration and Voltage (Exp. 2B)

6.4.1 Design of the experiment

The Experiment 2B was designed and the method of analysis decided on the basis of 

statistical experimental designs presented by Orr (1972), Kennedy and Neville 

(1976) and Basheer et al. (1994).

208



The objectives of the experiment were to investigate the effect of the factors, 

concentration and voltage on the migration coefficient (test response) and to 

determine whether the effects were influenced by the quality of concrete tested. 

Therefore, it was necessary to design the experiment in order to identify both the 

main effects of the factors and interaction effects, i.e. if the effect of concentration or 

voltage on the migration coefficient were influenced by the concrete quality.

The main effects and interaction effects were investigated by carrying out work 

which was organised in accordance with the principles of factorial experimental 

design. The definition of a factorial experiment, according to BS 5532: Part 3: 1986 

is: ‘An experiment in which all possible treatments formed from two or more factors, 

each being studied at two or more levels, are examined so that interaction effects 

(differential effects) as well as main effects can be assessed’. Therefore, a factorial 

experiment could give the main effects of the concentration, voltage and concrete 

quality and any interactions between them. The parameter used to describe the 

concrete quality was the 28-day compressive strength.

6.4.1.1 Factorial experimental design

In the factorial experiment, the factors are investigated simultaneously rather than 

conducting a series of single factor experiments. This gives good precision for 

estimating overall factor effects and enables interactions to be investigated.

Factors

The three factors investigated were:

1. Concentration of chloride source solution.

2. Applied voltage.

3. 28 day compressive strength of concrete used to describe concrete quality.
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Levels of factors

Each of the three factors in the experiment was studied at three levels. This was to 

ensure that the precise role of each of the factors and any interactions between them 

could be obtained and, also, to give a practically manageable number of test 

combinations. An experiment with three factors each at three levels is described as a 

33 factorial design, requiring the production of 27 test values.

The levels chosen for the concentration of the chloride source solution were 0.55 M, 

1.5 M and 3 M. The 0.55 M solution was selected as it was the most widely used 

concentration in the chloride migration tests reviewed. This was probably because it 

is similar to the concentration of seawater (Buenfeld and Newman, 1987), making 

comparisons between laboratory tests and in-situ measurements possible. The higher 

concentrations were selected to see if the increased concentration reduced the test 

duration and to see if the test results at high concentrations were comparable to those 

from the more realistic concentration of 0.55 M.

The levels chosen for the applied voltage were 10 V, 30 V and 60 V. The voltage of 

10 V was selected as Andrade and Sanjudn (1994) and Sugiyama et al. (1996) 

considered this voltage (i.e. 10-15 V) to be high enough to accelerate the flow of 

chlorides significantly, but low enough to avoid heat generation, which may change 

the value of the migration coefficient. The higher voltages of 30 V and 60 V were 

selected as they may be more realistic for an in-situ test, where test duration is a 

crucial parameter.

In order to find the effect of concentration and voltage for different grades of

concrete, three mixes of varying quality were used. They were the mixes designated
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Mix 2 (w/c = 0.45: a/c = 3), Mix 4 (w/c = 0.55: a/c = 4) and Mix 7 (w/c = 0.65: 

a/c = 5) in Table 4.2. In the analysis of the data these mixes will be described by their 

28-day compressive strength, i.e. 67 N/mm2 (Mix 2), 51 N/mm2 (Mix 4) and 43 

N/mm2 (Mix 7).

The full experimental space of the experiment is diagrammatically presented in 

Figure 6.3. In this figure, the three factors are taken to be the three axes with the 

levels marked on each of the axes corresponding to each factor, which constitutes the 

27 different test combinations used in the experiment. This experiment was carried 

out using both the in-situ chloride migration test and the standard (one-dimensional) 

chloride migration test. This was to see if the proposed in-situ chloride migration test 

was directly comparable to the standard chloride migration test for a given set of test 

variables. Furthermore, by studying the effect of factors on both types of migration 

tests, it was possible to compare the two tests in terms of these effects.

6.4.2 Method of analysis of data

The method of analysis adopted to draw conclusions for the effect of factors on the 

migration coefficient was a combination of graphical interpretation and the statistical 

technique of analysis of variance.

6.4.2.1 Graphical interpretation

Main effect

The main effect of a factor is the response of a factor at each of its levels averaged 

over all the levels of the other factors in the experiment. This method is illustrated in 

Figure 6.4 for the main effect of concentration. The response of concentration is 

averaged over the different levels of voltage and strength, at a specific level of

211



concentration. Therefore, an average of nine test values is used to calculate the main 

effect of factors, i.e. the effect of concentration is independent of the levels of the 

voltage and strength.

Interactions

Interaction is indicated when the level of a factor influences the effect of another 

factor. This is illustrated in Figure 6.5 showing the summation of data for the 

interaction between concentration and strength. If no interaction occurred between 

the two factors, the response of the concentration for the three levels of strength 

would be parallel to one another. Interaction between two factors is indicated by an 

apparent lack of parallelism. Apparent parallelism is subject to the scales used in 

drawing the diagram and, therefore, it is necessary to use a statistical test to indicate 

the significance of an interaction. The significance of the main effects and the 

interactions were tested using the statistical variance ratio test of significance and is 

discussed in section 6.4.2.2.

The migration coefficients of all the migration tests carried out in this experiment are 

shown in Table 6.2. The full details of the results are presented in Tables B1 to B6 in 

Appendix B. The mean values of these results are reported in Tables B7 to BIO in 

Appendix B, from which the main effects and interactions of the factors are 

presented graphically in this chapter.

6.4.2.2 Analysis of variance (ANOVA)

Scheffd (1959) gave the following definition of analysis of variance: ‘The analysis of 

variance is a statistieal technique for analysing measurements depending on several 

kinds of effects operating simultaneously to decide which effects are important and 

to estimate the effects’.
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If a system of testing involves a number of independent factors each of which 

contributes to the scatter of the results and, therefore, the variance (mean square 

deviation), then the variance for the whole system is equal to the sum of the 

component variances of the individual factors. In order to find out which component 

variances are important or significant, the F-test statistic is used. This F value is 

obtained by dividing the mean square variance of the components by the error 

variance. The error term can he taken as the highest level interaction, as it does not 

normally contribute to the total variance significantly. This computed F value is 

compared to the value given in standard tables for a certain level of significance.

A judgement of significance is based upon the probability of obtaining such an 

experimental effect by chance. In general, it is conventional to refer to the effect of a 

factor or interaction as not being significant, when the probability of such a value 

occurring by chance is greater than 5%, i.e. less than the F value at 5% level of 

significance in the standard table. An effect can be considered significant if the 

probability is less than 5% but greater than 1%. Effects are highly significant if the 

probability is less than 1 %.

The test of significance used in connection with an analysis of variance is based on

the normal probability distribution, that is, the test response is normally distributed.

The in-situ migration coefficients and the standard migration coefficients were

assessed for their agreement with normality using visual frequency histograms and

by measuring the Skewness and the Kurtosis values of the data. The skewness value

is a measure of the asymmetry of the distribution. A value of more than or less than

zero indicates skewness in the data. The kurtosis value is a measure of how different
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a distribution is from the normal distribution. A negative value indicates a 

distribution more peaked than normal, while a positive value indicates a distribution 

flatter than the normal distribution. The frequency histograms including the skewness 

and kurtosis values for the in-situ migration coefficients and the standard migration 

coefficients are presented in Figure 6.6 and 6.7 respectively. These figures show that 

the data is nearly normally distributed, although both distributions exhibited positive 

skewness (longer tail of higher values).

To improve the agreement to normality, data can be transformed to a different scale 

from the original scale. The best improvement to normality of the migration 

coefficients in this experiment was found using a logarithmic transformation. The 

frequency histogram of the transformed data, including the skewness and kurtosis 

values are presented in Figure 6.8 and 6.9. These figures show that after 

transformation, the data was more normally distributed. The skewness and kurtosis 

values were closer to zero indicating a closer agreement to normality.

The analysis of variance procedure was carried out on the original data 

(untransformed) and on the logarithmically transformed data. The results of the 

analysis of variance for both the untransformed and transformed data were similar 

(Tables Bll to B14 in Appendix B). Therefore, as the same variance ratios were 

found for both data sets, quantitative interpretation was based on the more readily 

appreciated untransformed data.

The ANOVA table for the in-situ migration coefficients and the standard migration

coefficients are presented in Table 6.3 and 6.4 respectively. A summary of the

ANOVA tables is given in Table 6.5. An asterisk was used in these tables to indicate
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the effects that were significant at 1 % level. The effects that were significant at 5 % 

are not marked, as they were also significant at 1 %.

6.4.3 Effect of factors

The main effects of concentration, voltage and strength on migration coefficients are 

presented in Figures 6.10 to 6.15. The interaction effects of these three factors on the 

migration coefficients are shown in Figures 6.16 to 6.21. In some of the diagrams, 

the response curves of the interaction effects are not parallel, which indicate that 

interactions were present, i.e. the level of a factor influenced the effect of another 

factor. Therefore, it was necessary to verify whether these interactions were 

significant (Table 6.5).

6.4.3.1 Effect of concentration

Observations from Figures 6.10 and 6.11 and Table 6.5.

1. In both migration tests, increasing the concentration of the chloride source 

solution resulted in a decrease in the migration coefficient.

2. The migration coefficient did not decrease uniformly with increasing 

concentration. The largest decrease occurred when the concentration was 

increased from 0.55M to 1.5M. The migration coefficient decreased at a lower 

rate from 1,5M to 3M.

3. The effect of concentration on migration results was statistically significant. 

Discussion

This observed trend of a decrease in migration coefficient with increase in 

concentration is in agreement with Zhang and Gjorv (1995b). This trend is 

presumably due to ionic interaction. The ionic clouds surrounding the chloride ions
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produce dragging forces in such a way that the rate of chloride movement is retarded 

and the stronger the ionic concentration the more retarded the rate of transport.

The decrease in the migration coefficient with increase in the concentration was not 

linear. It was more pronounced from 0.55 M to 1.5 M than from 1.5 M to 3 M. This 

would suggest that at higher concentrations, the effect of ionic interaction becomes 

less sensitive to changes in the concentration compared to low concentrations. This 

would support the view of Zhang and Gjorv (1998), who state that at high 

concentration, greater than 2.0 M, the concentration dependent effects on the 

migration coefficient may become less sensitive to the concentration and tends to be 

constant.

6.4.3.2 Effect of applied voltage

Observations from Figures 6.12 and 6.13 and Table 6.5

1. In both migration tests, there was little difference in the migration coefficients 

between 30 V and 60 V.

2. In the in-situ chloride migration test, the value of migration coefficient at 10 V 

was slightly higher than that at both 30 V and 60 V.

3. In the standard chloride migration test, the migration coefficient at 10 V was 

slightly lower than that at both 30 V and 60 V.

4. The effect of voltage on both migration tests was not statistically significant.

Discussion

The Figures 6.12 and 6.13 show conclusively that voltage had very little effect on 

migration coefficients. The only voltage that gave a slightly differing value from the 

rest was 10 V.
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The lower migration coefficient in the standard chloride migration test conducted at 

10 V compared to both 30 V and 60 V was similar to that found by Sugiyama et al. 

(1996). The larger value at both 30 V and 60 V could have resulted from an 

increased temperature. The average temperatures in the neutral solution for the three 

voltages arc reported in Table 6.6. This table shows that a higher temperature was 

observed in the 30 V and 60 V tests compared to the tests carried out at 10 V.

Another possible explanation why the migration coefficient was smaller at 10 V in 

Figure 6.13 is due the potential drop across the electrode-electrolyte interface. 

Investigations by McGrath and Hooton (1996) on the potential drop in chloride 

migration tests found that the potential drop decreased with increasing voltage. They 

found that in tests at 10 V, the actual potential across the specimen was 83% of the 

applied voltage between the electrodes, whereas in tests at 30 V, the actual potential 

across the specimen was 92% of the applied voltage. Applying these correction 

factors to the data in Figure 6.13 gives standard migration coefficients of 0.99xl0'x 

cm2/s and 1.01x108 cm2/s for the applied voltage of 10 V and 30 V respectively. The 

similarity of the two coefficients would suggest that the potential drop across the 

electrode-electrolyte interface was a reason for the observed trend in Figure 6.13. 

However, the small variation in standard migration coefficient in Figure 6.13 was not 

statistically significant. Therefore, it can be concluded that the applied voltage has no 

effect on the migration coefficient measured in a standard chloride migration test.

In the in-situ chloride migration tests, the migration coefficient was slightly higher at

10 V compared to that at both 30 V and 60 V, although not statistically significant.

Table 6.6 indicated that the temperature of the solutions increased with increasing
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voltage. However, the effect of this may not have been as significant as that in the 

standard chloride migration test, due to the test specimen acting as a heat sink. This 

would mean that the in-situ migration coefficient would not be smaller at lower 

voltages as found when the test specimen was a small concrete disc.

The reason why the in-situ migration coefficient was higher at 10 V, as found in 

Experiment 2A as well, may be due to the variations in the amount of chloride ions 

transported through the concrete at different depths. In Chapter 5, in the calculation 

of a migration coefficient for the in-situ chloride migration test, average values for 

the How length between the two cells (L) and the transmission area (A) were 

considered. The values of L and A were derived experimentally using an applied 

voltage of 30 V. However, it may be possible that at 10 V, the proportion of 

chlorides transported deeper in the concrete was not as significant due to a weak 

potential field. This may result in the ratio of the flow length to the flow area being 

larger, which would result in a larger in-situ migration coefficient. In the absence of 

any measurement of the potential field within the concrete and based on the results of 

the analysis of variance (Table 6.5), it is reasonable, however, to assume that the 

small variation in the in-situ migration coefficient in Figure 6.12 is not significant. 

That is, the effect of voltage on the in-situ migration coefficient can be considered to 

be not significant.

6.4.3.3 Effect of strength

Observations from Fiuures 6.14 and 6.15 and Table 6.5

1. In both tests, the migration coefficient decreased with an increase in the 

compressive strength of the mix being tested.
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2. The strength of the concrete being tested and, thus, its quality had a statistically 

significant effect on the migration coefficients.

Discussion

Figures 6.14 and 6.15 show that both migration tests are able to distinguish between 

mixes of varying strength. The compressive strength of concrete is primarily 

dependent on the w-c ratio of the mix (Neville, 1996), with an increase in strength 

found when the w-c ratio is reduced. Therefore, a decrease in the migration 

coefficient was observed when the w-c ratio increased, which is in agreement with 

the findings of Sugiyama et al. (1996). In both the migration tests, the concrete being 

tested had a significant effect on the test results. This shows that the in-situ chloride 

migration test can distinguish between concrete of varying quality on site.

6.4.3.4 Interaction effects

Observations from Figures 6.16 to 6.21 and Table 6.3 and 6.4

1. The response curves of the interaction between concentration and voltage were 

not parallel, indicating that interactions were present. The test for significance 

(Tables 6.3 and 6.4) indicated that the small deviation of these curves from the 

parallel relationship was not statistically significant at 5% level of significance.

2. The response curves of the interaction between concentration and strength were 

parallel, indicating no interaction.

3. The response curves of the interaction between voltage and strength were 

parallel, indicating no interaction.

Discussion

As the interaction diagrams showed parallel response curves in two cases and that the 

interaction present in the other case was not statistically significant, the main effects
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alone can explain the effect of the three factors on the results from migration tests. 

The figures show that the effect of concentration on the migration coefficient is not 

influenced by either the voltage used in the tests or the quality of the concrete being 

tested. The effect of the voltage used in the test is not influenced by the quality of the 

concrete being tested. This means that, within the limits of the variables studied, it is 

possible to use any combination of voltage and concentration to determine the 

chloride diffusivity of concrete of normal Portland cement concrete.

6.5 Selection of test variables

6.5.1 Electrodes

The following inferences were made from Experiment 2A:

1. Graphite was not a suitable material tor the anode as chlorine gas was evolved 

during the tests at high voltages, resulting in a relatively low migration 

coefficient.

2. For both mild steel and cast iron anodes, the time to steady state flow of chlorides 

and, thus, the test duration was similar.

3. The two materials gave comparable in-situ migration coefficients.

4. Both materials produced similar deposition of corrosion products on the concrete 

surface. This deposition did not appear to affect the steady state flow of chlorides 

between the cells. The deposition was easily removed from the concrete surface 

and did not cause any permanent staining of the concrete.

Based on these inferences and in terms of the cost-effectiveness, the material chosen 

for the anode was mild steel.
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6.5.2 Concentration

Experiment 2B showed that concentration has a marked effect on the test result in an 

in-situ chloride migration test. Therefore, the choice of concentration to be used in 

subsequent tests was based on the following considerations:

i) The effect of concentration on the test duration.

ii) The effect of concentration on the removal of chlorides from the concrete 

after the test.

The amount of chloride ions arriving in the outer cell, through the 51 N/mm2 

concrete, in the in-situ chloride migration test, at the three different source 

concentrations, tested at 60 V is shown in Figure 6.22. This figure indicates that the 

time to steady state, i.e. the time for the chlorides to migrate between the two cells is 

similar for the three source concentrations. Therefore, the test duration of an in-situ 

chloride migration test is not influenced much by the choice of concentration used.

Figure 6.22 also indicates that the amount of chlorides arriving in the downstream 

cell increases with increasing concentration. This means that the flux of chlorides 

(lowing through the concrete increases with increasing concentration. This higher 

flux means that more chlorides are being transported through the concrete pores at 

any lime and, therefore, more chlorides need to be removed from the concrete after 

the test is completed.

Therefore, for ease of removal of the chlorides from the concrete and knowing that 

concentration has no effect on the test duration, the lowest concentration tested, 

0.55M, was chosen.
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6.5.3 Voltage

Experiment 2B showed that the in-situ migration coefficient was not affected by the 

applied voltage. Therefore, it is possible to conduct an in-situ chloride migration test 

at any voltage between 10 V and 60 V, and use the result to classify the concrete for 

chloride diffusivity.

Figure 6.23 shows the chlorides transported through the 51 N/mm2 concrete in the in- 

situ chloride migration test, with a chloride source concentration of 0.55M, at the 

three different voltages. It is evident that the voltage used has an effect on the time to 

steady state and the test duration. Figure 6.23 shows that for a test conducted at 60 V, 

adequate steady state measurements can be made within a 12-hour period. Although 

an increased temperature in the neutral solution was observed when the voltage was 

60 V (Table 6.6), the in-situ migration coefficient was similar to the coefficients at 

lower voltages. Therefore, a voltage of 60 V was selected as the voltage to be used in 

the standardised in-situ chloride migration test, enabling the chloride diffusivity of 

concrete on site to be determined in one working day.
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Table 6.1 Results of the in-situ chloride migration test for different anode 
materials (Exp 2A)

Test Anode Voltage Time to dc/dt Temperature Din-sjtu Average 1
No material Steady state

(cm2/s)
D̂in-situ

(V) (hours) (ppm/hr) (K) (cm2/s)
1 Graphite 10 15 9.31 291.5 1.09x10'*

1.18xl0'82 Graphite 10 20 5.6 290.8 6.56xl0'9
3 Graphite 10 10.5 15.3 291.1 1.79xl0'8
4 Graphite 30 16 19.58 293.3 7.71xl0‘9
5 Graphite 30 10 25.97 293.6 1.02xl0'8 8.47x1 O'9
6 Graphite 30 15 19 293 7.47x1 O'9
7 Graphite 60 5 24.29 298.5 4.87xl0'9
8 Graphite 60 6 26.62 298.4 5.33xl()‘9 S.OlxlO'9
9 Graphite 60 6 24.2 297.7 4.84x1 O'9
10 Mild Steel 10 15 13.76 289.4 1.60x1 O'8
11 Mild Steel 10 15 12.78 289.1 1.49xl0'8 1.50xl0'8
12 Mild Steel 10 16 12.12 289.4 1.41xl0'8
13 Mild Steel 30 10.5 22.63 293.2 8.91xl0'y
14 Mild Steel 30 12 21.95 293.9 8.66xl0'9 9.40x1 O'9
15 Mild Steel 30 11 26.97 293.5 1.06x10‘8
16 Mild Steel 60 5 44.85 298 8.97xl0'y
17 Mild Steel 60 5 45.57 297.1 9.09xl0'9 9.09xl0'9
18 Mild Steel 60 5 46.05 297.7 9.20xl0‘9

19 Cast Iron 10 14 9.19 289.7 1.07xl0"8
20 Cast Iron 10 15 9.56 290 1.12xl0'8 1.24x1 O'8
21 Cast Iron 10 15 13.04 290.2 1.52xl0'8
22 Cast Iron 30 11 24.79 293 9.75xl0y
23 Cast Iron 30 11 24.2 293 9.52xl0'9 9.46xl0‘9
24 Cast Iron 30 12.5 23.09 293.6 9.10xl0"9

25 Cast Iron 60 4.5 47.1 299 9.45xl0’9
26 Cast Iron 60 5 49.06 298.8 9.84xl0'9 9.51xl0‘9
27 Cast Iron 60 5.5 46.22 298.2 9.25xl0'9
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Table 6.3 ANOVA table for a three factor analysis of variance on in-situ 
migration coefficient, Dm.Situ (Exp 2B)

Source df Sum of Squares Mean
Square

F-test P value: 
5%

P value'! 
1%

Concentration (A) 2 1.324E-16 6.618E-17 51.67* 4.46 8.65
Voltage (B) 2 4.018E-18 2.009E-18 1.56 4.46 8.65

AB 4 6.402E-18 1.600E-18 1.25 3.84 7.01
Strength (C) 2 2.721E-17 1.360E-17 10.62* 4.46 8.65

AC 4 2.799E-18 6.998E-19 0.54 3.84 7.01
BC 4 1.061E-18 2.652E-19 0.2 3.84 7.01

ABC 8 1.025E-17 1.28 IE-18 -

Error 0 0 -

* Significant at 1 % level

Table 6.4 ANOVA table for a three factor analysis of variance on standard
migration coefficient, Dn,jg (Exp 2B)

Source df Sum of Squares Mean
Square

F-test P value: 
5%

P value:
1%

Concentration (A) 2 2.941E-16 1.471E-16 42.81* 4.46 8.65
Voltage (B) 2 7.034E-18 3.517E-18 1.02 4.46 8.65

AB 4 1.55 IE-17 3.878E-18 1.13 3.84 7.01
Strength (C) 2 8.677E-17 4.339E-17 12.63* 4.46 8.65

AC 4 2.843E-18 7.108E-19 0.21 3.84 7.01
BC 4 7.597E-18 1.899E-18 0.55 3.84 7.01

ABC 8 2.749E-17 3.436E-18 -

Error 0 0 -

* Significant at 1 % level
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Table 6.5 Summary of analysis of variance (Exp 2B)

In-situ migration coefficient
f^in-situ

Standard migration coefficient
Dmig

Main effect of concentration (A) * *
Main effect of voltage (B)
Main effect of strength (C) * *
Interaction AB
Interaction AC
Interaction BC

* Significant at 1 % level

Table 6.6 Effect of applied voltage on temperature in migration tests (Exp 2B)

Voltage (V)
In-situ chloride migration test 

Average temperature (K)
Standard chloride migration test 

Average temperature (K)
10 290.9 288.2
30 294.4 291.0
60 300.6 301.2
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Figure 6.1 Photograph of the anode (to the left) and cathode used in standardised

in-situ chloride migration test
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Figure 6.2 Effect of anode material on in-situ migration coefficient (Exp. 2A)
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Strength (N/min2)
(Factor C)

Concentration (M) 
(Factor A)

Voltage (V) 
(Factor B)

Note: Level of factors along 
the three axes

Figure 6.3 Full experimental space of experiment 2B
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Strength (N/mm2) 
(Factor C)

Figure 6.4a Illustration of the method of calculating the main effect of

concentration

Concentration (M)

Illustration of the main effect of concentrationFigure 6.4b



Strength (N/mm2)
(Factor C)

Concentration (M) 
(Factor A)

Voltage (V) 
(Factor B)

Figure 6.5a Illustration of the method of calculating the interaction effects of

concentration and strength

43
51
67

Concentration (M)

(This illustrative diagram shows no interaction)

Figure 6.5b Illustration of the interaction effect of concentration and strength
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7. Experimental validation of the 

in-situ chloride migration test

7.1 Introduction

This chapter aims to validate experimentally the in-situ chloride migration test for 

determining the chloride diffusivity of concrete. Therefore, a laboratory based 

experimental programme (Exp 3) was carried out to assess the correlation between 

the in-situ chloride migration test and other test methods normally used for 

measuring chloride diffusivity. The effect of chloride contaminated concrete on the 

results of the in-situ chloride migration test was also investigated. This was to 

determine whether the proposed test could be performed at any stage in the life of a 

structure in service to give an accurate estimation of the chloride diffusivity.

7.1.1 Objectives of the experimental programme

1. To determine the correlation between the in-situ migration coefficient and both 

the effective and the apparent diffusion coefficients, thereby to establish the 

suitability of the in-situ chloride migration test for determining the chloride 

diffusivity of concrete.

2. To determine the influence of chloride contaminated concrete on the in-situ 

migration coefficient.

7.2 Experimental details

This section gives details of the test specimens and the test methods used in the 

experiment. The test methods were the chloride ponding test (section 7.2.2.1 and
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7.2.2.2), the in-situ chloride migration test (section 1.2.23) and the normal diffusion 

cell test (section 7.2.2.4). The chloride ponding tests were used to determine the 

apparent diffusivity of the concrete mixes and, along with the measurement of the 

electrical resistance of the concrete, to identify changes to the concrete caused by the 

ingress of chlorides.

7.2.1 Test specimens

The eight Portland cement concrete mixes presented in Table 4.2 were used in this 

experimental series. The test specimens used for the different tests were cast from the 

same batch of concrete for each mix in order to eliminate any variability of the 

concrete due to casting influencing test measurements. The test specimens were 

removed from the moulds after 24 hours and immersed in a constant temperature 

water bath (20 ± 1°C) for three days. The specimens were then wrapped in polythene 

sheets and placed in a storage laboratory at 20 °C (± 1°C) and 55 % (± 1%) relative 

humidity until the age of 28 days.

The test specimens for the chloride ponding test and the in-situ chloride migration 

tests were of size 250 x 250 x 100 mm and 230 x 230 x 80 mm respectively. The four 

lateral sides of the specimens were coated three times with Sikaguard 680 Icosit 

concrete cosmetic acrylic paint. The test specimens for the normal diffusion cell tests 

(3 specimens per mix) were discs of 100 mm in diameter and 20 mm in thickness, 

removed from slabs of 300 x 300 x 80 mm in size (disc taken from mould face of the 

slab). All the test specimens were saturated with water prior to commencement of the 

tests.
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7.2.2 Test methods

7.2.2.1 Chloride ponding test: Resistance measurements

To assess whether the in-situ migration coefficient of concrete exposed to chlorides 

gave an accurate estimation of the physical pore structure, it was necessary to 

identify any modifications that occurred to the pore structure during the exposure 

period. The technique of measuring the electrical resistance across embedded 

electrodes in the concrete was used, where a change in the pore structure would be 

indicated by a change in electrical resistance. This technique of measuring electrical 

resistance across embedded electrodes was utilised by McCarter et al. (1995) to 

monitor the ingress of water and chlorides into concrete.

Chloride ponding slabs (4 slabs per mix) containing 4 pairs of stainless steel 

electrodes at 10mm intervals from the exposed surface (as shown in Figure 4.8) were 

continuously ponded with a 0.55 M NaCl solution for 60 weeks. The electrical 

conductance across the pairs of electrodes was measured every week using a Jenway 

4010 conductance meter (Jenway, 1988) and the values reciprocated to give the 

electrical resistance. In this ehapter, the pairs of electrodes will be referred to by their 

position in the concrete; e.g. 10mm will refer to the resistance across the pair of 

electrodes positioned at 10mm depth from the exposed surface.

To identify any changes in electrical resistance due to the ingress of chlorides, the 

relative change in electrical resistance from the start of exposure was used. The 

resistance measurements are presented as a ratio of the resistance at any time during
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the ponding period (Rj), to the initial resistance at the corresponding electrodes at the 

start of the ponding period (Ro).

1.2.2.2 Chloride ponding test: Determination of the apparent diffusivity

In a chloride ponding test, the flow of chlorides through the concrete is not constant, 

as the concrete can bind a portion of the chloride ions (Nilsson et al., 1996). 

Therefore, Pick’s 2"d law for non-steady state diffusion is used, to yield an apparent 

diffusion coefficient (Crank, 1975; Poulsen, 1990).

Two of the four chloride ponding slabs used for resistance measurements were used 

to determine the chloride profile and, thus, calculate the apparent diffusivity for each 

mix. The extraction of concrete at different depths was made using a profile grinder 

(Germann Instruments, 1998). The dust was collected from a depth of 1 mm at every 

5 mm intervals, i.c. 0-1 mm, 5-6 mm down to 40-41 mm and analysed for the total 

chloride content using the procedure outlined in BS 1881; Part 124: 1988. The total 

chloride content was expressed as the percentage chloride by weight of cement (as 

shown in section 4.6.4.4).

A typical example of a chloride profile is presented in Figure 7.1. This profile is for 

concrete Mix 5. The profiles of all the mixes have been included in Appendix Cl.

Calculation of the apparent diffusion coefficient

The chloride diffusion characteristics of the different mixes were determined by 

using the linear regression method described in section 3.2.2.3, based on Pick’s 2,ul 

law. For convenience, the method outlined by Poulsen (1990) is repeated in this 

section:
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Chloride ingress into concrete can be modelled using the error function solution of

Pick’s 2nd law:

C^^C.+C.+C^erfc-fJ— (7.1)

Where,

Cfx.t) = chloride profile i.e., the chloride concentration of the concrete at 

depth, x, from the exposed surface at the time, t, since the start of 

exposure.

C, - initial chloride concentration of the concrete.

Cs = chloride concentration of the concrete surface.

Dapp = apparent diffusion coefficient.

etfc = error function complement, found in mathematical handbooks.

Poulsen (1990) considered it was possible to write Equation 7.1 as follows:

y=ax + q (7.2)

Where,

y = JcM-Q (7.3)

ci=Jc,-C, (7.4)

r- Ic.-c, _ 
tfo'A,,, 4n'D-»

(7.5)

Equation 7.5 can be rearranged to give.

D(*PP \2t
(7.6)
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Following the procedure outlined by Poulsen (1990), the measured concentration 

values, C(x,i) tor each profile were included in equation 7.3, assuming an initial 

concentration C, value of zero. A regression analysis of the y values obtained from 

equation 7.3 against depth, .*, was carried out. Figure 7.2 illustrates the linear 

regression analysis of the transformed variables for the chloride profile in Figure 7.1. 

This enabled q and a values (the y-intercept and the slope of the straight line) to be 

calculated using equation 7.2, as shown in the lop right corner of Figure 7.2. The 

apparent diffusion coefficient was obtained from equation 7.6, knowing that r, the 

time of exposure, was 60 weeks. A worked example of this procedure is given in 

Appendix C2.

The above procedure was used for the 2 profiles for each of the 8 mixes tested and 

the apparent diffusion coefficients thus obtained are presented in Table 7.1.

7.2.2.3 In-situ chloride migration test

The in-situ chloride migration test was conducted on chloride-free concrete to enable 

the in-situ migration coefficient to be compared with other diffusion coefficients. 

The test was also carried out on the chloride ponding slabs after the 60 weeks of 

ponding. This was to investigate the effect of chlorides present in concrete on the in- 

situ migration coefficient.

In-situ chloride migration test: Chloride-free concrete

The test specimens at 28 days of age were unwrapped from the polythene sheeting

and stored in a controlled environmental laboratory at 20 °C (± 1°C) and 55% (± 1%)

relative humidity for 60 weeks. This was to eliminate any effect due to age difference

between the chloride-free concrete and the chloride ponded slabs on the in-situ
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migration coefficient. After the period of storage, a small piece of concrete was 

broken from one of the Mix 8 specimens to check for carhonation (Mix 8, highest w- 

c ratio and, thus, carhonation depth). The broken surfaces were sprayed with 

phenolphthalein, a pH indicator, used for determining the depth of carhonation. 

There were no visible signs of carhonation on the specimen. The four sides of all the 

slabs were then coated with a water proofing agent. The slabs were then pre

saturated with water and tested at the age of 65 weeks.

The test parameters used for the in-situ chloride migration test were those identified 

from the standardisation experiment (Exp 2) in Chapter 6. The anode and cathode 

were mild steel and stainless steel respectively (Figure 6.1). The neutral solution was 

distilled water, with 0.55M NaCl used as the chloride source solution. The applied 

voltage was 60 V dc. The results of the tests are summarised in Table 7.2.

In-situ chloride migration test: Chloride contaminated concrete 

After the 60 week ponding period, the chloride solution was removed from the slabs 

and the in-situ chloride migration test was performed on the concrete. The test was 

set-up immediately after the removal of the chloride solution to ensure that the 

concrete remained fully saturated during the in-situ chloride migration test. The test 

parameters used were the same as those for the tests conducted on the specimens not 

containing chlorides. The results from the in-situ chloride migration tests on the 

ponded slabs are shown in Table 7.3.

7.2.2.4 Normal diffusion cell test

The normal diffusion cell tests were conducted to obtain the effective diffusion 

coefficient of the 8 mixes. The test (details in section 4.6.2.2) was carried out over an
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85 week period. This test duration was neeessary to ensure a sufficient number of 

concentration measurements during steady state conditions.

The method of calculating the effective diffusion coefficient is given in Appendix 

A4. The results of the normal diffusion cell tests are presented in Table 7.4.

7.3 Influence of mix parameters on test measurements

In this section the results of the various tests to measure diffusivity will be presented 

and discussed in terms of the different mix parameters used in the experiment. This 

was to establish the influence of the w-c ratio and a-c ratio on the diffusivity values 

and to compare the various tests in terms of these effects. Therefore, the effects of 

w-c ratio and a-c ratio on the effective diffusion coefficient (De), the apparent 

diffusion coefficient (Dapp) and the in-situ migration coefficient on ‘chloride-free’ 

concrete (Din.Si,u) and on ‘chloride-contaminated’ concrete (Din.silu(6o)) are discussed 

below.

7.3.1 Effect of w-c ratio

7.3.1.1 Effect of w-c ratio on Dc

The effect of w-c ratio on the effective diffusion coefficient at a-c ratios of 4 and 5 is 

presented in Figure 7.3. The figure shows that for both a-c ratios, an increase in De 

was observed with an increase in the w-c ratio. This trend is similar to the results 

reported by Page et al. (1981) and MacDonald and Northwood (1995). These results 

show that the w-c ratio is an important mix parameter influencing the steady state 

diffusion of chlorides through concrete.
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7.3.1.2 Effect of w-c ratio on Dapp

Figure 7.4 shows the influence of w-e ratio on the apparent diffusion coefficient. The 

values of Dapp ranged from 3.85xlO'8 cm2/s for w-c ratio of 0.45 (a/c = 4) up to 

14.2xl0'x cm2/s for w-c ratio of 0.65 (a/c = 4). There was a clear trend of increase in 

Dapp when the w-c ratio was increased at both a-c ratios, as found with the effective 

diffusion coefficient. However, the actual values of Dapp were much larger than the 

corresponding values of De. For example, De at w-c ratio of 0.45 (a/c = 4) was 

1.51xl()'8 cm2/s, whereas Dapp for the same mix was 14.1xl0'8 cm2/s. This was a 

factor of almost ten difference between the two diffusion coefficients. A possible 

explanation could be that the values of De were relatively low due to chloride 

binding. This binding may have modified the pore structure, thereby increasing the 

resistance of the concrete to the steady state flow of chlorides.

7.3.1.3 Effect of w-c ratio on

The influence of w-c ratio on the in-situ migration coefficient is presented in Figure 

7.5, where Din.Sjtu increased with an increase in w-c ratio. The figure shows a clear 

distinction in the D]n.Situ values between different w-c ratios, indicating that the in-situ 

chloride migration test is sensitive to variations in w-c ratio. Sugiyama et al. (1996) 

reported similar results of the effect of w-c ratio on the standard (one-dimensional) 

chloride migration test. In Figure 7.5, the Din-siiu values were similar in magnitude to 

the values of De, showing that the w-c ratio has the same effect on the steady state 

flow of chlorides through concrete in both the normal diffusion cell test and the in- 

situ chloride migration test.
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7.3.1.4 Effect of w-c ratio on Din.SitU(60)

Figure 7.6 shows the effect of the w-c ratio on the in-situ migration coefficient after 

the concrete was ponded with chlorides for a 60 week period. The value of Djn.situ(60) 

increased when the w-c ratio increased from 0.45 to 0.55 at the a-c ratio of 4. 

However, at both a-c ratios, a decrease in D,n.Sjlu(60) was found when the w-c ratio 

changed from 0.55 to 0.65. That is, after the concrete was ponded with chlorides, the 

in-situ migration coefficient was higher for 0.55 w-c ratio compared to 0.65 w-c 

ratio. This trend does not agree with the results of the other tests for measuring 

diffusivity. This may have been due to the modification of the pore structure by 

chloride binding during the chloride ponding, reducing the volume of the large pores 

in the concrete, as observed in investigations by Buenfeld and Newman (1986) and 

Kayyali and Haque (1995). This would mean that the in-situ migration coefficient 

might have given a true reflection of the modified concrete. Alternatively, the 

chlorides present in the concrete might have affected the assessment of the in-situ 

migration coefficient, making it less sensitive to variations between different mixes. 

The effect of chloride ponding on the pore structure and, thus, on the in-situ 

migration coefficient is discussed in detail in section 7.4 and it is expected that this 

section will clarify the trends in Figure 7.6.

7.3.2 Effect of a-c ratio

7.3.2.1 Effect of a-c ratio on De

Figure 7.7 shows the effect of a-c ratio on the effective diffusion coefficient. A 

different trend of the effect of a-c ratio was observed at the three w-c ratios. At the 

w-c ratio of 0.45, De increased slightly when the a-c ratio was increased from 2 to 4. 

However, at the w-c ratio of 0.55, De decreased when a-c ratio changed from 4 to 5
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and both effects were evident at the w-c ratio of 0.65, where De increased when the

a-c ratio changed 4 to 5 hut decreased when it changed from 5 to 6.

The aggregate content in concrete affects the steady state diffusion of chlorides in 

two ways. Firstly, the aggregate particles interrupt the capillary pore continuity, 

increasing the tortuosity and reducing the diffusivity. Secondly, the cement paste- 

aggregate interface is more porous than the bulk paste (Young, 1998), which 

increases the diffusivity. The results in Figure 7.7 would suggest that both the effects 

of the aggregate were influencing the effective diffusion coefficient, depending on 

the w-c ratio. At high w-c ratios, the interruption of the continuous pore network may 

have had a larger influence on the diffusion of chlorides compared to the lower w-c 

ratios, which would have resulted in the decrease in De with an increase in the a-c 

ratio. Further investigation is required to confirm the reasoning given here.

7.3.2.2 Effect of a-c ratio on Dapp

The influence of a-c ratio on the apparent diffusion coefficient is presented in Figure 

7.8. Again, a different trend was observed at each of the three w-c ratios. At the w-c 

ratio of 0.45, Dapp decreased when the a-c ratio increased from 2 to 3 then increased 

when the a-c ratio increased from 3 to 4. However, at the w-c ratio of 0.55, Dapp 

increased when the a-c ratio increased from 4 to 5. At the w-c ratio of 0.65, the 

increase in a-c ratio had a large influence on the test result, with Dapp decreasing from 

14.2xlO'8 cnr/s to 7.0xl0'8 cm2/s, when the a-c ratio was changed from 4 to 6. The 

value of Dapp was influenced by chloride binding which removes chlorides from the 

pore solution and, thus, reduces the amount of chlorides available for diffusion. At 

higher a-c ratios, the increased aggregate content would increase the tortuosity and 

therefore, the resistance to diffusion of chloride ions. Also, this increased flow path
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may have provided more binding sites for the chlorides, which in turn, decreases the 

value of Dapp. However, the reason for the different trends in different w-c ratios 

requires further investigation.

7.3.2.3 Effect of a-c ratio on Din.si,u

The effect of the a-c ratio on Djn.Sjtu is shown in Figure 7.9. The effect of the a-c ratio 

on D,n.sj,u in this figure is the same as that observed for De. The changes in Din.sj,u 

with changes in a-c ratio were small relative to the changes in Din.situ due to varying 

the w-c ratio.

7.3.2.4 Effect of a-c ratio on Djn.Sj,u(6o)

The effect of the a-c ratio on the in-situ migration coefficient after exposure to 

chlorides is presented in Figure 7.10. This figure shows that there is no specific trend 

of the effect of a-c ratio on the in-situ migration coefficient, with a different effect 

observed at the three w-c ratios. The effect of a-c ratio on Djn.sitU(60) was different 

from the trend found for Djn_situ, in fact, the trend was the opposite. For example, for 

w-c ratio of 0.55, changing the a-c ratio from 4 to 5 resulted in a decrease in Djn.Sjtu 

but an increase in Din.S]IU(60). This shows that chloride ponding either changed the pore 

structure of the concrete or affected the assessment of the in-situ migration 

coefficient. The effect of chloride ponding on the test measurements is discussed in 

the next section.

7.4 Influence of chloride ponding on test measurements

7.4.1 Introduction

The results of the electrical resistance measurements across the electrodes in the 

chloride ponding slabs and the in-situ chloride migration test results are discussed in
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this section. The resistance measurements were used to investigate the effect of 

chloride ponding on the resistance of the concrete and, thus, establish if the in-situ 

chloride migration test was sensitive to any changes in the resistance of the concrete 

or if the changes affected the assessment of the in-situ migration coefficient. The 

variations in electrical resistance at depths of 10 mm, 20 mm, 30 mm and 40 mm 

between the mixes are discussed first to establish:

i) whether or not the resistance changed over the ponding period.

ii) the effect of mix parameters on the resistance measurements.

7.4.2 Resistance-ratio measurements

7.4.2.1 Background to resistance measurements

The principle of using and interpreting resistance measurements across electrodes in 

concrete was explained in section 5.5.3. However, the factors influencing the 

electrical resistance of concrete during a chloride ponding test are discussed in this 

section.

Nilsson et al. (1996) stated that the electrical resistance of concrete is dependent on 

the physical resistance of the pore structure to the flow of ionic current and the 

conductivity of the pore solution. Therefore, changes in the resistance during 

chloride ponding are due to changes in the pore structure and/or the pore solution.

During chloride ponding, the pore structure can be modified by continued hydration 

or binding of chloride ions to the cement hydrates (section 2.3). The influence of 

continued hydration was not considered to be significant over the long test duration 

(60 weeks) as the concrete was made from Portland cement and was moist cured for



28 days. Furthermore, any further hydration would occur during the early stages of 

the chloride exposure period and, hence, not influence the longer-term changes in the 

resistance of the concrete.

It was identified in the review of literature that chloride binding would change the 

pore structure. Midgley and Illston (1984) state that chloride penetration caused a 

shift in the pore size distribution; the greater the chlorides present, the smaller the 

pores found. A similar observation was made by Kayyali and Haque (1995), who 

concluded that chloride ingress caused a reduction in permeability due to the 

formation of smaller discontinuous pores. Therefore, the ingress of chlorides into 

concrete could change the pore structure, increasing the resistance of the concrete to 

the How of ionic current.

The ingress of chlorides could also change the ionic composition and, thus, the 

conductivity of the pore solution. The addition of chlorides would increase the 

conductivity if no other ions were removed from the pores. However, this may not 

occur, as there may be counter diffusion of ions out of the pores. Investigations by 

Chatterji (1994) found that there was a decrease in the Ca(OH)2 content in the 

concrete during the diffusion of chlorides in a steady state diffusion test, i.e. leaching 

of CafOH); out of the concrete was occurring. This leaching of Ca(OH)2 from the 

pores due to the ingress of chloride ions would decrease the conductivity of the pore 

solution, as hydroxyl ions are more than twice as conductive as chloride ions 

(Bockris and Reddy, 1970). Although the investigations by Chatterji (1994) were 

carried out using a normal diffusion cell test, some leaching may occur in the 

chloride ponding test during the ingress of chlorides due to the counter diffusion of
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hydroxyl ions. This, in turn, would possibly decrease the conductivity of the pore 

solution.

Therefore, the resistance of concrete during chloride ponding could be changed by 

continued hydration, modification of the pore structure by chloride binding or 

possibly by counter diffusion of ions out of the pores. These effects would all result 

in an increase in the electrical resistance of the concrete during exposure to a 

chloride solution.

7.4.2.2 Resistance-ratio variations between mixes

The change in resistance of the 8 mixes at depths of 10 mm, 20 mm, 30 mm and 40 

mm from the ponding surface are presented in Figures 7.11 to 7.14 respectively. The 

resistance measurements are given as a ratio of the resistance readings taken every 

week (R,) divided by the initial resistance (Rq) at the corresponding electrodes prior 

to chloride ponding, as used by McCarter er at. (1995).

General comments on Figures 7.11 to 7.14

The resistance-ratios presented are the average of 4 test specimens for each mix. The 

resistance-ratio results for each mix at the four depths are included in Appendix C3. 

In Figures 7.11 to 7.14 the fluctuations between the individual resistance-ratios from 

week to week were not considered to be important, while comparing with the overall 

change in resistance-ratio during the ponding period. The small fluctuations may 

have resulted from changes in the ambient temperature affecting the resistance as it 

was measured instantaneously after establishing a connection with the Jenway 4010 

conductance meter.
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Resistance-ratio variation at 10 mm depth

The variation in the electrical resistance in the chloride ponding slabs over the 60 

week ponding period at the 10 mm depth is shown in Figure 7.11. The figure shows 

that the resistance of all the mixes increased during the chloride ponding. The rate of 

increase of resistance for each of the mixes was almost constant over this period. At 

the end of the ponding, the final resistance-ratio of all the mixes varied between 2.5 

and 3.5, i.e., the resistance of the concrete had increased by a factor of 2.5 to 3.5 

from the resistance at the start of the test. There was little variation in the resistance- 

ratio between the mixes, except for Mix 1 (w/c = 0.45: a/c = 2) and Mix 2 (w/c = 

0.45: a/c = 3), where a smaller change in resistance over the ponding period 

occurred. The similarity of the resistance-ratio results for the different mixes shows 

that at the 10 mm depth, irrespective of the concrete quality, i.e., w-c ratio and a-c 

ratio, the same relative change in resistance occurred. Therefore, even though the 

different mixes had different initial pore structure and, hence, different values of 

resistance, the same relative increase in resistance occurred.

The results in Figure 7.11 show that a large increase in resistance was observed for 

all mixes. This increase in resistance could have resulted from all the reasons stated 

earlier, which includes modifications to the pore structure by chloride binding. This 

would mean that the concrete had changed during the ponding period and was 

different from the concrete at the start of the test. However, the relative change in the 

pore structure between the mixes was almost the same.

Resistance-ratio variation at 20 mm depth

Figure 7.12 shows the resistance-ratio variation at the 20 mm depth from the ponding 

surface. Again, the resistance of the 8 concrete mixes increased at a constant rate
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during the ponding period. The same change in resistance was observed for mixes 

with w-c ratios of 0.55 and 0.65, as found at 10 mm depth, with a slightly lower 

change in resistance observed for mixes with the w-c ratio of 0.45. This would 

indicate that fewer chlorides had penetrated through the concrete at the lower w-c 

ratio and, thus, possibly less change to the pore structure occurred. This means that 

the same relative change in pore structure may not have occurred in all the mixes at 

this depth. Therefore, when conducting an in-situ chloride migration test on ponded 

slabs, the variations in the relative changes in the pore structure may result in the 

variations of the in-situ migration coefficient between mixes to be different from 

those for the mixes not containing chlorides.

Resistance-ratio variation at 30 mm depth

The change in electrical resistance in the chloride ponding slabs at 30 mm depth is 

presented in Figure 7.13, which clearly shows that different changes in resistance 

occurred between the mixes. The largest increase occurred for the mixes with w-c 

ratio of 0.65, followed by the mixes with w-c ratio of 0.55 and the lowest increase in 

resistance was found for the mixes having a w-c ratio of 0.45. The increase in 

resistance ratio at this depth for the w-c ratio of 0.65 was similar in magnitude to the 

increase at 10 mm and 20 mm depths. However, at the w-c ratio of 0.55, the final 

resistance was approximately 2.5 times larger than the initial resistance, compared to 

3.5 times at both 10 mm and 20 mm depths. This could suggest that less pore 

structural changes had occurred at 30 mm depth. This was also evident in the mixes 

with the w-c ratio of 0.45, where the small increase in resistance would suggest that 

few chlorides had penetrated to this depth and little modifications occurred to the 

pore structure.
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Resistance-ratio variation at 40 mm depth

The resistance ratio variation at the 40 mm depth during the ponding period is 

presented in Figure 7.14. A trend in resistance-ratio variation similar to that found at 

30 mm depth can be seen in Figure 7.14, with three distinct bands of resistance-ratios 

corresponding to the three w-c ratios. This shows that the w-c ratio is the main mix 

parameter influencing the ingress of chlorides into concrete.

Figure 7.14 shows that at the w-c ratio of 0.65, the relative change in resistance at 

40mm depth was the same as that which occurred at the other electrode depths. This 

means that the relative change for this concrete did not vary with depth from the 

ponding surface. However, at lower w-c ratios, the change in resistance varied with 

depth. The largest change occurred for these concretes near to the surface and deeper 

in the concrete the resistance was similar to the initial resistance.

Summary

In all the chloride ponding slabs an increase in resistance was observed down to 40 

mm depth from the ponding surface. However, the change in resistance was not 

constant with depth for all the mixes and was influenced by the w-c ratio. At the w-c 

ratio of 0.65, after chloride ponding the resistance of the concrete had increased by a 

factor of 3.5 and was constant down to 40 mm depth. At the w-c ratios of 0.55 and 

0.45, the increase in resistance was about 3.5 at 10 mm depth and this decreased to 

2.5 and 1.5 respectively at 40mm depth. This means that all the mixes experienced 

different levels of modifications. This may have been the reason for the different 

trend in the in-situ migration coefficient of the mixes after ponding with chlorides.
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7.4.2.3 Relationship between resistance ratio and chloride content

The resistance ratios have been compared to the actual chloride content in the 

concrete in order to confirm if the changes in resistance were primarily due to the 

ingress of chlorides. The chloride contents at the depth of the electrodes were 

determined from the chloride profiles obtained at the end of the 60 week ponding 

period (profiles shown in Appendix Cl). To quantify the resistance ratio results, the 

rate of change of resistance was used, i.e. the slope of the lines in Figure 7.11 to 7.14. 

This change in resistance ratio with time [(Rj/Ro)/t] is termed as a Resistance Index

(RI).

The Resistance Index values and the chloride content values for the 8 mixes at the 4 

depths are reported in Table 7.5. The data in this table is presented in 

Figure 7.15(a to d), to show the relationship between the actual chloride penetration 

and the change in the electrical resistance of the concrete.

Figures 7.15a and 7.15b compare the RI and chloride content (%cl) values at 10 mm 

and 20 mm depths respectively and shows that both parameters follow a similar trend 

for the different mixes tested. That is, when a low chloride content was found, a 

small change in resistance in the concrete was also observed and increased with an 

increase in chloride content. This trend would indicate that the change in resistance 

was due to the ingress of chlorides. However, some anomalies existed in the 

relationship between RI and chloride content in Figures 7.15a and 7.15b. For 

example, in Figure 7.15a, the same RI value was obtained for mixes 3 and 4, but 

these two mixes had different chloride contents. Mix 3 had a chloride content of 

0.46%, whereas Mix 4 had a chloride content of 0.64%. This may be explained by
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considering the concentration dependency of chloride binding. There is no linear 

relationship between chloride concentration and binding (section 2.3), as at low 

concentrations a substantial proportion of the chlorides will be bound, whereas at 

high concentrations the binding capacity becomes largely exhausted, (Page et al., 

1991; Nilsson et al., 1996). Therefore, in Mix 3 and 4, even though the chloride 

content in the pores was different, any modifications to the pore structure and, thus, 

the Resistance Index may have been similar.

Figures 7.15c and 7.15d compares the RI and chloride content values at 30 mm and 

40 mm depths respectively and show that there is a good relationship between the 

two parameters, with the same trend occurring for the 8 mixes tested. The relatively 

better relationship between RI and chloride content at 30 and 40 mm compared to 10 

and 20 mm may also have been due to the concentration dependency of chloride 

binding. The chloride content at both 30 mm and 40 mm was lower than nearer to the 

surface (< 0.4%) and, thus, the chloride binding and the subsequent pore structure 

changes may have been more sensitive to variations in concentration of chlorides.

The results in Figure 7.15 confirm that when concrete is exposed to chlorides, an 

increase in the electrical resistance will occur when the mechanism of transport is 

diffusion. However, it appears that there is not a linear relationship between 

concentration of chlorides in the concrete and the change in electrical resistance. At 

low concentrations, the relationship may be linear, but at higher concentrations of 

chlorides, there is a limit to the change in resistance, beyond which little changes will 

occur with the increase in chloride concentration.
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7.4.3 Influence of chloride ponding on in-situ migration 

coefficient

The in-situ migration coefficient of chloride-free concrete and of the chloride ponded 

concrete have been compared in order to identify the effect of chloride ingress on the 

results of the in-situ chloride migration test. The in-situ migration coefficients have 

also been compared to the resistance ratio results, to see if the in-situ chloride 

migration test was sensitive to changes that occurred in the concrete during ponding.

7.4.3.1 Comparison of Din.sjt„ and Djn.situ(60)

Figure 7.16 compares the in-situ migration coefficient of the chloride-free concrete 

(Din-situ) and the chloride contaminated concrete (Dm.Sj,U(60)). The Djn-Situ values were 

determined on separate slabs and not on the ponding slabs before exposure to 

chlorides. However, both sets of slabs were cast from the same batch of concrete and 

cured in the same way, so it can be assumed that the Djn.Situ values would be similar 

to the in-situ migration coefficients of the chloride ponding slabs prior to ponding. 

Therefore, any variations between Din^m and Djn.Sjtu(60) are probably the result of the 

ingress of chlorides over the 60-week exposure period.

Figure 7.16 shows that the in-situ migration coefficient decreased for 6 out of the 8 

mixes after the exposure to chlorides, with an increase observed in Mix 1 (w/c = 

0.45: a/c = 2) and Mix 5 (w/c = 0.55: a/c = 5). The largest decrease in the in-situ 

migration coefficient (approximately 43%) occurred in the mixes with the w-c ratio 

of 0.65 (a/c = 4, 5, 6), followed by a decrease of 17% in Mix 4 (w/c = 0.55: a/c = 4), 

with the smallest decrease (approximately 14%) occurring in mixes 2 and 3 (w/c = 

0.45: a/c = 2, 3). This trend would suggest that the largest change to the pore
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structure occurred in the mixes with the high w-c ratio and decreased with a decrease

in w-c ratio. This would support the results of the resistance measurements that the 

largest change in resistance occurred at the highest w-c ratio

The increase in the in-situ migration coefficient due to chloride ponding in Mix 1 and 

5 may be due to experimental errors. It may be remembered that Din.SjtU(60) for each 

mix was an average of two tests and Table 7.3 shows that for both mixes one of the 

values was relatively high. This may have resulted in an erroneously high average 

in-situ migration coefficient. This high value of in-situ migration coefficient could 

have resulted from variations in the test specimens. Mix 1 had a high paste content 

(Table 4.2) which may have caused segregation in some of the test specimens, 

whereas Mix 5 was a coarse mix, which may have led to some slabs to be not fully 

compacted. Apart from these anomalies, the modifications to the pore structure can 

be considered to be responsible for the decrease in the in-situ migration coefficient 

after chloride ponding.

7.4.3.2 Comparison of change in Din.sim with change in resistance-ratio

To compare the change in the in-situ migration coefficient with the change in 

electrical resistance, the ratio of the in-situ migration coefficient after ponding to the 

in-situ migration coefficient before ponding (D,n.Sj,U(60)/Dm-siiu) was compared with the 

average Resistance Index at 10 mm and 20 mm depths. The average change in 

resistance in the top 20 mm was used as this was the region identified in section 5.5, 

through which the majority of chlorides migrated between the two cells in the in-situ 

chloride migration test. That is, any changes that occurred to the pore structure of the 

mixes at 40 mm may not have influenced the in-situ migration coefficient 

significantly.
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Figure 7.17 compares DM1_Situ(6(»/Din.Si,u to RI,0.20 for the 8 mixes and shows that for 6 

out of the 8 mixes tested, the same trend was observed between the change in the in- 

situ migration coefficient and the change in Resistance Index. In the mixes where a 

large increase in resistance occurred, the largest decrease in the in-situ migration 

coefficient was also observed. This means that when chlorides penetrate into 

concrete, any changes that occur to the pore structure can be identified by the in-situ 

chloride migration test and, thus, give an estimation of the resistance of the concrete 

to the transport of chlorides at the time of testing.

7.5 Relationship of Din.situ with De and Dapp

In this section the in-situ migration coefficient (Din.situ) is compared with the effective 

diffusion coefficient (De) and the apparent diffusion coefficient (Dapp) of the different 

mixes. This is to establish if the in-situ chloride migration test would give an 

accurate estimation of the chloride diffusivity of concrete.

7.5.1 Correlation between Din.situ and Dc

In both the in-situ chloride migration test and the normal diffusion cell test, the 

measured property describes the resistance of the concrete to the steady state flow of 

chlorides. The effective diffusion coefficient describes the concrete in terms of the 

resistance to the steady state diffusion of chlorides under a concentration gradient, 

whereas the in-situ migration coefficient describes the resistance provided to the 

steady state migration of chlorides due to an applied potential field.

The Dju.situ values are plotted against De for the 8 mixes in Figure 7.18, with 

regression analyses performed to obtain the best fit to the data. There is a very good

261



linear relationship between Din.sj,u and De with a R2 value of 0.95. The equation of the 

regression line in Figure 7.18 is the following:

De=1.46D._JIIU-0.25*10-8 (7.7)

Where the units of De and D,tKS,tu are cm2/s

It is important to note, that in order to use the relationship between De and Din.situ to 

extrapolate for values beyond the range of coefficients presented in Figure 7.18, 

logarithmic scales should be used. This would prevent the possibility of obtaining 

negative values for De.

The Di„_Si(U values were determined in 1 day compared to the 85-week testing period 

required for the determination of De. Therefore, the effective diffusivity of concrete 

in a chloride environment can be measured rapidly at an early-age, enabling the 

future durability of the concrete in service to be estimated.

7.5.2 Correlation between Din.Situ and Dapp

When chlorides ingress into concrete, a proportion of the chlorides bind to the 

cement hydrates and the rest are free ions in the pore solution available for diffusion. 

This means that the apparent diffusion coefficient is a function of the steady state 

diffusivity (De or Djn-sim) and the chloride binding capacity (Arsenault et al., 1995). 

Therefore, by establishing the relationship between Din_situ and Dapp, an assessment of 

the extent Dapp is influenced by binding effects can be made and whether the long

term apparent diffusivity can be determined from rapid measurements of steady state 

diffusivity.
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Figure 7.19 is a plot of Din.smj against D;w. The best fit obtained for the data was a 

power relationship with an R2 of 0.79. This is a reasonably good relationship 

between the two tests. The data is also presented in Figure 7.20 with the two 

coefficients plotted on separate y- axes. This figure allows for an easier visual 

observation to be made of the data for the two tests. This graph shows that the largest 

difference in the test values occurred for mixes 7 and 8 (w/c = 0.65).

The relationship between Djn.Sj,u and Dapp is given by the equation for the regression 

line in Figure 7.19:

D = 7 75(D )116npp ' * ^y in-situ /

Where the units of DapP and D,n.sltllare enr/s

(7.8)

In Figures 7.19 and 7.20 there was a large difference in the actual values of D,n.Si,u 

and Dapp. This could be explained by considering the effect of chloride binding. The 

relationship between the apparent diffusivity, the steady state diffusivity and the 

chloride binding capacity was identified by Arsenault et ctl. (1995) and Nilsson et al. 

(1996) as the following:

Where,

D."pp f
P

£,
dc f ’ /

Da,,,) = apparent diffusion coefficient (cm2/s)

D,, = effective diffusion coefficient (enr/s)

(7.9)

263



P = open porosity containing a liquid (the saturated pore volume that acts 

as a solvent for chloride ions)

Sci/5cf = chloride binding capacity (ratio of bound chlorides to free chlorides)

The Djn-situ values were converted to De using the regression equation (7.7), then 

substituted with the Dapp values in equation (7.9), to estimate the chloride binding 

capacity. The term P, the saturated pore volume was taken as 10%, as it was 

identified by Nilsson et at. (1996) to be typical for normal concrete. However, it is 

recognised that this value will vary between normal concrete mixes and does not 

have a unique value. The chloride binding capacity was calculated to be 

approximately 0.3-0.4. This means that approximately 25-30% of the chlorides in the 

concrete were bound and approximately 70-75% were free chloride ions in the pore 

solution.

This value for the chloride binding capacity, although only an estimation, was in 

agreement with investigations by Bishara (1991), who found that bound chlorides 

were 20-25% of the total chloride content. However, this value contradicts the 

findings of Polder and Larbi (1995) and Chatlerji (1994), in which the bound 

chlorides were found to be 75% and 85% of the total chloride content respectively. 

Therefore, it is difficult to quantify if the difference in the values between Djn_Sjtu and 

Dapp was solely due to the chloride binding capacity of the concrete and no further 

inferences can be made from this data.

The good relationship between the two parameters shows that an estimation of the 

apparent diffusivity of concrete that is in service can be obtained before chlorides

have penetrated into the concrete.
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7.6 Discussion on the strengths and limitations of the 

in-situ chloride migration test

In this section, the in-situ migration coefficient, as a measure of durability, was 

compared to another property of the concrete, the compressive strength to show the 

sensitivity of the test. Also, based on the results presented in this chapter, the validity 

of the in-situ chloride migration test for estimating chloride diffusivity on site will be 

discussed.

The relationship between the in-situ migration coefficient and the 28-day 

compressive strength is presented in Figure 7.21. This graph shows a very good 

linear relationship between the two parameters (R2 = 0.94), where an increase in the 

compressive strength resulted in a decrease in the Dm_Silu value. This graph illustrates 

that the test is sensitive to changes in the compressive strength of normal Portland 

cement mixes. That is, the proposed test, as a measure of durability is able to assess 

changes in other properties of the concrete. As a corollary to this, one can say that 

the Djn.situ can be estimated from the 28-day compressive strength of concrete. 

However, it is to be remembered that the pore structural changes during exposure to 

service environments can only be assessed by using an in-situ test. Therefore, the 

corollary is not applicable to structures which are in service.

The in-situ migration coefficient correlated very well with the effective diffusion 

coefficient (R2 = 0.95) and reasonably well with the apparent diffusion coefficient 

(R2 = 0.79). Therefore, the effective diffusivity of concrete in service can be 

accurately determined using the in-situ chloride migration test, as well as enabling 

the apparent diffusivity to be predicted. This means that De can be determined
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without the need to remove cores and conduct long-term laboratory experiments and 

Dapp can be obtained before chlorides have penetrated into the concrete, provided 

Normal Portland cement is used for the concrete. The determination of these 

parameters at an early age using the in-situ chloride migration test could enable an 

estimation of the future durability and service life. If the in-situ chloride migration 

test indicated that the concrete was not of sufficient quality, then remedial measures 

could be taken before the structure starts deteriorating.

The penetration of chlorides into concrete prior to conducting the in-situ chloride 

migration test had an effect on the value of Din.sj,u. The value of D,n.SitU was found to 

generally decrease after the concrete was exposed to chlorides. The resistance of the 

concrete at different depths was monitored during the exposure period and was found 

to increase, with the magnitude of the increase related to the actual chloride content 

in the concrete. The change in resistance was similar to the relative change in the in- 

situ migration coefficient of the concrete due to chloride ponding. Therefore, the in- 

situ chloride migration test is sensitive to any modifications and, thus, gives a good 

estimation of the pore structure at the time of testing, i.e., the resistance provided by 

the concrete to the steady state flow of chlorides.

However, it is necessary to establish if the change in electrical resistance was 

primarily due to pore modification and not due to changes in the pore solution 

conductivity, in which case Din.,SjUl does not reflect the actual pore structure of the 

concrete. Also, the resistance results showed that after chloride penetration, a 

resistance variation with depth in the concrete was established. This variation was 

influenced by the quality of concrete and varied between mixes. Therefore, it would
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be important to examine the effect of resistance variation with depth on the in-situ 

chloride migration test.

In summary, the in-situ chloride migration test as a measure of the durability of 

concrete is sensitive to changes in the compressive strength. The proposed test gives 

a good estimation of the effective and apparent chloride diffusivity of concrete. 

However, the reliability of the test to assess accurately the diffusivity of concrete 

after exposure to chlorides needs to be investigated further. This would then enable 

the in-situ migration coefficient to be used for assessing and predicting the durability 

of concrete, irrespective of the time of testing.

7.7 Concluding remarks

The overall conclusions of this chapter are:

1. The diffusivity of concrete as determined from the various tests was found to be 

primarily dependent on the w-c ratio. The a-c ratio had no specific effect on the 

diffusivity and was generally small relative to the effect of the w-c ratio.

2. The in-situ migration coefficient correlated well with both the effective and 

apparent diffusivity, enabling the long-term diffusivity of concrete on site to be 

determined using the in-situ chloride migration lest.

3. The ingress of chlorides into concrete changed the electrical resistance and the 

in-situ migration coefficient of the concrete. The resistance increased while the 

in-situ migration coefficient generally decreased. There was a reasonably good 

trend between these two parameters, indicating that in-situ chloride migration test 

was sensitive to any changes that occurred to the concrete during chloride 

penetration. However, the effect of resistance variations with depth on the in-situ 

migration coefficient needs to be investigated further.
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Table 7.1 Determination of the apparent diffusivity from chloride profiles

Chloride profiles
Mix No Mix details 

w/c, a/c
y-intercept, q Slope, a [(q/a)7l2t] 

Dapp (cm2/s)
Average

Dapp (cm2/s)
1 0.45. 2 0.7182 0.0164 4.40x10“ 4.69x10“
1 0.45, 2 0.8237 0.0177 4.97x10'“
2 0.45, 3 0.5973 0.0181 2.50x10“ 2.59x10“
2 0.45, 3 0.714 0.0209 2.68x10'“
3 0.45, 4 0.812 0.0211 3.40x10“ 3.85x10'“
3 0.45, 4 0.97 0.0224 4.31xl0'8
4 0.55, 4 1.1594 0.0219 6.44x10^ 7.03xl0'8
4 0.55, 5 0.7783 0.0135 7.63xl0'8
5 0.55, 5 1.155 0.021 e.OSxlO^ 7.85x-10'“
5 0.55, 5 0.944 0.0153 8.75x10'“
6 0.65, 4 1.0269 0.0127 15.01x10“ 14.21x10“
6 0.64,4 0.9248 0.0121 13.41x10“
7 0.65, 5 0.9921 0.0139 11.70x10“ 10.91x10“
7 0.65, 5 1.1085 0.0167 10.12x10“
8 0.65, 6 0.8568 0.0154 7.11x10“ 7.03x10“
8 0.65, 6 0.8581 0.0156 6.97x10“

Table 7.2 Results of in-situ chloride migration tests on chloride-free concrete

Mix No Mix details 
w/c, a/c

dc/dt
(ppm/hr)

Temperature
(K)

^in-situ
(cm2/s)

Average 
Dta.situ (cm2/s)

1 0.45, 2 26.76 295.8 5.31xlO'y
1 28.68 295.6 5.69x1 O'9 5.09xl0"9
1 21.51 295.3 4.26xl0'9
2 0.45, 3 26.35 295.4 5.22x10'9
2 28.22 294.9 5.59xl0'9 5.27xl0'9
2 25.32 294.9 5.01xl0'9
3 0.45, 4 27.35 295.1 5.42x10'9
3 33.03 295.2 6.54xl0'9 5.55xl0'9
3 23.7 294.1 4.68xl0'9
4 0.55, 4 41.26 296.4 8.21xl0'9
4 60.42 296.6 1.20x10'“ 9.33xl0'9
4 39.06 295.4 7.74xl0'9
5 0.55, 5 47.88 296.2 9.52xl0'9
5 41.56 296.2 8.26x1 O'9 8.62xl0"9
5 40.71 296 8.09xl0'9
6 0.65, 4 55.65 296.9 1.11x10“
6 78.56 298.2 1.57x10'“ 1.31x10“
6 62.17 296.5 1.24x10“
7 0.65, 5 83.16 298.6 1.67x10“
7 60.07 298 1.20x10“ 1.44x10“
7 71.87 299.4 1.44x10'“
8 0.65, 6 80.25 298.3 1.61x10'^
8 46.6 295.8 9.25x10‘9 1.22x10“
8 57.29 296 1.14x10“
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Table 7.3 Results of in-situ chloride migration tests on slabs after 60 weeks of 
chloride ponding

Mix No Mix details 
w/c, a/c

dc/dt
(ppm/hr)

Temperature
(K)

Din-Siiu(60)

(cm2/s)
Average
Din-situ(60)

1 0.4?, 2 50.38 293.5 9.92xl0'y 8.63xl0"9
1 37.21 293.8 7.34x1 O'9
2 0.45, 3 23.83 293.4 4.69xlOg 4.77xl0‘9
2 24.63 293.2 4.85xl0'9
3 0.45, 4 23.86 292.4 4.68xl0'9 4.56xl0‘9
3 22.59 292.7 4.44xl0'9
4 0.55, 4 38.4 292.7 7.54x10‘9 7.79xl0'9
4 40.9 292.9 8.04xl0'9
5 0.55, 5 73.75 294.1 1.46x10 s 1.02x10 s
5 30.09 292 5.90x1 O'9
6 0.65, 4 32.68 292.7 6.42x10'9 7.08xl0'9
6 39.39 292.7 7.74xl0'9
7 0.65, 5 36.51 293.1 7.18xl0'9 6.39xlOy
7 28.49 292.8 5.6xl0'9
8 0.65, 6 36.78 292.6 7.22xl0"9 8.81xl0’g
8 52.75 293.6 1.04xl0"8

Table 7.4 Results of normal diffusion cell tests

Mix Mix details dc/dt Volume of Specimen Effective D Average De
No w/c, a/c (ppm/day) cell (cm3) Thickness (cm) De (cm2/s) (cmVs)

1 0.4841 387 2.14 5.53xl0‘9
1 0.45, 2 0.4754 387 2.07 5.25xl0‘9 5.10x10'9
1 0.4074 387 2.08 4.52xl0'9
2 0.4207 387 2.11 4.74xl0'9
2 0.45, 3 0.6135 387 2.02 6.61xl0'9 5.64xl0'9
2 0.5638 387 1.85 5.56xl0'9
3 0.5081 387 1.93 5.23xl0'9
3 0.45, 4 0.734 387 1.98 7.75xl0'9 6.46x10‘9
3 0.5971 387 2.01 6.40xl0'9
4 0.9225 387 2.03 9.99xl0'y
4 0.55, 4 1.3047 387 1.99 1.39xl0‘8 1.18x10 s
4 1.1338 387 1.91 1.16xl0‘8
5 0.7317 387 1.96 7.65xl0'9
5 0.55, 5 0.8172 387 1.95 8.50xl0'9 7.89xl0‘9
5 0.6637 387 2.12 7.51xl0'9
6 1.3987 387 1.98 1.48x10 s
6 0.65, 4 1.3418 387 1.98 1.42xl0'8 1.51xl0'8
6 1.5726 387 1.95 1.64xl0"8
7 1.671 387 2.08 1.85xlO'8
7 0.65, 5 2.1918 387 1.86 2.17x10 s 2.02xl0'8
7 1.8718 387 2.04 2.04xl0'8
8 1.3204 387 1.95 1.37xl0'8
8 0.65, 6 1.651 387 1.95 1.72x10 s 1.58x10s
8 1.5345 387 2.02 1.65xl0'8
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Table 7.5 Resistance Index and chloride content values at the different depths in 
chloride ponding slabs

Mix Mix Resistance Index [(Ri/R0)/t] Chloride content ------1
No details (xlfP/s) (% by weight of cement)

w/c, a/c 10mm 20 mm 30mm 40mm 10mm 20mm 30mm 40mm
1 0.45,2 4.28 4.4 2.2 1.5 0.4 0.22 0.06 0.03
2 0.45,3 4.05 2.66 2.08 1.85 0.18 0.06 0.02 0.02
3 0.45, 4 6.37 6.25 2.43 2.08 0.46 0.21 0.07 0.05
4 0.55, 4 6.6 6.71 5.56 4.05 0.64 0.33 0.21 0.08
5 0.55, 5 6.02 6.71 6.02 4.17 0.74 0.45 0.27 0.10
6 0.65, 4 6.71 6.60 6.94 6.48 0.7 0.51 0.34 0.28
7 0.65, 5 7.51 7.29 7.64 8.10 0.78 0.55 0.36 0.22
8 0.65, 6 6.60 6.71 7.06 6.37 0.39 0.24 0.16 0.05
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Figure 7.1 Chloride content profile of concrete Mix 5 after 60 weeks chloride

ponding
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Figure 7.2 Linear regression analysis of chloride content profile of concrete

Mix 5 for determining diffusion parameters 
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Figure 7.11 Resistance-ratio results at 10 mm depth in chloride ponding slabs
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Figure 7.12 Resistance-ratio results at 20 mm depth in chloride ponding slabs
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Figure 7.13 Resistance-ratio results at 30 mm depth in chloride ponding slabs
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Figure 7.14 Resistance-ratio results at 40 mm depth in chloride ponding slabs
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8. Assessment of the site applicability 

of the in-situ chloride migration test

8.1 Introduction

In this chapter, the suitability of the in-situ chloride migration test for quantifying the 

diffusivity of concrete in the Dickson Bridge, Montreal, Canada, which was exposed 

to a chloride environment is discussed. Several types of tests were carried out on the 

bridge deck and the results are presented and discussed. This was to establish the 

suitability of the in-situ chloride migration test, in relation to other tests which were 

used for assessing the present condition and predicting the future durability of the

8.2 Dickson Bridge Research Programme

8.2.1 Background

The Dickson Bridge was constructed in 1959, at a cost of under a million Canadian 

dollars, as a grade separation over railway tracks in a industrialised area of Montreal. 

The Dickson Bridge shown in Figure 8.1 consisted of three sections. The northern 

and southern sections consisted of a reinforced concrete deck on reinforced concrete 

beams and columns, while the central section over the railway tracks consisted of a 

reinforced concrete deck supported by steel beams and columns. The reinforced 

concrete deck was 150 mm thick. The overall dimensions of the bridge 

superstructure were 360 m in length and 27 m in width.
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8.2.2 Research Programme

In 1988, the City of Montreal undertook a detailed programme to inspect and 

evaluate its transportation infrastructure, including the deck of the Dickson Bridge, 

which exhibited corrosion of the reinforcing steel, with chloride ion contents above 

the permissible levels. Consequently, the bridge was decommissioned in 1994 by the 

City of Montreal (Mirza et al., 1998).

After the decommissioning of the bridge, it was envisaged by McGill University, 

Montreal and some industrial partners, in conjunction with the City of Montreal to 

use the bridge for research and development purposes. One of the projects was to 

conduct a detailed investigation of the concrete deck on the northern section of the 

bridge in 1997-1998. In this project. The Queen’s University of Belfast was invited 

to carry out tests with the new in-situ chloride migration test as part of the 

investigation.

8.2.2.1 Objectives

The main objectives of the investigation were the following:

1. To examine the deterioration and to measure the corrosion;

2. To identify the causes of the observed deterioration;

3. To identify suitable test techniques for predicting corrosion.

Although these were the overall objectives, the main objective of the part of the work 

carried out by The Queen’s University of Belfast was to ‘establish the effectiveness 

of the in-situ chloride migration test for measuring the durability of reinforced 

concrete exposed to a chloride environment'.
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8.2.3 Test methods

The concrete deck was investigated using test methods for assessing the corrosion 

damage and for measuring the physical properties of the concrete. The in-situ 

chloride migration tests were carried out by two research students from The Queen’s 

University of Belfast who visited the site and worked alongside a student from 

McGill University for the main testing programme. Therefore, all tests are described 

in the following sub-sections.

The assessment of the corrosion damage involved a thorough visual inspection, 

including detection of delamination by tapping the surface of the concrete with a 

hammer and the location of the reinforcement and the depth of cover using a 

covermeter. The probability and rate of corrosion of the reinforcement was measured 

using the half-cell potential and the linear polarisation resistance tests respectively. 

The chloride content in the concrete at the level of the reinforcement was obtained. 

The relative humidity of the cover concrete and the depth of carbonation were also 

determined. These tests were primarily carried out by the student from McGill 

University and full details are given in Fazio (1999).

The physical properties of the concrete were evaluated by its compressive strength 

(from drilled cores) and the durability characteristics, determined in terms of chloride 

diffusivity and electrical resistivity. The diffusivity of the cover concrete was 

determined from both the chloride profile and from the in-situ chloride migration 

test. The resistivity of the concrete was determined using the Wenner four probe 

technique. The research students from The Queen’s University of Belfast were
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primarily involved in conducting these tests (McCafferty, 1998; Basheer et al., 

1999).

8.2.3.1 Delamination survey

Delamination was detected by systematically tapping four locations on each site with 

a hammer. Evidence of delamination was based on the sound produced, a dull hollow 

sound being indicative of delamination.

8.2.3.2 Covernieter survey

The depth of the concrete cover thickness over the reinforcing steel was determined 

using an electromagnetic device, called a covermeter, in accordance with BS 

1881:Part 204: 1988.

8.2.3.3 Half-cell survey

The half-cell potentials were measured using a copper/copper sulphate half-cell 

apparatus, in accordance with the procedure outlined in ASTM C876 (1991). The 

potential values were used to identify areas of corrosion activity.

8.2.3.4 Linear Polarisation Resistance (LPR) test

The linear polarisation resistance (LPR) test was used to determine the conosion rate 

of the reinforcing steel. The CMS 105 DC Conosion Measurement System by 

Gamry, Inc. (Fazio, 1999), was used to measure the rate of corrosion in accordance 

with ASTM G 102-89 (1989).

8.2.3.5 Chloride profiles

The chloride content was determined at various depths from the exposed surface of 

the bridge deck in order to obtain the chloride profile. The profile was used to 

calculate the apparent diffusion coefficient and, also, to determine the chloride
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content in the concrete at the level of the reinforcement which was determined by the 

covermeter survey.

The concrete powder samples were collected at 5mm depth intervals down to 50 mm, 

by using a rotary hammer drill with a 29 mm drill bit. Three holes were drilled at 

each site to ensure that the required quantity of dust for analysis was collected. The 

powder samples were analysed for the total chloride content, using the acid 

extraction method outlined in BS 1881: Part 124: 1988.

The apparent diffusion coefficient was determined from the chloride profile, using 

the error function solution of Pick’s 2nd law of diffusion (Equation 3.2). It was 

assumed that the duration of exposure was 35 years (the duration in which the bridge 

was in service).

8.2.3.6 Compressive strength

The concrete compressive strength was measured using 75 mm diameter cores cut 

from the bridge deck, in accordance with ASTM C39-93a (1994).

5.2.3.7 In-situ chloride migration test

The procedure for conducting the in-situ chloride migration test on the bridge deck 

differed from the laboratory set-up and is discussed below:

Preconditioninu the test area

Prior to testing, the test area was saturated with water. This was achieved by using a 

250 mm diameter uPVC ring of height 15mm, which was attached to the concrete 

with silicone sealant, to form a reservoir. When the silicone cured, 0.5 litres of water

286



was poured into the reservoir. After 48 hours, the water and the ponding ring were 

removed from the concrete surface.

Test set-up

The method of securing the apparatus to the concrete surface differed on site from 

that in the laboratory. The apparatus was fixed to the concrete surface by using three 

‘vice clamps’, as shown in Figure 8.2. Three holes were drilled into the concrete and 

wedge anchors were inserted. The clamps were then fixed to the concrete deck by 

inserting bolts into the wedge anchors and tightening them. The apparatus was then 

secured in position by closing the three vice clamps and thereby exerting the 

appropriate pressures. This ensured a good seal between the outer cell and the 

concrete surface. The inner cell was sealed by tightening the wing nuts on the 

clamping bracket (Figure 8.2). The rest of the test set-up was as described in section 

5.2.3.2.

Test variables

In the inner cell, a stainless steel electrode was used as the cathode, with a 0.55M 

NaCl solution as the chloride source solution. In the outer cell, a circular mild steel 

electrode was used as the anode, with distilled water as the neutral solution. The 

applied voltage was 60 V dc.

Test measurements

During the test, the current flow in the system and the temperature in the outer cell

were monitored. To measure the chloride concentration in the outer cell, it was

decided that the use of ion selective electrodes on site was not suitable due to the

possibility of breakage and dust contamination. Therefore, 20ml samples were

removed for analysis in the laboratory. During a test, a total of 6-8 samples were

removed over an 8-9 hour period because the laboratory experiments had showed
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that a sufficient number of steady state readings could be obtained in this test 

duration. The solution was not replaced, but the average volume in the outer cell 

during the test was used in the subsequent calculations of an in-situ migration 

coefficient.

8.2.3.8 Resistivity of concrete

The electrical resistivity of the cover concrete was determined using the Wenner four 

probe apparatus (Millard, 1993). To minimise errors in the measurements, the 

readings were taken as far away from the reinforcing steel as possible, i.e. they were 

taken midway between the reinforcing bars. Also, a high conductivity gel was used 

to ensure that a good electrical contact was made between the electrodes of the 

apparatus and the concrete.

8.2.3.9 Relative humidity and depth of carbonation

The relative humidity and carbonation depths were also determined at selected 

location on the bridge deck. The relative humidity was determined by drilling 12mm 

diameter holes in the concrete at depths of 10 mm and 25 mm and inserting a 

calibrated relative humidity probe. The depth of carbonation was determined by 

cutting 75mm diameter cores from the bridge deck, splitting the cores in the 

laboratory and spraying the broken surfaces with phenolphthalein, a pH indicator.

8.2.4 Methodology of investigation

Prior to the detailed investigation of the northern deck (dimensions 127 m by 27 m) 

using the various test methods, a half-cell potential survey was conducted. The half

cell potentials were determined at each metre grid over the concrete deck. The results 

were plotted as an iso-potential contour map, to identify the area of high and low 

corrosion activity as shown in Figure 8.3. The potential ranges described in ASTM
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C876 are indicated by different colours in this figure. This survey was utilised to 

select 35 sites for the detailed investigation, which can be seen in Figure 8.4, along 

with the corrosion rate results at these sites.

8.3 Presentation of results

A detailed discussion of the results of each test is not included in this chapter because 

it was considered to be beyond the scope of the objective of the work carried out by 

The Queen’s University of Belfast. However, this can be obtained in Fazio (1999).

At the 35 sites shown in Figure 8.4 some of the tests, for instance, the LPR test and 

the Wenner four probe resistivity test were conducted at four locations in each site, 

whereas the in-situ chloride migration test and the determination of the chloride 

profile were carried out at one location. In order to allow for a direct comparison 

between the measured parameters, the results of the various tests at a specific 

location in each of the test sites are presented. The use of individual data points may 

increase the variability of the data. However, as the four locations on each site were 

not closely spaced, the average of the results obtained from the four locations may 

not have been representative of the result at any given site.

The data from the various tests has been grouped into two categories; one for

assessing the damage and one for predicting the likely damage. The results of the

tests for assessing the probable damage of the bridge deck, i.e. the corrosion rate, the

delamination, the concrete cover thickness, the percentage chloride content in the

concrete at the level of the reinforcement and the apparent diffusion coefficient, are

presented in Table 8.1. The results of the carbonation tests are not reported as they

indicated no significant carbonation on the bridge deck. The results of the tests which
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measured the material properties to predict the durability; i.e. the in-situ migration 

coefficient, the electrical resistivity and the concrete compressive strength are 

presented in Table 8.2.

The results presented in Table 8.1 and 8.2 are discussed in the next section 8.4, to 

give a quantitative assessment of the condition of the bridge. The influence of the 

measured parameters on the actual corrosion on the bridge, i.e. the corrosion rate, 

will be discussed in section 8.5. This was to identify the test parameters which are 

most suitable for assessing and predicting the corrosion of reinforced concrete in 

service and, thus, establish the effectiveness of the in-situ chloride migration test.

8.4 Assessment of the condition of the bridge deck

In this section, the test parameters for assessing the damage will be discussed, in 

order to determine the condition of the bridge deck. The results of the half-cell 

potentials, corrosion rate, delamination, concrete cover, chloride content at level of 

reinforcement and compressive strength are discussed. The compressive strength 

results are included to give an indication of the actual quality of the concrete in 

relation to what was specified at the time of construction. To quantify the results, 

ranges have been selected for each of these parameters. Using these ranges, the 

results of the various tests are presented visually in Figures 8.3 to 8.8. The 

percentage distributions in each range for the parameters are presented in Table 8.3.

In the case of the apparent diffusion coefficient, the in-situ migration coefficient and 

the electrical resistivity, it has been difficult to select ranges to quantify the condition 

of the bridge deck. The published literature on resistivity, the apparent diffusivity

and the chloride migration coefficient indicated that the exposure conditions and the
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characteristics of the concrete influence the ranges. In this work, these were not 

available to enable acceptable ranges for these properties to be decided. However, 

the data are analysed in a later section.

8.4.1 Half-cell potential survey

Half-cell potentials are sensitive to the variations in the moisture condition of the 

concrete. The relative humidity was observed to be consistently high throughout the 

bridge. The relative humidity at depths of 10 mm and 25 mm from the concrete 

surface were found to be on average 86% and 90% respectively. The consistency of 

these values over the deck means that the distribution of the half-cell potentials 

should not have been affected by the moisture in the concrete.

The halt^cell potentials at each metre grid on the northern section of the bridge deck 

(127 x 22 m, excluding pavements) are plotted in Figure 8.3 using the ranges 

proposed in ASTM C 876 (Table 8.3). This figure indicated corrosion activity in 

most of the deck. Fifty one percent of the readings suggested that there was a 50 to 

90% risk of corrosion, while 25% of the readings suggested that the risk of corrosion 

occurring was more than 90% (Table 8.3). The low values of potential were 

concentrated in the northern end of the deck, within the first 40m of the grid (Figure 

8.3). The west side of the deck had a larger number of readings greater in magnitude 

than -500 mV, where 34% of the readings suggested a 90% risk of corrosion 

compared to 19% of the readings in the east side. These results would suggest that 

the southern end of the bridge deck was deteriorating more rapidly than the northern 

end, especially on the west side of the deck.
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8.4.2 Corrosion rate

The corrosion rate values obtained with the linear polarisation resistance test varied 

from 11 to 127 pm/year, with a mean value of 49 (im/year. The ranges of the 

conosion rate results were selected according to the criteria given by Millard (1993) 

which is presented in Table 8.4. Figure 8.4 shows a visual presentation of the data 

using these criteria. The results indicated that 94% of the values were between 10 

and 100 (im/year, indicating a medium rate of corrosion and 6% of the results 

indicted a high rate of corrosion. These results at the 35 sites would suggest that 

conosion was occurring over the whole deck with no area of the bridge having a low 

rate of corrosion.

Although almost all of the sites indicated a medium rate of corrosion, there was some 

variation in the actual values between the east and the west side of the deck, with the 

higher values found on the west side. This is highlighted by considering that on the 

west side, 39% of the corrosion rate results were between 55 and 100 (im/year, 

whereas on the eastside only 20 % of the values were between 55 and 100 (im/year.

8.4.3 Delamination

The delamination results are plotted in Figure 8.5, which shows that delamination of 

the deck was extensive, with 53% of the sites tested showing delamination (Table 

8.3). The non-delaminated areas were concentrated in the northern end of the deck. 

The west side had a higher percentage of delaminated areas (59%) compared to the 

east side (47%). These results were consistent with the results of the conosion tests.
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8.4.4 Concrete cover thickness

The concrete cover specified in the design of the Dickson bridge deck was 25 mm 

(Mirza et al., 1998). Therefore, the results from the covermeter survey were grouped 

into two bands; less than the specified cover thickness (< 25 mm) and greater than 

the specified thickness (> 25 mm). Figure 8.6 shows a visual presentation of the 

results using these ranges. Table 8.3 indicates that 27% of the values were less than 

the specified thickness (73% were > 25 mm). These low values of cover were 

concentrated in the northern end of the deck, especially on the east side where 40% 

of the low cover values were found compared to 17% on the west side. This trend is 

different to the trend of the corrosion results and indicates that adequate cover alone 

is not sufficient to prevent corrosion of the reinforcement.

8.4.5 Chloride content at the level of the reinforcement

The maximum chloride content allowed in reinforced concrete in the U.K. is 0.4% 

total chloride content by weight of cement (BS 5328: Pt 1; 1990). In America, the 

ACI Committee 222 (1989) recommends a maximum value of 0.2% total chloride 

content by weight of cement. These values can be considered to be estimates of the 

allowable chloride content in reinforced concrete without corrosion occurring. 

However, they are only approximations as other fectors can control the corrosion 

process.

The U.K. value of 0.4% chloride content by weight of cement has been used to

divide the data into two ranges; less than the 0.4% allowable chloride content and

greater than the 0.4% value. Using these ranges, the chloride content at the 35 sites

are presented in Figure 8.7. Seventy one percent of the sites tested had a chloride

content greater than 0.4%, with a higher percentage on the west side (88%),
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compared to the east side (53%). The low values of chloride content on the east side 

were concentrated at the northern end. These results are similar to the half-cell 

potential results, with the areas of high chloride content corresponding to the areas of 

high corrosion activity.

8.4.6 Compressive strength

At the time of construction (in 1959), the specified concrete compressive strength 

was 28 N/mnr (Mirza et at. 1998). Although this value would have been different at 

the time of testing due to the maturity effect, it was used to group the data into two 

ranges; less than the specified compressive strength and greater than the specified 

compressive strength. The compressive strength of the concrete at the 35 sites is 

presented in Figure 8.8 and Table 8.3. Sixty percent of the values were below the 

specified strength and were distributed evenly over the east and west sides of the 

bridge deck. This means that when the maturity effect on the specified strength was 

not accounted, a large percentage of the concrete tested had a compressive strength 

in deficit of the specified strength. This could suggest that the concrete was not of the 

specified quality, which may have contributed to the corrosion of the reinforcement.

8.4.7 Summary

The following inferences were made on the condition of the bridge deck:

1. The corrosion tests and delamination survey indicated that the southern end of 

the bridge deck was deteriorating more rapidly compared to the northern end of 

the bridge deck. The corrosion was also more severe on the west side of the deck.

2. The chloride contents at the level of the reinforcement were found to be above 

permissible limits, with the area of high chloride content coincident with the 

locations of significant reinforcement corrosion.
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3. Parts of the bridge deck did not have the specified concrete cover thickness. 

However, this did not appear to affect adversely the performance of those parts of 

the bridge, with no trend of increasing corrosion with decreased cover observed.

4. The specified compressive strength was not attained in sections of the bridge, 

indicating lower quality concrete than was designed for, which may have 

contributed to the resultant conosion.

8.5 Dependence of test parameters on rate of corrosion

The results of the various tests, both for assessing the corrosion damage and for 

predicting the durability and the future damage are compared to the parameter that 

describes the actual corrosion occurring, i.e. the conosion rate, determined from the 

linear polarisation resistance test. Firstly, this will determine the influence of each of 

the parameters on the corrosion of the reinforcement and, secondly, it will identify 

the parameters most suitable for assessing and predicting the rate of corrosion of 

concrete in service.

The corrosion rate has been compared to the concrete cover thickness, the chloride 

content at the level of the reinforcement, the apparent diffusion coefficient, the in- 

situ migration coefficient, the electrical resistivity and the compressive strength. This 

was achieved by using bar charts to identify the overall effect of each parameter on 

the corrosion rate and double y-axis graphs (two y-axis have two different scales) to 

visually compare the results at the individual sites. The overall effect was studied by 

grouping the corrosion rate results into small bands (15 pm/year) and determining 

the average value of each of the test parameters corresponding to each band of 

corrosion rate. This was to account for variations in the data at individual sites and to

enable the general influence of each parameter on the corrosion rate to be obtained.
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8.5.1 Dependence of corrosion rate on concrete cover

Figure 8.9 shows the average concrete cover for the corrosion rate ranges of 15 

(im/year. i.e. for example, at all the test sites that had a corrosion rate of between 16 

and 30 pm/year, the average concrete cover was 30 mm. This figure shows there is 

no dependence of cover on the rate of corrosion, i.e. the concrete cover had no 

influence on the corrosion occurring on the bridge deck. In fact, the lowest rates of 

corrosion, less than 15 pm/year, were found to occur when the average concrete 

cover was lowest, with an average value of 11 mm, which was much less than the 

specified cover of 25 mm.

This lack of relationship between cover and rate of corrosion is highlighted in Figure 

8.10, which compares the cover and corrosion rate results at the individual test sites. 

This figure shows that there is little similarity between the two data sets over the 35 

sites with both parameters having a different trend between the different sites. These 

figures (8.9 and 8.10) show that cover is not a primary factor controlling the 

corrosion of the reinforcement. Also, an assessment of the corrosion occurring or 

likely to occur cannot be made by measuring the concrete cover.

8.5.2 Dependence of corrosion rate on chloride content at the 

level of the reinforcement

The average chloride content at the level of the reinforcement for the corrosion rate 

increments of 15 pm/year is presented in Figure 8.11. This figure shows that the 

average chloride content increased with an increase in the corrosion rate. The 

average chloride content was 0.3% when the corrosion rate was < 15 pm/year, but 

was 1.2% when the corrosion rate was > 75 pm/year. This trend of increasing
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corrosion rate with increasing chloride content shows a dependence of the rate of 

corrosion on the chloride content on the bridge deck.

The results of the chloride content at each of the sites have been compared to the 

corrosion rate in Figure 8.12. This figure shows that both parameters follow a similar 

trend, i.e. at the sites where the chloride content was low, the rate of corrosion was 

low and increased with an increase in chloride content. However, at some sites, for 

example, 21, 29 and 31, there was a large variation between the respective values. 

This could be attributed to inaccuracies in the value of the chloride content due to 

errors in the sampling technique or enoneous readings with the covermeter.

The good overall relationship between rate of corrosion and chloride content 

indicates that the corrosion was due to the penetration of chlorides to the level of the 

reinforcement, most likely due to the application of de-icing salts, with the level of 

corrosion influenced by the amount of chlorides present in the concrete. The figures 

(8.11 and 8.12) would also indicate that, by determining the chloride content at the 

level of the reinforcement, an assessment of the level of corrosion occurring could be 

made. However, to measure the chloride content, the chlorides have to penetrate into 

the concrete and, hence, the corrosion process may have already commenced. This 

means that by measuring the chloride content, an assessment of the corrosion 

occurring can be made, but the possibility of corrosion occurring and at what rate 

cannot be determined at an early age in the service life of the structure.
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8.5.3 Dependence of corrosion rate on apparent diffusion 

coefficient

The average apparent diffusion coefficients for the corrosion rate increments of 

15 pm/year are presented in Figure 8.13. When the corrosion rate increased from 

< 15(im/year up to 60 pm/year, the average apparent diffusion coefficient generally 

increased, but decreased when the corrosion rate increased up to > 75 (im/year. This 

trend could suggest that the apparent diffusion coefficient of the concrete influenced 

the rate of corrosion up to a certain extent (60 pm/year), beyond which, the rate of 

corrosion had little dependence on the apparent diffusion coefficient

Figure 8.14 compares the apparent diffusion coefficient to the rate of corrosion at the 

different sites and shows that there is not a strong relationship between the two 

parameters. The apparent diffusion coefficient and rate of corrosion results do not 

follow the same trend, showing that the rate of corrosion has little dependence on the 

apparent diffusion coefficient. This lack of relationship may have resulted from an 

error in the determination of the chloride profiles. The method of dust extraction 

involved dry drilling using a rotary drill with a 29 mm drill bit, in 5 mm depth 

intervals. This depth increment did not allow for a fine graduation of the profile, 

meaning that the profile obtained may have been slightly different from the actual 

profile in the concrete. Also, contamination between dust samples collected at 

different depths is a source of error with this extraction technique.

These figures show that the apparent diffusion coefficient is not able to assess 

accurately the level of corrosion occurring in the bridge deck. Also, as the apparent 

diffusion coefficient is determined from the chloride profile, an estimation of the
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likely future corrosion damage cannot he made before chloride penetration and 

possible corrosion has occurred.

8.5.4 Dependence of corrosion rate on the in-situ migration 

coefficient

The average in-situ migration coefficients corresponding to the corrosion rate 

increments (15 pm/year) are presented in Figure 8.15. This figure shows a general 

trend of an increase in the in-situ migration coefficient with an increase in the 

corrosion rate. That is, the lowest in-situ migration coefficients were observed when 

the rate of corrosion was the lowest and the highest values were found when the 

corrosion rate was high. However, although there is a general trend, the average in- 

situ migration coefficient did not increase uniformly with an incremental increase in 

the corrosion rate. For example, a slightly lower average in-situ migration coefficient 

was observed when the corrosion rate was between 31 and 45 pm/year compared to 

the corrosion rate range of 16 to 30 pm/year. The trend in Figure 8.15 would indicate 

that the in-situ migration coefficient influenced the rate of corrosion, but was not 

sensitive to small variations in the level of corrosion.

The in-situ migration coefficient and the corrosion rate results at each site are 

compared in Figure 8.16. There is a reasonably good relationship between the two 

parameters, as generally they follow the same trend between the different test sites. 

That is, at the sites with a low in-situ migration coefficient, a low rate of corrosion 

was also observed, which increased when the concrete had a higher value of the in- 

situ migration coefficient. The trend between the two parameters might have been 

improved if the in-situ migration coefficient was an average of three tests. However, 

the figures show that the diffusivity of the concrete on the bridge deck as determined
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by the in-silu chloride migration test was a factor that influenced the rate of corrosion 

occurring.

The good relationship between the rate of corrosion and the in-situ migration 

coefficient means that the in-situ chloride migration test can be used to assess the 

condition of the bridge, in terms of the level of the corrosion occurring. The 

measurement of the in-situ migration coefficient, instead of determining the chloride 

content at the level of the reinforcement, has the advantage in that the parameter can 

be determined at any age of the structure in service. This means that the future 

corrosion damage can be estimated before corrosion has occurred, by measuring the 

in-situ migration coefficient of the cover concrete.

8.5.5 Dependence of corrosion rate on resistivity

The average resistivity values for each of the corrosion rate increments of 15 

(im/year are shown in Figure 8.17. A general trend of a decrease in resistivity with an 

increase in the rate of conosion was observed in this figure. That is, the high values 

of resistivity were found when the corrosion rate was low and the average resistivity 

was low when the corrosion rate was high. However, the resistivity did not decrease 

uniformly with each incremental increase in the rate of corrosion, with little variation 

in the resistivity when the corrosion rate varied from 15 to 45 fim/year. This would 

suggest that while the resistivity of the cover concrete influenced the rate of 

conosion, the test was not sensitive at low rates of corrosion.

A comparison of the resistivity and corrosion rate results at the 35 test sites is

presented in Figure 8.18. This figure shows that there is a similar trend between the

two parameters at some of the sites. However, there are also large variations between
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the results of the two tests at some sites. The large variations at some of the sites may 

be due to variations in the factors influencing the resistivity results. The resistivity is 

influenced by the pore solution conductivity and the pore structure characteristics 

(Nilsson etal., 1996). Therefore, at some sites, any variations in the moisture content 

or in the concentration of pore solution ions would have influenced the value of the 

resistivity. This may have resulted in different resistivity values for different areas of 

the bridge deck that had similar quality of concrete and similar rates of corrosion.

Figures 8.17 and 8.18 indicate that resistivity, as a measure of the quality of the 

cover concrete, influenced the rate of corrosion. However, there was not a good 

relationship between the two parameters, with large variations observed at some 

sites, suggesting that resistivity is not an appropriate parameter for assessing or 

predicting the conosion damage of reinforced concrete exposed to a chloride 

environment.

8.5.6 Dependence of corrosion rate on compressive strength

The average effect of compressive strength at the corrosion rate increments of 

15 pm/year is presented in Figure 8.19. This figure shows that there was little 

variation in the compressive strength at the different corrosion rate ranges. The 

highest values of compressive strength were observed at the lowest rates of 

corrosion. However, at the other corrosion rate ranges, no trend of the effect of 

compressive strength was evident. This would indicate that the compressive strength 

of the cover concrete had little influence on the observed rate of corrosion.

The relationship between compressive strength and the corrosion at the 35 sites is

shown in Figure 8.20. This graph shows that, although some variability existed, there
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was a reasonable trend between the two parameters, with the area of low strength 

coincident with the area of high rates of conosion. The variability at some test sites 

may have been due to different properties of the concrete affecting the two 

parameters. The compressive strength of concrete gives an indication of the porosity 

of the concrete, but not of the connectivity and tortuosity of the pore network. These 

characteristics of the pore structure influence the rate of corrosion, as a controlling 

factor is the rate of ionic transport through the concrete between the anodic and 

cathodic regions of the corroding steel.

The fact that both parameters followed a similar trend at some sites suggests that the 

compressive strength, as a measure of the concrete quality, did have some influence 

on the rate of corrosion. However, as both parameters did not have a good 

relationship overall, compressive strength would not give an accurate assessment of 

the condition of the bridge in terms of the corrosion occurring or the likely damage to 

occur in the future.

8.6 Concluding remarks

The main findings of the investigation on the Dickson bridge deck are the following:

1. The majority of the bridge deck was corroding at a medium rate. The corrosion 

was generally more severe at the southern end and on the west side of the deck.

2. The corrosion of the reinforcement was due to the penetration of chlorides into 

the concrete most likely due to the application of de-icing salts, with the majority 

of the bridge deck having chloride contents above permissible limits. Both the 

concrete cover thickness and compressive strength did not appear to influence the 

rale of corrosion.
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3. The test parameters most closely related to the rate of corrosion were the chloride 

content at the level of the reinforcement and the in-situ migration coefficient. The 

chloride content can only be determined after chloride penetration and, hence, an 

estimation of the future condition of the bridge cannot be made at an early age of 

the structure. Therefore, of all the test methods conducted on the bridge, the in- 

situ chloride migration test appeared to be the most effective. It enables the 

diffusivity of the cover concrete to be obtained at any age of the structure and, 

also, as it correlates well with the corrosion rate, it can give an estimation of the 

present condition and the future durability of the structure. However, further in- 

situ testing on bridges which are at different durability states is required in order 

to develop realistic estimates of the service life of reinforced concrete structures 

in a chloride environment.
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Table 8.1 Results of the tests for assessing the corrosion damage of the

Dickson Bridge deck

Site
No

Corrosion
rate

(gm/year)

Delamination Cover

(cm)

Chloride content 
at reinforcement

(%)

Apparent diffusion 
coefficient 

(cm Vs)
1 22 No 11.4 0.13 2.27xl0"y

2 ii No 9.6 0.19 1.8x1 O'9

3 12 No 12.4 0.38 6. IxlO"9

4 36 No 24.3 0.07 1.42xl0'9

5 40 No 57.9 0.18 6.29xl0'9

6 18 No 43.6 0.45 9.88xl0'9

7 30 Yes 32.2 0.68 1.67x1 O'8

8 54 Yes 42.9 0.83 1.25xl0'8

9 - No - 0.35 1.31xl0'8

10 127 Yes 26.4 1.68 5.76xl0‘9

11 - Yes - 0.58 3.65xl0‘9

12 24 Yes 41.3 1.21 6.38xl0‘9

13 53 No 27.9 0.32 6.87xl0'9

14 58 No 24.1 0.09 2.75xl0‘9

15 113 Yes 20.8 1.16 1.5xl0'8

16 56 Yes 45.4 0.69 -

17 66 Yes 35.5 0.72 3.22xl0'9

18 20 No 22.0 0.31 2.49x1 O'9

19 31 No 1.0 1.16 4.17xl0‘9

20 55 No 15.2 0.57 -

21 54 No 38.0 2.22 -

22 47 Yes 42.6 1.16 5.16xl0'8

23 75 Yes 31.7 0.50 1.08xl0's

24 44 Yes 39.3 1.00 1.08xl0'8

25 34 No 40.6 0.67 1.3xl0"8

26 44 Yes 41.6 0.56 3.93xl0'9

27 41 Yes 58.1 0.72 4.99xl0'9

28 62 Yes 46.7 0.55 5.76xl0'9

29 48 - 27.4 0.11 2.01xl0'9

30 69 Yes 40.3 1.01 1.15xl0'8

31 66 Yes 53.3 2.21 2.71xl0'8

32 35 Yes 43.9 0.89 3.58xl0'9

33 92 No 29.7 0.66 9.24xl0'9

34 55 Yes 43.4 0.68 1.45x10‘8

35 26 No 28.6 0.84 9.73xl0‘9
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Table 8.2 Results of the tests for measuring the properties of the eover concrete

on the Dickson Bridge deck

Site No In-situ migration coefficient
(ctn2/s)

Electrical resistivity 
(kfl.cm)

Compressive strength 
(N/mm2)

1 1.34x10“ 19.8 22
2 7.03xl0‘9 3.9 31

3 1.69x10 s 13.8 48

4 1.89xl0'8 4.1 30

5 8.51xl0'9 15.1 23

6 1.46xl0"8 16.5 33

7 3.1xl0'8 2.3 32

8 2.59xl0'8 4.7 24

9 1.38xl0's 4.7 13

10 4.46xl0'8 2.9 20

11 5.56xl0'8 6.6 25

12 5.83xl0'8 2.1 14

13 1.84x10'8 5.1 15

14 1.67x10-8 14.7 15

15 3.27xl0'8 1.4 20

16 1.93xl0‘8 3.7 33

17 2.65x10'8 4.8 36

18 2.91xl0'8 - 33

19 2.91xl0'8 6.1 43

20 2.65xl0'8 5.5 45

21 4.05xl0'8 3.6 25

22 4.0x10 s 5.0 19

23 2.88xl0‘s 5.4 25

24 4.77xl0'8 8.3 25

25 2.72xl0‘8 12.4 42

26 1.83xlO'8 9.3 33

27 2.1xl0‘8 6.3 23

28 5.23xl0'8 4.9 12

29 l.OlxlO'8 5.5 20

30 3.43xl0‘8 3.7 20

31 4.67xl0‘8 2.8 15

32 2.03xl0‘8 3.2 34

33 2.84xl0'8 4.3 25

34 2.21xl0'8 13.2 31

35 1.27x10 s 3.4 20
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Table 8.3 Criteria for elassification of test results

Property
measured

Range of values Percentaj^e values in each range
Entire deck

(%) *
East side 

(%)
West side 

(%)
Half-cell Above -500 mV 25 19 34

potential survey -350 to -500 mV 51 52 50
-200 to -350 mV 22 27 14
Below -200 mV 2 2 2

Corrosion rate 10-100 (im/year 94 87 100
100-1000 pm/year 6 13

Delamination Delaminated 53 47 59
Non-delaminated 47 53 41

Concrete cover < 25 mm 27 40 17
thickness > 25 mm 73 6 83

Chloride content < 0.4% 29 47 11
at reinforcement > 0.4% 71 53 89

Compressive < 28 N/mm2 60 59 61
strength > 28 N/mm2 40 41 39

refers to only the northern section of the bridge

Table 8.4 Criteria for classification of corrosion rate measurements

(Millard, 1993)

Corrosion rate

(pm/year) Classification of corrosion level

100 to 1000 High

10 to 100 Medium

1 to 10 Low

< 1 Passive



Figure 8.1 Dickson bridge, Montreal, Canada
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Half-cell potential 
survey (mV)

Above -500 
-350 to -500 
-200 to -350 
Below -200

Figure 8.3
Half-cell potential results

□ D

Corrosion rate 
(pm/year)R 100-100 

10-100

Figure 8.4
Location of test sites for 

detailed investigation showing 
corrosion rate results
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□ D

Cover to reinforcement

□ □

Delamination

| Delaminated 
\ Non-delaminated

Figure 8.5 Figure 8.6
Delamination survey results Cover to reinforcement results
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□ D

Compressive 
strength (N/mm2)

R< 28 
>28

120

□ D
100

Chloride content 
at steel (%)

■ >0.4 
□ <0.4

Figure 8.7
Chloride content at level 
of reinforcement results

Figure 8.8
Compressive strength 

results
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9. Conclusions and recommendations

for further research

9.1 Conclusions

The following conclusions have been drawn from the details presented and the

results reported in this thesis.

Development of the in-situ chloride migration test

1. By following the principle of the one-dimensional chloride migration test, a new 

test, called the in-situ chloride migration test, for determining the chloride 

migration coefficient was developed. The new test can be carried out non- 

destructively on site by mounting the apparatus on the surface of the concrete 

under test. The typical test set up duration is about 5 minutes and the apparatus is 

easy to operate. The duration of the test depends on how quickly a steady state 

migration of chlorides can be obtained and typical values range from 8 to 12 

hours. Relatively little attention is required from the time the apparatus has been 

mounted on the test surface until a steady state migration of chlorides occurs. 

Therefore, several tests can simultaneously be carried out. This could compensate 

for the relatively long test duration required for the new test.

2. The dimensions of the apparatus and the type, size and shape of the electrodes 

were decided on the basis of information from published research work and a 

phased programme of experimental investigation. The apparatus consists of an 

inner circular cell separated from an outer annular cell. The two cells together 

can be mounted on the test surface and sealed. The inner cell is used for the
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chloride source solution and the outer cell is used for the neutral solution, 

distilled water. A circular perforated plate made from stainless steel is used as the 

cathode in the inner cell. The anode in the outer cell is an annular perforated mild 

steel plate. The application of a potential difference between the two electrodes 

forces the chlorides to migrate from the inner cell through the concrete into the 

outer cell. The concentration of chlorides arriving in the outer cell can be 

monitored and, when steady state conditions are reached, this can be used to 

determine the chloride migration coefficient of the concrete under test. A 

modified version of the Nernst-Planck equation in order to take account of the 

configuration of the test apparatus is used to determine the in-situ migration 

coefficient.

3. In order to arrive at the concentration of the chloride source solution to be used in 

the test, three concentrations were tested. It was found that an increase in 

concentration of the chloride source solution decreases the in-situ migration 

coefficient. However, the concentration did not affect the test duration. 

Therefore, of the three concentrations tested, the lowest concentration, 0.55 M, 

was selected for the test on the basis of the ease of removal of chlorides from the 

concrete after the test.

4. The potential difference to be used for the test was decided by investigating the 

effect of three voltages, viz. 10, 30 and 60 V dc. The in-situ migration coefficient 

was not affected by the applied voltage, with similar values observed at the three 

voltages. However, a shorter test duration was found to be possible with 60 V 

and this enabled the test to be completed in one working day. Therefore, a 

voltage of 60 V dc was selected for the in-situ chloride migration test.

5. After carrying out the in-situ chloride migration test, the chloride ions in the

concrete could be effectively removed by a process of desalination, in which the
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chloride source solution was replaced with Ca(OH)2 and the polarity of the 

electrodes was changed. This resulted in a reduction of the chloride content in the 

concrete to a level much below the corrosion threshold level identified in British 

Standards.

Validation of the in-situ chloride mitiration test based on laboratory investigation

6. The in-situ chloride migration coefficient correlated very well with both the 

effective and apparent diffusion coefficients for normal Portland cement 

concrete. This would mean that a reliable prediction of either of these coefficients 

for normal Portland cement concrete could be made by carrying out the in-situ 

chloride migration test. This would allow not only faster estimation, but also a 

repetitive assessment of the chloride diffusivity of concrete on site after different 

periods of exposure in a service environment.

7. The in-situ migration coefficient of concrete generally decreased after chlorides 

penetrated into the concrete. This coincided with an increase in the electrical 

resistance of the concrete as determined from embedded electrodes. This 

indicated that the in-situ chloride migration test was sensitive to any changes 

which occurred to the concrete during the chloride penetration and gave a good 

indication of the physical pore structure at the time of testing.

8. The penetration of chlorides into concrete was found to change the electrical 

resistance of the concrete. The change in resistance due to the chloride 

penetration was different at different depths from the exposed surface. The effect 

of these variations in resistance on the in-situ migration coefficient was not 

established.

9. Although the in-situ migration coefficient was found to be sensitive to the water- 

cement ratio of concrete mixes, there was no such effect on the aggregate-cement
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ratio. This was observed to be the case with other chloride diffusion coefficients

as well and. therefore, the new test was found to be sensitive to mix proportions.

In-situ assessment/prediction of durability using the in-situ chloride migration test

10. In an investigation on a reinforced concrete bridge, the in-situ migration 

coefficient correlated well with the actual chloride content at the level of the 

reinforcement. This would mean that the in-situ chloride migration test can be 

used to assess the ease with which chlorides penetrate into concrete.

11. The in-situ migration coefficient correlated quite well with the rate of corrosion. 

This would mean that a reliable assessment of both the present condition and the 

likely future durability of reinforced concrete structures, in terms of the 

deterioration due to reinforcement corrosion, could be estimated by carrying out 

the in-situ chloride migration test.

9.2 Recommendations for further research

Based on the research presented in this thesis some areas have been identified which

need further investigation. They include:

1. Further development of the in-situ chloride migration test.

2. Investigation of factors influencing the in-situ migration coefficient.

3. Assessment of diffusivity on site.

Further development of the in-situ chloride migration test

1. The cells of the in-situ chloride migration test were made from perspex. This 

proved to be sufficiently robust and durable. However, good care was required in 

the setting up of the test, especially on site. Therefore, to increase the user- 

friendliness of the apparatus, yet remain durable, the use of other materials could
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be investigated. For example, the use of moulded plastic may prove to be a 

practical alternative to perspex.

2. The accuracy of the in-situ chloride migration test on site is influenced by the 

condition of the concrete under test. It is necessary to ensure that the concrete is 

completely saturated prior to the test. Therefore, a standard pre-saturating 

procedure needs to be established. The technique of vacuum saturating the test 

zone may prove to be a suitable method.

3. The results presented in this thesis showed that the chlorides can be removed 

effectively from the test zone, although this procedure took a period of four days. 

Therefore, it would be necessary to determine a more efficient technique of 

desalinating the test zone. Alternatively, the use of a different ion instead of 

chloride could be investigated

Investigation of factors influencina the in-situ migration coefficient

1. The influence of the resistance variation of concrete with depth on the steady 

state How of chloride ions between the two cells needs to be established 

experimentally. This could be investigated using a finite element model as well.

2. The w-c ratio was established as the primary factor influencing the in-situ 

migration coefficient. However, the effect of other mix parameters needs to be 

investigated further.

3. The good correlation between the in-situ migration coefficient and the long-term 

diffusion tests was established only for normal Portland cement concrete mixes. 

Therefore, it would be important to find the correlation when cement replacement 

materials are used, as they are now commonly used in reinforced concrete 

structures exposed to chloride environments.
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Assessment of diffusivitv on site

To effeetively assess the diffusivity of concrete on site the in-situ chloride migration 

test needs to be carried out on structures exhibiting different states of durability. This 

will enable reliable estimates of the future durability of structures exposed to a 

chloride environment to be made.
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APPENDIX A2

Theoretical basis for calculating a migration coefficient 

from the in-situ chloride migration test
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APPENDIX A2

The flow of chloride ions through the concrete in an in-situ chloride migration test, 

has been approximated by the flow through a tapered region.

INNER CELL 
Area = A,
Total flow = Q 
Potential = E, 
Flux, J, = Q/A,

A + 5A

OUTER CELL 
Area = A2 
Total flow = Q 
Potential = E2 
Flux, J2 = Q/A2

By considering the total flow of chlorides for a typical section;

Q = JA — (J + SJ)(A + SA) 

JA = 7A+ J8A + A8J + 8A8J 

J8A + A8J +8J8A=0

Being the product of two small quantities, 5J/8A can be neglected, dividing by 5x and 

taking to limits gives:

J clA . cU — + A — 
cLx cLx

= 0 (1)
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Now from equation (5.2a)

J =-D
a dE 
T dx

(2)

And from geometry.

A - A +
(A2 - A )x

cM _ A, - A, 
dx L

(3)

(4)

Substituting (2), (3) and (4) into (1) gives;

D-— 
T dx

(A2-\
D

a
A +

(A2 - AJ.X d2E
dx2

= 0

A + (A2 - a )-y 
L

d2E
tlx2

A “ A Me
K E j

^ = 0 
dx

[AL + (A2 - A )x]^+(A - A )^ = 0 
dx~ dx

d"E (A-A) dE .—r +----—---------------- = 0
dx A.L +(/L-A.)x dx

(5)

Solving this 2nd order differential equation (5) gives:

E(X)=D \ DiLo:A\l + (A2-A)x]

(A-A)
(6)

Where D, and D2 are the constants of integration.

Applying the boundary conditions to equation (6): Potential E at A), E(0) = Ej gives:

D2Log(A]L) 
A — A.

(7)
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Also applying the boundary condition: Potential E at A2, E(L) = E2 gives:

4-A

. E _E _ D^Log^L) D2Log(A2L)
1 2 OA-A) (A-A)

A ^2
_D [\og(AxL)-Log(A2L)

(A-A)

(A2 - a)(A - A)
Log(\L) - LogiA^L)

(8)

Now, substituting equation (8) into (7) gives:

E = D | (A ~AKA ~ A) Log(A{L)
1 1 Log(AxL)-Log{A2L) (A “A)

■ D - E (A -E2)Log(A{L)
' LogiA'L)- Log{A2L)

Substituting equations (8) and (9) into equation (6) gives

E(X\=E ! (A ~ A)/^a>(AL) , (A ~XA - Ae + (a - A)*]
Log{A2L)~ LogiA^) Log{AxL)-Log{A2L\A2-Ax)

E(X\=E | (A ~ A)L^g(AiL) (A ~ A [AL + A; ~ A A]
Log(A2L)~ Log(AlL) Log (A2L)- Log (A, L)

Differentiating equation (10) gives:

. dE_ _______ -(A -E2)(A2 -A)______
[Log (AA - (A, DlAL + (A - A )r]
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Substituting equation (11) into (2) gives:

D%(E,-E2)(A;-A1) 

[Lo£(A,L) - L<y<g(/41L)][A1L + (A2 - A,)x]
(12)

When x=0,

Da/r^Ex ~ E2)(A2 - A,)

“[^(A.^-Log^DUL)

A _ Dv/j^-E^-A,)

' [LogiA.D-LogiA.DY

LQ =
Da/T{E,-E2)(A2-\)

Log
^ A2L 

k AL

\

/

Dc^,(El - E2)(A1 - A,)

/
Log

\

^2
A /

LQ = Dj(El-E2)(A2~Ai) Log
yi_1

X
(13)

[ Alternatively, by substituting for x=L and Q=JA2, would have resulted in same 

equation (13)]

Where,

L

Q
D

a

average flow length of the chloride ions (cm) 

total How of chlorides through the concrete (mol/s) 

diffusivity of the concrete (cm2/s) 

zFc/R = constant (mol.K/cm '.v)
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average temperature during steady state (K)

potential difference (V) 

area of inner cell (cm2) 

area of outer cell (cm2)
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Examples of calculations of the average flow length of the 

chloride ions, L, in the in-situ chloride migration test

355



APPENDIX A3

Experimental Determination of L 

Example calculations for Mix 2a

1. Standard chloride migration test

Calculation of standard migration coefficient, DMig

Notes

i) convert dc/dt from ppm/hr to mol/cm3s

f
.3

V

IMP-3

35.5x3600

x

/
= 3.858x10 1 mol! air’s

dc/dl = 49.3 ppm/hr

ii) calculate chloride flux, J, from dc/dt

Vdc 
A dt

= 3.858xlO"7 ( 396

= 3.553x10 6 mol / an2s

Equation (5.1b)
V- volume of downstream 
cell = 396cm3 
A = transmission area 
= 43 cm2

iii) calculate DMig from Nernst-Planck equation

D - - JRTL
zFcE

(3.553xl0~6 )(8.31)(291.1)(2.07) 
(-l)(9.65xl04 )(0.55)(30)

= 1.117xl0'8cm2 /.v

Equation (5.1a)

R = 8.31 J/K.mol 
T = average temperature 

= 18.1°C = 291. IK 
L = specimen thickness 

= 2.07cm 
z = valency (-1)
F = 9.65xl04 c/mol 
c = O.55mol/cm3 
E = 30v
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Experimental Determination of L 

Example calculations for Mix 2a

2. In-situ chloride migration test

Calculation of total flow Q, and constant a

Notes

i) convert dc/dt from ppm/hr to mol/cm\s

— = 22.51 
dt

( IjcIO-3 A
35.5x3600v
-i.= 1.761x10 mvl/cm s

dc/dt = 22.51 ppm/hr

ii) calculate total flow, Q

Q = y^-

dt
= 725(1.76 IxlO"7)

= 1.277x1 O'4 mo//5

Equation (5.2b)

V = volume of outer cell 
= 725cm3

iii) calculate the term a

zFc
a =-----

R
_ 1(9.65x104)(0.55) 

(8.31)

= 6386.88 mol.K / cnrv

Equation (5.2a) 

c = 0.55 mol/cm3
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Experimental Determination of L

Example calculations for Mix 2 (average of three)

3. Calculation of L Notes

a
LQ - D—{Ex - E2)(A2 - A,)

(aA
log

A
_ { l

L(1.3(M(r4) = (I.IjcIO'8) (6386.88)
292.6

(30)(80.37) logf 100 
19.63 /j

L — 2.73cm

Equation (5.5)

Q = average Q for mix 2 
=1.30x1 O'4 mol/s 

D = average D for mix 2 
= 1.1x10-8 cm2/s 

a = 6386.88 mol.K/cm3v 
T.= average T for mix 2 

= 292.6K 
E, - E2 = 30v 
A! = area of inner cell 

= 19.63 cm2 
A2 = area of outer cell 

= 100 cm2
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APPENDIX A4

1. Calculation of in-situ migration coefficient in Experiment 1C

Test la dc/dt = 6.72 ppm/hour 

Temperature = 292.2 K

Method 1 Nernst-Planck equation Notes

D = JRTL
zFcE

(3.14)
Equation 3.16 
in Chapter 3

i) convert dc/dl from ppm/hr to mol/cm3s

dc . f 1x10 3 ^
~dt ~ ' 35.5x3600

v
- 5.26xl0“8 mol I ends

dc/dt = 6.72 ppm/hr

ii) calculate chloride flux, J, from dc/dt

V_dc_ 
A dt

- 5.26xl()“8
( 725 

60

\

- 6.36x10 7 mol / ends

V= volume of outer cell 
= 725cm3
A = average transmission 
area = 60 cm2

iii) calculate Din.sjUl from equation 3.16

zFcE
(6.36xlO~7)(8.31)(292.2)(2.72) 

1(9.65x104 )(0.55)(30)

= 2.63x10~y end / s

R = 8.31 J/K.mol 
T = average temperature 

= 19.2°C = 292.2 K 
L = average How length 

= 2.72 cm 
z = valency (1)
F = 9.65x10“ c/mol 
c = 0.55 mol/cm3 
E = 30 V
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Calculation of in-situ migration coefficient in Experiment 1C

Method 2

0

ii)

D

D

D

Einstein Relation

m)KT LV dc 
zeE CA dt

(3.15)

convert dc/dt from ppm/hr to mol/cm3s

dc , nJ i-xitr3
dt ~ ' 35.5x3600V /

= 5.26xl0“8 mol / cm2s

calculate Din.Situ from equation 3.17

300KT LV dc 
zeE CA dt

300(1.38 1x10-16)(292.2) (2.72)(725) 26d0-8)
l(4.8xl()-10)(30) (0.55)(60) 1 '

2.64x10‘9 cm1 Is

Notes

Equation 3.17 
In Chapter 3

dc/dt = 6.72 ppm/hr

K = 1.381xl0‘16 ergs/K 
T = 292.2 K 
e = 4.8xlO'10 esu 
E = 30 V 
L = 2.72 cm 
V = 725 cm3 
C = 0.55mol/cm3 
A = 60 cm2
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2. Calculation of standard migration coefficient in Experiment 1C

Test la dc/dt = 40.4 ppm/hour 

Temperature = 297.7 K

Method 1 Nernst-Planck equation

JRTL

zFcE
(3.14)

i) convert dc/dt from ppm/hr to mol/cm s

— = 40.4 
dt

( 1x10 -3 \

V'35.5x3600 

= 3.16x1 O'7 mol / cm\s

ii) calculate chloride flux, J, from dc/dt

V_dc_ 
A dt

= 3.16x1 (r7 396
43

= 2.9x10 6 mol I cm"s

hi) calculate DMig from equation 3.16

D =
JRTL
zFcE
(2.9x10~6)(8.31)(297.7)(2.03) 

1(9.65x104)(0.55)(30)

D = 9. 15x10"9c7??2 Is

Notes

Equation 3.16 
in Chapter 3

dc/dt = 40.4 ppm/hr

V= volume of downstream 
cell = 396cm3 
A = transmission area 
= 43 cm2

R= 8.31 J/K.mol 
T = average temperature 

= 24.7°C = 297.7 K 
L = specimen thickness 

= 2.03 cm 
z = valency (1)
F = 9.65x104 c/mol 
c = 0.55 mol/cm3 
E = 30 V
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3. Calculation of effective diffusion coefficient in Experiment 1C

Test la de/dt = 1.276 ppm/day

Pick’s 1st Law Notes

CA(dt y
(3.1)

Equation 3.1 
in Chapter 3

i) convert dc/dt from ppm/day to mo]/cm3s

dc
~dt 1.276

1x1 (T A

35.5x3600x24

4.16x10 1(1 mol/ends

dc/dt = 1.276 ppm/day

ii) calculate De from equation 3.1

D-YL(^
CA ydt f

^(475X2^
(0.55)(43)

D = 1.70xl0“8 cm2/s

V= volume of downstremn 
cell = 475cm3 
L = specimen thickness 
= 2.03 cm

C = chloride concentration 
= 0.55 mol/cm3 

A = transmission area 
= 43 cm2
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Table B1 Results of the in-situ chloride migration test on 43 N/mm2 concrete
(Exp 2B)

Test No Test details dc/dt
(ppm/hr)

Temperature
(K)

In-situ migration 
coefficient D,n.situ 

(cm2/s)

Average
19 in-situ

(cm2/s)
1 10V.0.55M 13.8 289.4 1.61x10 s
2 10V.0.55M 10.4 289.1 1.21xl0"8 1.35xl0'8
3 10V,0.55M 10.52 289.2 1.23xl0'8
4 10V,1.5M 15.41 289.6 6.59xl0'y
5 10V,1.5M 15.44 289.7 6.61xl0'9 6.83xl0'9
6 10V,1.5M 17.06 289.4 7.29xl0‘9
7 10V,3M 24.01 289.5 5.13xl04
8 10V,3M 26.49 290.1 5.67xl0'9 4.71xl0‘9
9 10V,3M 15.56 289.9 3.33xl0'9
10 30V,0.55M 22.1 292.8 8.69xl0"9
11 30V,0.55M 25.2 293.3 9.92xl0'9 9.72xl0'9
12 30V,0.55M 26.88 292.5 1.06x10'8
13 30V, 1.5M 40.31 293.4 5.82xl0'9
14 30V,1.5M 47.31 293.7 6.84xl0'9 6.48x109
15 30V,1.5M 46.98 293.7 6.79xl0'9
16 30V,3M 80.76 294.1 5.85xl0‘9
17 30V,3M 74.56 293.8 5.39x1 O'9 5.46x109
18 30V,3M 71.21 293.9 5.15xl0'9
19 60V,0.55M 51.68 297.9 1.03xl0'8
20 60V,0.55M 55.42 297.8 l.llxlO'8 1.09xl0‘8
21 60V,0.55M 56.2 298.2 1.12xl0'8
22 60V,1.5M 85.84 300 6.34xl0"9
23 60V,1.5M 105.6 299.5 7.78xl0"9 7.26xl0‘9
24 60V,1.5M 103.71 300.5 7.64xl0'9
25 60 V, 3 M 142.33 301.3 5.28xl0'9
26 60V,3M 160.12 302.9 5.97xl0'9 5.50x10‘9
27 60V,3M 141.53 301.8 5.26xl0"9
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Table B2 Results of the in-situ chloride migration test on 51 N/mm2 concrete
(Exp 2B)

Test No Test details dc/dt
(ppm/hr)

Temperature
(K)

In-situ migration 
coefficient Dm.situ 

(cm2/s)

Average
15in-situ

(cm2/s)
1 10V.0.55M 11.26 289.1 1.31xl0‘8
2 10V,0.55M 7.68 289.1 8.94xl0'9 1.18xl0‘8
3 10V,0.55M 11.59 289 1.35xlO'8
4 10VT.5M 13.31 289.3 5.69xl0'9
5 10V,1.5M 11.99 289.3 5.12xl0'9 5.70xl0'9
6 10V,1.5M 14.76 289.1 6.30xl0'9
7 10V,3M 16.63 289.5 3.55xl0'9
8 10V,3M 18.12 289.6 3.87xl0‘9 3.99xl0'9
9 10V,3M 21.19 289.4 4.53xl0'9
10 30V,0.55M 22.96 292.8 9.02xl0‘9
11 30V.0.55M 21.24 292.8 8.35xl0"9 8.41xl0"9
12 30V.0.55M 20.06 292 7.86xl0‘9
13 30VT.5M 37.11 293.1 5.35xl0‘9
14 30VT.5M 38.03 293.5 5.49xl0"9 5.35xl0'9
15 30V,1.5M 36.01 293.6 5.20x1 O'9
16 30V,3M 65.88 294 4.77xl0'9
17 30V,3M 67.94 293.5 4.91 xlO'9 4.91xl0‘9
18 30V,3M 70.1 293.6 5.07x1 O'9
19 60V,0.55M 42.83 297.6 8.56xl0'9
20 60V,0.55M 38.11 297.8 7.62xl0'9 8.29xl0‘9
21 60V,0.55M 43.55 298 8.71xl0'9
22 60V,1.5M 91.91 299.5 6.77xl0'9
23 60V,1.5M 99.3 299.4 7.32xl0'9 7.00xl0'9
24 60V,1.5M 93.79 299 6.90xl0'9
25 60V,3M 123.17 301 4.56xl0'9
26 60V,3M 143.7 301.4 5.33xl0"9 5.02x1 O'9
27 60V,3M 139.22 302 5.17xlO'9
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Table B3 Results of the in-situ chloride migration test on 67 N/mm2 concrete
(Exp 2B)

Test No Test details dc/dt
(ppm/lir)

Temperature
(K)

In-situ migration 
coefficient Dm.sltu 

(cm2/s)

Average
Din-situ

(cm2/s)
1 10V.0.55M 6.15 293.1 7.26x10’9
2 10V,0.55M 6.17 293.1 7.28xl0'9 7.78xl0‘9
3 10V,0.55M 7.43 293.7 8.79xl0‘9
4 10V,1.5M 12.28 294 5.33xl0'9
5 10V,15M 14.38 294.3 6.25xl0'9 6.42xl0‘9
6 10V,1.5M 17.66 294.5 7.68xl0‘9
7 10V,3M 13.78 294 2.99xl0‘9
8 10V,3M 19.87 294.5 4.32xl0‘9 3.67xl0"9
9 10V,3M 17.05 294.5 3.71xl0'9
10 30V,0.55M 16.85 296.1 6.70xl0'9
11 30V,0.55M 25.66 296.1 1.02xl0‘8 8.33xl0"9
12 30V.0.55M 20.31 296.5 8.08xl0‘9
13 30V,1.5M 28.89 296.5 4.22xl0'9
14 30V,1.5M 36.52 296.6 5.33xl0‘9 4.66x1 O'9
15 30V, 1.5M 30.41 296.6 4.44xl0'9
16 30V.3M 29.61 296.6 2.16xl0'9
17 30V,3M 42.2 296.5 3.08xl0‘9 2.80x1 O'9
18 30V,3M 43.48 296.4 3.17xl0‘9
19 60V,0.55M 41.2 301.9 8.35xl0'9
20 60V,0.55M 40.49 301.7 8.20xl0‘9 7.72xl0‘9
21 60V,0.55M 32.57 302 6.60xl0'9
22 60V, 1.5M 40.98 302.1 3.05xl0'9
23 60V, 1.5M 82.54 302.2 6.14xl0‘9 4.30xl0‘9
24 60V, 1.5M 50.12 302.3 3.73xl0‘9
25 60V,3M 65.76 302.2 2.45xl0'9
26 60V,3M 72.66 302.5 2.70xl0‘9 2.59xl0‘9
27 60V,3M 70.71 302.5 2.63xl0‘9-
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Table B4 Results of standard chloride migration test on 43 N/mm2 concrete
(Exp 2B)

Test No Test details dc/dt
(ppm/hr)

Temperature
(K)

Specimen 
thickness (cm)

Migration
coefficient
DmjB(cm2/s)

Average 11 
Dmig 

(cmVs)
1 10V,0.55M 11.94 288 2.02 1.59x1 O'8
2 10V,0.55M 8.91 287.7 2.01 1.18xl0'8 1.32xl0"8
3 10V,0.55M 8.93 288.2 2 1.18xl0‘8
4 10V,1.5M 15.69 287.6 2 7.59xl0"9
5 10V,1.5M 16.83 287.7 2.06 8.39xl0'9 8.79xl0'9
6 10V,1.5M 20.96 288.1 2.05 1.04xl0‘8
7 10V.3M 36.96 289.5 2.08 9.36x10'^
8 10V,3M 35.67 288.2 1.98 8.56xl0'9 8.96xl0'9
9 10V,3M 37.38 288.4 1.98 8.97xl0'9
10 30V,0.55M 43.98 292.5 1.94 1.91xl0'8
11 30V,0.55M 51.41 293 1.98 2.28xl0'8 2.02xl0‘8
12 30V,0.55M 42.21 292.6 1.98 1.87xl0'8
13 30V,1.5M 62.65 293.3 1.98 1.02x10'8
14 30 V, 1.5M 61.61 293.8 2.09 1.0x1 O'8 1.04xl0‘8
15 30V,1.5M 60.69 293 2.08 1.04xl0"8
16 30V,3M 71.3 293.3 2.11 6.18xl0‘9
17 30V,3M 72.67 293.5 2.05 6.13xl0‘9 6.36xl0"9
18 30V,3M 80.04 294 2.05 6.76xl0‘9
19
20

60V,0.55M
60V,0.55M 56.8 298.7 1.99 1.29x10'8 l.SlxlO"8

21 60V,0.55M 73.71 300.5 2.04 1.73xl0'8
22 60V,1.5M 120.13 305.1 2.04 1.05xl0‘8

1.13xl0"823 60V,1.5M 128.65 305.8 2.05 1.13xl0‘8
24 60V,1.5M 138.46 307.5 2.03 1.21xl0‘8
25 60V,3M 160.8 309.4 1.96 6.83xl0'9
26 60V,3M 164 309.5 1.95 6.94xl0'9 6.92xl0'9
27 60V,3M 166 310 1.94 6.99xl0'9
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Table B5 Results of the standard chloride migration test on 51 N/mm2 concrete
(Exp 2B)

Test No Test details dc/dt
(ppm/lir)

Temperature
(K)

Specimen
thickness

(cm)

Migration
coefficient
Dmie(cm2/s)

Average
Dmig

(cm2/s)
1 10V.0.55M 9.42 287.1 2.01 1.25xl0's
2 10V,0.55M 11.1 287 2.01 1.47xl0"8 1.37xl0'8
3 10V,0.55M 10.5 287.2 2.02 1.40xl0‘8
4 10V,1.5M 12.5 287 1.95 5.88x10^
5 10V,1.5M 14.87 287.2 1.92 6.8xl0'9 6.22xl0'9
6 10V,1.5M 12.32 287 1.98 5.89xl0"9
7 10V,3M 22.85 287.5 2.11 5.83xl0‘9
8 10V.3M 19.2 287.6 2.06 4.78xl0'9 5.18xl0'9
9 10V,3M 19.96 287.2 2.05 4.94xl0‘9
10 30V,0.55M 36.04 290.5 2.05 1.64x10 s
11 30V,0.55M 35.48 290.5 1.92 1.51x108 1.52xl0'8
12 30V,0.55M 33.3 290.7 1.89 1.40xl0'8
13 30V,1.5M 53.26 289 1.96 8.46xl0'9
14 30V,1.5M 49.06 289.2 1.97 7.83xl0'9 8.17xl0'9
15 30V,1.5M 51.16 289.1 1.98 8.21xl0‘9
16 30V,3M 54.38 289.5 2 4.41xl0‘9
17 30V,3M 59.07 290 2.02 4.85xl0'9 4.45xl0'9
18 30V,3M 49.69 289.5 2.03 4.09xl0'9
19 60V,0.55M 52.32 294.3 2.05 1.21xl0'8
20 60V,0.55M 46.92 296.3 2.04 l.OSxlO'8 1.13xl0'8
21 60V,0.55M 49.67 295.8 1.95 1.09xl0'8
22 60V,1.5M 74.33 299.1 2.16 6.73xl0‘9
23 60V,1.5M 99.08 299.8 2.15 8.95xl0'9 8.45xl0'9
24 60V,1.5M 111.99 301.9 2.04 9.67xl0'9
25 60V,3M 187.6 309.7 2.06 8.39xl0'9
26 60 V, 3 M 146.24 308 2.08 6.56xl0'9 6.79xl0‘9
27 60V,3M 126.47 303.5 2.02 5.43xl0‘9
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Table B6 Results of the standard chloride migration test on 67 N/mm2 concrete
(Exp 2B)

Test No Test details dc/dt
(ppm/hr)

Temperature
(K)

Specimen
thickness

(cm)

Migration
coefficient
D,„ls(cm2/s)

Average
19mig

(cm2/s)
1 10V,0.55M 5.37 289.3 1.96 6.98x10y
2 10V,0.55M 11.81 289.3 1.94 1.52xl0'8 9.65xl0‘9
3 10V,0.55M 5.21 289.3 1.96 6.77xl0'9
4 10V,1.5M 9.07 289.4 2.02 4.46xl0'9
5 10V,1.5M 11.77 289.4 2.03 5.81xl0‘9 5.05x1 O'9
6 10V,1.5M 10.31 289.4 1.94 4.87xl0"9
7 10V,3M 13.84 289.4 2.1 3.54xl0'9
8
9

10V,3M
10V,3M

14.49 289.4 2.06 3.63x1 O'9 3.58xl0'9

10 30V,0.55M 21.44 290 2 9.51xlO’9
11 30V,0.55M 20.79 290.2 2.01 9.27xl0‘9 9.46xl0‘9
12 30V,0.55M 21.3 290.2 2.03 9.59xl0'9
13 30V,1.5M 38.21 291 2.13 6.64xl0'9
14 30 V, 1.5 M 40.68 291.3 1.98 6.58xl0'9 6.07xl0'9
15 30V,1.5M 31.12 290.6 1.97 4.99xl0‘9
16 30V.3M 42.57 288.9 1.95 3.36x1 O'9
17 30V,3M 49.35 289.1 1.95 3.90xl0‘9 3.59x1 O'9
18 30V,3M 44.1 289 1.96 3.50x10‘9
19 60V,0.55M 55.85 299.5 2.01 l^SxlO'8

1.31xl0‘820 60V,0.55M 52.79 295.8 2.05 1.22xl0'8
21 60V,0.55M 60.53 296.6 2.06 1.41xl0'8
22 60V,1.5M 80.98 297.4 2.04 6.88xl0‘9
23 60V,1.5M 84.82 296.8 2.1 7.41xl0'9 7.21xl0‘9
24 60V,1.5M 83.33 296.2 2.12 7.33xlO'9
25 60V.3M 104.81 296.4 1.95 4.24x1 O'9
26
27

60V,3M 
60V,3M

89.51 295.5 2.1 3.89x1 O'9 4.07xl0‘9
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Table B11 ANOVA table for a three factor analysis of variance on in-situ
migration coefficient, Din.situ (Exp 2B)

Source df Sum of Squares Mean
Square

F-test P value: 
5%

P value:
1%

Concentration (A) 2 1.324E-16 6.618E-17 51.67* 4.46 8.65
Voltage (B) 2 4.018E-18 2.009E-18 1.56 4.46 8.65

AB 4 6.402E-18 1.600E-18 1.25 3.84 7.01
Strength (C) 2 2.721E-17 1.360E-17 10.62* 4.46 8.65

AC 4 2.799E-18 6.998E-19 0.54 3.84 7.01
BC 4 1.061E-18 2.652E-19 0.2 3.84 7.01

ABC 8 E025E-17 1.281E-18 -

Error 0 0 -

* Significant at 1 % level

Table B12 ANOVA table for a three factor analysis of variance on Log (Din.situ)
(Transformed data) (Exp 2B)

Source df Sum of Squares Mean
Square

F-test P value: 
5%

P value: 
1%

Concentration (A) 2 0.573 0.287 57.4* 4.46 8.65
Voltage (B) 2 0.01 0.005 1.0 4.46 8.65

AB 4 0.011 0.003 0.6 3.84 7.01
Strength (C) 2 0.142 0.071 14.2* 4.46 8.65

AC 4 0.016 0.004 0.8 3.84 7.01
BC 4 0.014 0.003 0.6 3.84 7.01

ABC 8 0.039 0.005
Error 0 0 -

* Significant at 1 % level
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Table B13 ANOVA table for a three factor analysis of variance on migration
coefficient, Dinig (Exp 2B)

Source df Sum of Squares Mean
Square

F-test P value: 
5%

P value:
1%

Concentration (A) 2 2.941E-16 1.471E-16 42.81* 4.46 8.65
Voltage (B) 2 7.034E-18 3.517E-18 1.02 4.46 8.65

AB 4 1.551E-17 3.878E-18 1.13 3.84 7.01
Strength (C) 2 8.677E-17 4.339E-17 12.63* 4.46 8.65

AC 4 2.843E-18 7.108E-19 0.21 3.84 7.01
BC 4 7.597E-18 1.899E-18 0.55 3.84 7.01

ABC 8 2.749E-17 3.436E-18 -

Error 0 0 -

* Significant at 1 % level

Table B14 ANOVA table for a three factor analysis of variance on Log (Dmig)
(Transformed data) (Exp2B)

Source df Sum of Squares Mean
Square

F-test P value:
5%

P value: 
1%

Concentration (A) 2 0.704 0.352 70.4* 4.46 8.65
Voltage (B) 2 0.018 0.009 1.8 4.46 8.65

AB 4 0.032 0.008 1.6 3.84 7.01
Strength (C) 2 0.239 0.12 24* 4.46 8.65

AC 4 0.011 0.003 0.6 3.84 7.01
BC 4 0.011 0.003 0.6 3.84 7.01

ABC 8 0.039 0.005
Error 0 0 -

* Significant at 1 % level
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CHAPTER 7 

APPENDIX Cl

Chloride profiles obtained from chloride ponding tests
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CHAPTER 7 

APPENDIX C2

Example of calculation of the apparent diffusion coefficient
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APPENDIX C2

Calculation of the apparent diffusion coefficient

Chloride ingress into concrete can be modelled using the error function solution 

of Pick’s 2nd law:

Where,

C(x.I)

Ci

Cs

Dapp

erfc

C(*,!) = C, + (Cs + C, )erfc (7.1)

chloride profile i.e., the chloride concentration of the concrete at 

depth, x, from the exposed surface at the time, t, since the start of 

exposure.

initial chloride concentration of the concrete, 

chloride concentration of the concrete surface, 

apparent diffusion coefficient.

error function complement, found in mathematical handbooks.

Poulsen (1990) considered it was possible to write Equation 7.1 as follows:

y - ax + cj (7.2)

Where

)> = VC0M) _C' (7.3)

<7=VcAO (7.4)

|CS-C; -q

VIM)w V12'D«
(7.5)

Equation 7.5 can be rearranged to give.

Dapp (7.6)
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The data for concrete Mix 5 is presented in Table Cl below:

Depth, x 0.50 5.50 10.5 15.5 20.5 25.5 30.5 35.5 40.5

C(x,t) 1.08 1.11 0.87 0.68 0.52 0.38 0.30 0.17 0.08

y=[c(x,,rc,r - 1.06 0.94 0.83 0.72 0.61 0.55 0.41 029 1
The measured chloride content values (Q^o) were plotted against depth, x to give 

the chloride profile as illustrated in Figure Cl:

Depth (mm)

Figure Cl Chloride profile for Mix 5

The Qx,t) values were included in equation (7.3), to obtain the transformed 

variable , Y, assuming that the initial chloride content, Q was zero. The graph of 

the transformed values against depth is presented in Figure C2 below:

-0.02x + 1.16
R2 = 0.99

0.8

0.2 -

Depth, x (mm)

Figure C2 Linear regression of chloride profile in Figure Cl
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Note: The initial C(x,o value at the surface was not used in the linear regression 

analysis in Figure C2. This value was low, probably as the result of an 

experimental error or by differences in the concrete at the surface compared to the 

bulk concrete.

The regression analysis carried out of the data in Figure C2 enabled the q and a 

values (y-intercept and slope of straight line) to be estimated.

From Figure C2:

q = 1.155

a = 0.021

Substituting these values into equation 7.6, knowing that time of exposure was 60 

weeks = 36288000 s:

D _ (l.l 55/0.021)2 
app ~ 12(36288000)

Dapp = 6.95x10"6 mm2 / s 

= 6.95x10 scm2 Is
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CHAPTER 7 

APPENDIX C3

Resistance ratio graphs for chloride ponding tests
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