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Chloride-induced reinforcement corrosion in concrete is characterised by the action of so-called macro­

cells. The associated localised form of corrosion results from the strong electrochemical interaction 

between the relatively small pitting sites acting as anodes and the large passive steel areas acting as 

cathodes. The existence of macrocell corrosion poses severe problems in the interpretation of results 

obtained from corrosion experiments, especially regarding corrosion potential and galvanic current. 

To elucidate the mechanism of macroceU corrosion experimental investigations were conducted on 

reinforcement steel embedded in chloride-contaminated concrete. The macrocells were provoked by 

shortcircuiting actively corroding mild steel bars to passivated stainless steel, thereby intensifying the 

corrosion process. The experiments included measurement of corrosion potential, ionic concrete 

resistance, potential difference, corrosion rate and galvanic current. 

The magnitude of the galvanic current is significantly influenced by the resistance of passive steel to 

polarisation, and to a much lesser degree by the ionic concrete resistance. Results from potential 

mapping demonstrated that due to macrocell action the rest potential of the passive steel was shifted 

towards very negative values that, according to many codes of practice, would suggest active corrosion 

to take place. 
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Introduction 

Under the normal conditions prevailing in concrete the embedded reinforcing steel is effectively 

prevented from corrosion by the highly alkaline nature of the concrete pore water solution and the 

presence of dissolved oxygen. In this environment a stable and tightly adhering iron oxide film is 

formed on the surface which renders the steel essentially passive. In addition, concrete can be 

proportioned to have a low permeability which minimizes the penetration of corrosion-inducing 

substances from the ambient environment. Because of these inherent protective attributes, corrosion 

of embedded steel does not occur in the vast majority of reinforced concrete elements or structures 

during their service life. 

Although most concrete structures perform satisfactorily for over 50 years, there is now a world­

wide problem of deterioration caused primarily by corrosion of the embedded reinforcement steel. 

The deterioration due to corrosion results because the corrosion products (rust) occupy a much 
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larger volume than the steel consumed. Delamination and spalling of the concrete cover occur due 

to its inability to accommodate the generated tensile stresses. With time, structural distress may 

occur either by loss of bond between the steel and concrete due to cracking and spalling, or as a 

result of reduced steel cross-sectional area. The main causes of this international, costly problem are 

identified as a lack of understanding of the corrosion mechanisms by the engineer and poor support 

from research establishments to assess the problem and produce solutions, see Browne (1991). 

One of the more common modes of deterioration associated with reinforced concrete is due to chlo­

ride-induced corrosion of the embedded reinforcing steel. Chlorides may be introduced into con­

crete through accelerating admixtures, chloride-contaminated aggregates or brackish mixing water. 

Chlorides may also enter into concrete subsequently, by de-icing salts in bridge decks and parking 

structures, from sea water in marine structures, or from saline soil and ground water. To initiate 

corrosion, free chlorides must be present in sufficient concentration in the vicinity of the steel­

concrete interface. The chloride ions can cause the local breakdown of the passive film at the steel­

concrete interface resulting in aggressive corrosion over a limited area. The ensuing localised form 

of corrosion is known as pitting and is characterised by galvanic (macrocell) action between relative 

large areas of passive steel acting as cathode and small anodic pits. Within the pits, a local environ­

ment develops with a high chloride concentration, a depressed oxygen availability and a low 

pH value. Due to the large area ratios between anodic and adjoining cathodic areas high rates of 

attack occur within the pit. 

Given the large dimensions of real structures most practical problems of reinforcement corrosion 

usually involve some kind of macrocell action in which anodic and cathodic regions on the steel sur­

face are spatially separated, see Andrade et al. (1992). The existence of macrocells is a phenomenon 

usually not encountered in the small test-sized specimens that are normally studied in the labora­

tory. Despite the practical significance of macro cell corrosion to reinforced concrete deterioration, 

relatively little effort has been directed towards investigating this type of corrosion. In the following 

experimental investigations are described aimed at elucidating and quantifying macrocell corrosion 

in chloride-contaminated concrete. 

Electrochemical theory of macroceH corrosion in concrete 

The corrosion of steel in concrete is essentially electrochemical in nature, i.e., the corrosion process 

ordinarily proceeds by forming electrochemical cells with anodic and cathodic areas on the steel 

surface. The anodic (oxidation) and cathodic (reduction) reactions occur simultaneously in which 

electrical charge is transferred through the steel-concrete interface with an overall electrical charge 

balance being maintained within the system. In this respect the surface of the corroding reinforce­

ment functions as a mixed electrode being a composite of anodic and cathodic sites electrically inter­

connected through the body of the steel itself (electron conduction) and the concrete pore solution 

(ion conduction). 



For corrosion of steel reinforcement the anodic process is related to the dissolution of iron, passing 

into the concrete pore solution as positively charged divalent ferrous ions and leaving free electrons 

in the metal, according to the oxidation reaction: 

Fe -7 Fe+2 + 2e- (1) 

The excess free electrons flow through the body of the steel reinforcement to the cathodic sites 

vvhere they are consumed in a reduction reaction. In the highly alkaline environn1ent normally 

present in concrete, it is commonly accepted that the prevailing cathodic reaction is the reduction of 

oxygen, according to: 

(2) 

Concrete structures freely exposed to the atmosphere usually have an adequate supply of oxygen 

diffusing through the concrete cover to support the cathodic reactions. The hydroxyl-ions produced 

in the cathodic reactions migrate under the influence of an electrical field towards the anodic sites 

where they neutralise the dissolved ferrous ions to form a fairly soluble ferrous hydroxide. Given 

sufficient oxygen, this product can be further oxidised to voluminous forms of insoluble hydrated 

rust. The corrosion process in reinforced concrete is illustrated in Fig. 1. 
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Fig. 1. Corrosion process of steel reinforcement in concrete. 

STEEL 

The anode reactions must generate electrons at exactly the same rate as they are consumed in the 

cathodic reactions, so that in practice the rate at which the iron is dissolved can be controlled by the 

kinetics (speed) of either the anodic or cathodic reactions. The corrosion rate can be related to the 

rate at which negatively charged electrons are produced, i.e. the anodic or corrosion current 

density, ia [pAl cm2l. The rate of attack can be calculated from the corrosion current density using 

Faraday's Law; a current density of 1 A/m2 corresponds to a loss of about] mm/year. According to 

Alonso et al. (1988), corrosion current densities exceeding 0.1-0.2 )1A / cm2 are considered to 

correspond with significant corrosion rates. 
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As corrosion is an electrochemical process, for the reactions to occur it is also essential that within 

the steel-concrete system differences exist in electrochemical potential between adjacent steel areas. 

These differences in potential can arise from inherent differences in the concrete and steel itself or 

from differences in the exposure conditions of the concrete. In general, electrochemical cells develop 

due to variations in salt concentration in the pore water or due to a non-uniform access of oxygen. 

In this respect a differentiation can be made between micro- and macro-corrosion cells. The former 

are characterised by the microscopic distance between local anodes and cathodes. Moreover, the 

minuscule anodic and cathodic sites cannot be distinguished and are randomly distributed over the 

complete surface area of the corroding bar. Since the anodic and cathodic reactions proceed on the 

steel surface directly side by side, micro-corrosion cells normally give rise to a uniform corrosion 

rate. For carbonation-induced corrosion it is likely that micro-corrosion cells will develop. For such 

a cell, only the mixed potentials of the numerous anodes and cathodes can be measured. 

Local differences in concrete cover, environmental conditions, concrete permeability and other 

factors combine to cause a potential difference between larger steel areas, which in turn may lead to 

the formation of macro-corrosion cells. Practical examples of reinforcement corrosion include 

differential aeration and active/passive cells, see Gulikers et al. (1992). 

A macrocell is defined by the size of the anodic and cathodic regions, which is of the same order of 

the surface area of the corroding bar, as is the distance between macro-anodes and macro-cathodes, 

see Gonzalez et al. (1988). In a macro cell both the anodic and cathodic potentials can be measured, 

and the galvanic current Igel flowing through the steel from the cathodic to the anodic region gives 

the required overall electrical charge balance. Only when the cathodic processes can be eliminated 

completely on the anodic component the magnitude of the galvanic current is a direct measure of 

the corrosion rate of the anodic component. 

In laboratory experiments, these kind of macro cells are frequently used to investigate the develop­

ment of the corrosion rate over time, see SchielSl et al. (1990), and Raupach (1992). However, a direct 

conversion can be made only for ideal situations which rarely occur under practical conditions. 

This is due to the fact that both the anodic and cathodic component making up a galvanic cell still 

have to be considered as a mixed electrode whereupon anodic as well as cathodic reactions occur. 

Consequently, for real structures the measured galvanic current can severely underestimate the true 

corrosion activity of the anodic component. 

Analytical description of macrocell corrosion 

Macrocell corrosion results from potential differences that exist between steel sections being in 

electrical (steel) and electrolytical (concrete) contact. The more base region of the reinforcement 

develops as the anodic component whereas the more noble steel region turns into the cathodic com­

ponent. For a cathodic component of a macrocell the reduction reactions predominate as to give a 

net consumption of electrons, whereas for an anodic component the iron dissolution reactions 

prevail which results in a net production of electrons. 

In a simplified way the magnitude of the galvanic current Igel, flowing in a two component 

macro cell, can be expressed (mathematically) by: 



E~orr - E~orr 

R~ + Rcon + R~ 
(3) 

The driving macrocell voltage, Uoc = (E~OH ~ E;OH) , is measured as the potential difference 

between the cathodic and anodic component prior to coupling. The magnitude of Ig,] is not only 

dependent on the cell voltage Uoc' but also on electrochemical (kinetic hindrance) and geometrical 

(cathodic to anodic surface area ratio) parameters. The resistances associated with the cathodic, 

electrolytic, and anodic retardations are represented by R~, Reon, and R~, respectively. 

The electrochemical interaction between steel regions with different steady-state potentials can be 

explained graphically by superimposing the potential-current (E~I) or polarisation curves for the 

anodic and cathodic component in a so-called Evans-diagram (see Fig. 2). As a consequence of 

macrocell action the potential of the anodic component is shifted towards less negative values 

(anodic polarisation) and the potential of the cathodic component is shifted towards less positive 

values (cathodic polarisation). From the points of intersection of the polarisation curves, the 

potentials of the coupled steel electrodes and the galvanic current can be derived. 

potential E [mY] 

o 

cathodic polarization curve 

for passive steel 

anodic polarization 

curve for active steel 

Igal 

galvanic current I [mA] 

Igal * Rcon 

Fig. 2. Evans-diagram for a two-component macrocell. 

Igal * Rcell 

For active I passive corrosion cells the resistance to cathodic polarisation of passive steel, R~ , is 

likely to be several orders of magnitude larger than the polarisation resistance of corroding steel. 

In general, the electrochemical resistances of steel electrodes are dependent on the magnitude of the 

galvanic current. Given a certain geometrical electrode configuration the value of the concrete 

resistance, Reon, can be considered to be independent on the magnitude of Ig,]. An evaluation of the 
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influence of the individual resistances on macrocell action is only possible when, besides the 

magnitude of Ig,l' also reliable values for Uoe and R,on are available. 

At the steady-state or open-circuit potential Eeoc, of a reinforcement steel section there is no external 

electric interference and consequently no net transfer of electric charge. Thus, the average anodic 

and cathodic current density (i, and i, respectively) balance and are equal to the corrosion current 

density icon' However, if the steel section is displaced from its steady-state potential by macrocell 

action, the resulting polarisation stimulates the oxidation or reduction reactions at the steel surface. 

In general, if the potential E becomes more positive than its initial steady-state potential Eeon (anodic 

polarisation), then the anodic iron dissolution reaction is encouraged and simultaneously the 

cathodic reactions are hindered. The relationship between polarising external current I,pp and the 

potential E of a steel section can be described in a simplified way by: 

A . [ (In(lO)(E ~ Eeocc)) (~ln(10)(E ~ Eeocc))] 
expl,on exp b, ~exp be 

(4) 

where b, and be are the so-called Tafel slopes for the anodic and cathodic reactions occurring at the 

steel surface, and Ae,p the exposed surface area of the steel electrode. Based on empirically derived 

values, see Andrade et al. (1986), it can be assumed that for corroding steel ba = 90 m V / dec and 

be = 180 mV / dec. 

Equation (3) provides the basis for the so-called linear polarisation technique normally used for 

estimating the instantaneous corrosion rate. Polarisation characteristics can be measured by plotting 

the external current as a function of the electrochemical potential. 

The actual corrosion rate is always equal to the anodic current density i, which is related to the 

overvoltage (E ~ Eeon) achieved, according to: 

. ~. . (In(10)(E ~ Eeon)) 
la - leorr exp ba 

(5) 

in which icon refers to the initial corrosion current density, i.e. without any external polarisation. 

The corrosion rate is increased when anodic polarisation occurs and decreased for cathodic 

polarisation. The relationships between galvanic current Ig,l' actual corrosion rate la' and initial 

corrosion rate Icon' are given in Fig. 3. In general, the actual corrosion rate is underestimated by the 

galvaniC current, the difference becoming larger as the anodic overvoltage decreases. For anodic 

overvoltages exceeding 50 m V, the magnitude of the galvanic current may be considered to be 

nearly equal to the actual corrosion rate I,. 

The operation of a macrocell essentially results in a shift from the original steady-state potentials of 

the participating components. If the magnitude of the overvoltage is known it will be possible to 

relate the galvanic current into the initial corrosion rates, based on the given electrochemical 

relationships, see Gulikers et al. (1994). 
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Fig. 3. Current - overvoltage relationships for corroding steel. 

Design of the concrete corrosion cell 

In order to investigate the susceptibility to galvanic reinforcement corrosion in chloride-contami­

nated concrete, specimens were developed which incorporated actively corroding and passive steel 

reinforcement bars. The basic design criterion was that in the cell the real case of corroding (anodic) 

steel areas, and its associated passive (cathodic) steel regions of a reinforcement network in concrete 

partially contaminated with an excess amount of chloride should be simulated. An isometric sketch 

of the experimental arrangement is illustrated in Fig. 4. In these specimens macro cell action is 

induced between the top and bottom layer of reinforcement. Chloride and moisture enter the 

concrete from the top surface and will promote active corrosion of the top layer. The bottom layer of 

reinforcement remains essentially passive, and, being surrounded by a drier environment with 

consequently more access to oxygen, will be cathodic to the top layer. 

168! 

",->// 
/ 

Fig. 4. Isometric sketch of a concrete corrosion cell. 
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The specimens were 298 mm (width) by 168 mm (height) by 200 mm (depth) in dimensions. 

Two layers of reinforcing bars were incorporated in each specimen, both with 25 mm clear cover. 

The top layer contained four mild steel bars 0 6 mm with exposure lengths of 25, 50, 75 and 100 mm, 

respectively, placed at variable positions designated by A, B, C and D. The bottom layer consisted of 

four stainless steel bars 0 12 mm with a fixed exposure length of 100 mm, located at positions desig­

nated by E, F, G and H. The horizontal centre-to-centre distance between the steel bars was 62 mm 

and the vertical distance was 109 mm. Plexiglass dikes, 25 mm high, were mounted on the top sur­

face of each specimen for ponding. 

For convenience chloride was added to the mixing water in an excess amount of 4% CI- by weight of 

cement which rendered the complete concrete specimen corrosive to mild steel. For this reason AISI 

type 316 stainless steel was chosen for the bottom layer. This type of steel will remain essentially 

passive whatever the condition of the concrete and shows a similar electrochemical behaviour as a 

mild steel reinforcing bar in chloride-free concrete, see Naish et al. (1990). 

Four batches, each consisting of four specimens, were fabricated with portland and blast furnace 

slag cement (slag content of 75%). All concrete was batched according to the mix design given in the 

Appendix. The specimens were cured for two days in the moulds followed by 12 days of air-drying 

at 50% RH. and 20°C. Thereupon, the four vertical sides of each specimen were given two layers of 

a commercially available two-component epoxy concrete sealer to minimise humidity and oxygen 

exchange with the ambient environment. The treated specimens were initially exposed to constant 

relative humidities of approximately 98% RH. and 80% RH. at a constant ambient temperature of 

20°C. 

The potential difference between corroding mild steel and passive stainless steel will generate 

galvanic currents between the two zones which will normally result in an acceleration of the local 

corrosion rates of the top steel layer. 

Experimental test methods 

The corrosion cell was designed to monitor the factors that were expected to exert some influence 

on the galvanic corrosion process of steel in a concrete environment. Hence, provisions were made 

for measuring: 

- Emn, the electrochemical corrosion potential (i.e. against a reference electrode); 

- Uoc' the driving macro cell voltage developed between corroding and passive steel bars; 

- Rmn, the concrete resistance between corroding and passive steel bars; 

and 

- I g,!, the galvanic (or macrocell) corrosion current. 

One of the specimens fabricated with blast furnace slag cement was employed for detailed investi­

gations on macrocell corrosion. Some of the results obtained from this galvanic testing will be 

reported here. The other test results will be published in the near future, see e.g. Gulikers (1997a) 

and Gulikers (1997b). 

The actively corroding mild steel bars are referred to as ACT followed by the exposure length 

(25,50,75 and 100, respectively). The passive stainless steel bars (with a constant exposure length of 



100 mm) are indicated by PAS followed by the exposure length of the mild steel bar located at the 

opposite side. The location of the individual rebars in the concrete specimen is given in Table 1. 

Table 1. Location of steel bars in concrete specimen. 

top A B C D 
06mm ACT50 ACT75 ACTI00 ACT25 

bottom PAs50 PAs75 PAs100 PAs25 

l"p = 100 mm E F G H 

012mm 

The compartment at location B (above rebar ACT75) was previously ponded with tap water for more 

than 3 months. 

The test procedure included measurement of EcoH and Uae prior to performing galvanic coupling, 

whereas the concrete resistance was measured at the end of testing. 

Experimental results 

Determination of a modified Evans-diagram 

The experimental investigations were aimed at a quantitative determination of the resistances 

involved in a macrocell, as defined by Eq. (3). One corroding and one passive steel bar were coupled 

through an external circuit as to form a two-component macro cell. Prior to coupling, the open­

circuit potential difference Uae was measured. In order to achieve a stepwise increase of the cell 

voltage U"ll a voltage source was inserted into the external circuit. When the cell voltage equals the 

open-circuit potential difference, the natural condition of shortcircuiting is achieved. With this 

instrumental test set-up it is possible to realize cell voltages far beyond Un, in order to study the 

polarisation behaviour of both passive and corroding steel over a wide range of overvoltages. 

For circuit ACT75-PAS75, Une amounted to 321.5 mV and Reon was 6444 Q. Rebar ACT75 demonstrated a 

much lower corrosion potential, Ecou = -278 mV (vs. Ag/ AgCl), compared to the other three 

corroding rebars. 

The average cell resistance Reell was calculated for each value of U"ll by: 

U cell 

IcelJ 
(6) 

The cell current flowing through the artificially enforced macrocell was measured by a Zero­

Resistance-Ammeter (ZRA). This measuring device allows continuous monitoring of a current 

without placing any resistive load on the electrochemical system (to avoid artificial polarisation of 

the anodic and cathodic components of the macrocell). 
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In Fig. 5 the resulting cell current lcell is presented as a function of U eell . The graph shows a very 

pronounced exponential increase of Iedl as Ucell is becoming larger. Beyond a cell voltage of approxi­

mately 300 m V the cell current increases significantly. 

cell current Icell [J..lAj 
20 ,-----------------------------------~ 

18 

16 . 

14 
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2 

o~--~~~--+---+---+---~--~~ 
o 200 400 600 800 

driving cell voltage Ucell [mVj 

Fig. 5. Development of the cell current I,dl as a function of the imposed macrocell voltage Ued!" 

In Fig. 6 the calculated cell resistance, Reel!' is displayed as a function of U,ell" Given the trend 

discussed before it is not surprising that an exponential decrease occurs. Initially, at low values for 

Ueel!' the cell resistance is very high. For U,ell = 142 mV a cell resistance of Reell = 930.7 kO was 

calculated, and at the highest value for U edl = 722 m V, Reell = 34.8 kO. These calculated values clearly 

indicate that within the full range of U eell the cell resistance is much larger than Reon (6444 0). 

Taking into account the concrete resistance, the anodic and cathodic overvoltages of the corroding 

and passive steel, respectively, could be calculated. The polarisation resistance of the corroding 

rebar Rp" shows a gradual increase from 880 n to 2951 n as the overvoltage increases. The resistance 

against cathodic polarisation of the passive stainless steel bar contributes to a significant extent to 

the overall cell resistance. This trend is also observed for all other macro cell couples, 

Since the concrete resistance remains essentially constant during the experiments and the polarisa­

tion resistance of the corroding mild steel is considered to be small compared to that of the passive 

steel bar, it is concluded that Rp,e controls to a large extent the magnitude of the galvanic current 

flowing in a macrocell with a plan-parallel configuration of electrodes in most practical situations. 

This is also shown in Fig. 7 where the relative control exerted by the three resistances is given as a 

function of the cell voltage. For lleell = 700 m V, which is far beyond practical values for Uoe' the 

control exercised by the passive steel bar still amounts to 80%, whereas the corroding steel bar 

contributes just 6%, and the concrete resistance 14% to Reell' 

From the relationships between overvoltage and current derived for both passive and corroding 

steeJ a modified Evans-diagram is constructed for the circuit ACT75-PAS75 (see Fig. 8). Arbitrarily, 



the initial potential of passive steel is assigned o. Without macrocell action the initial potential 

difference amounts to 321.5 m V. The galvanic current Igol expected to flow in the circuit when the 

two bars are shortcircuited, can be calculated to be approximately 1.47 f.lA (taking into account the 

voltage drop over the concrete electrolyte). After the experiments were completed, shortcircuiting 

was effected. After a few hours steady- state conditions were achieved with Igol = 1.36 f.lA which is 

close to the predicted value. 

1.0 ,.:o-"v.:.e.:.:ra.::.lI,-,c:...:e.c:.lI.c.r.:.es.:.:i.:.st",a",n.:.cec:....:.R",c",-el"-1 '-'.[M"'Q=--] ________ -. 
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Fig. 6. Development of the overall cell resistance R,d' as a function of the imposed macrocell voltage U"l/" 
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Fig. 7. Development of the relative influence of the individual resistances on the overall cell resistance R"ll 

as a function of the imposed macrocell voltage U,d'. 
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Fig. 8. Modified Evans-diagram for active/passive macrocell ACT75-PAs75. 

Influence of macmcells on corrosion potential 

As a macrocell is formed the potentials of the components are shifted to less negative values for the 

anodic components, and to less positive values for the cathodic components (see Fig. 2). From the 

previously discussed experiment it is clear that passive steel experiences a strong cathodic polarisa­

tion when coupled to corroding steel. Experiments were conducted to investigate the influence of 

macrocells on corrosion potentials Eeon, as measured with a reference electrode. 

The measurement of the steady-state potentials Eeou' present on the surface of corroding reinforced 

concrete structure has come to be known as half-cell or potential mapping. This technique is now 

widely accepted as a method of detecting the likelihood of corrosion of steel reinforcement in 

concrete. The potential mapping technique relies on the presence of differences in electrochemical 

potential at different points at the steel-concrete interface. The measurement involves the use of a 

reference electrode which is placed on the concrete surface. The electrode is electrically connected 

with the underlying reinforcement steel through a high impedance voltmeter. 

The surface corrosion potentials of the single corroding and passive steel bars were monitored with 

an Ag/ AgCl-reference electrode (-238 mV vs. SHE) placed on the top and bottom concrete surface, 

respectively. In the following, corrosion potential values will be given with respect to the Ag/ AgCl­

reference electrode. Since chloride is added to the mix ingredients, active corrosion of the mild steel 

bars will ensue immediately during casting, resulting in very negative values for Eeo". 

The experiments involved macrocells comprising one of the corroding bars and one of the passive 

bars. Prior to and during coupling the corrosion potentials of the individual bars were measured. 

Fig. 9 shows the results for the four passive steel bars when coupled to ACT50 (E w ," = -467 m V) and 

ACT75 (Eeo" = -299 m V), respectively. Due to strong cathodic polarisation the potential of the passive 

steel bars is shifted towards values close to the corrosion potential of the anodic component. Conse­

quently, according to many codes of practice, passive steel areas will be erroneously identified as 

actively corroding. 
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Fig. 9. Development of E,we of passive steel bars prior to and during galvanic coupling to one corroding 

steel bar. 

Influence of macrocells on corrosion rate 

The presence of macrocells influences local corrosion rates. In general, the magnitude of the 

galvanic current underestimates the actual corrosion rate, see Berke et aL (1990) and Gonzalez et aL 

(1988). However, using Equations (4) and (5), the initial corrosion rate leo,", and the actual corrosion 

rate Ia can be calculated. For practical purposes, conversion of the results from polarisation 

measurements to corrosion rates is strictly possible for general corrosion. Chloride-induced 

corrosion is generally associated with strongly localised attack Therefore, the averaged corrosion 

current densities icon have to be evaluated with some caution although it is likely that for excessive 

levels of chloride contamination more or less general corrosion may be observed. 

The experiments involved sixteen different two-component active/passive macrocells. This was 

achieved by shortcircuiting one of the actively corroding bars in the top layer (denoted by ACT) with 

one of the passive stainless steel bars in the bottom layer (denoted by PAS) through an external 

measuring circuit. The initial potential differences Uoc ranged from 320 to 560 mY. Upon 

shortcircuiting a macro cell developed resulting in steady-state macro cell currents varying from 

1.1 /lA to 7.0 /lA, whereas the average anodic overvoltages achieved were 3.3 mV (ACT75), 6.1 mV 

(AcTI00), 7.2 mV (ACT50) and 33.7 mV (ACT25). Using Eq. (4) Icon can be calculated for each of the 

corroding bars. The results are shown in Fig. 10. The average values amount to 1.62 /lA (ACT25), 

252 /lA (ACT50), 0.85 flA (ACT75) and 0.80 /lA (AcTI00). Except for rebar ACT25 these results demon­

strate a good reproducibility which suggests that the method is applicable for practical situations, 

see Gulikers (1994). 

In Fig. 11, Icon is given as a function of Iga, (excluding the results obtained for ACT25). Although there 

is a general trend that lcoH increases as Iga, increases, results from galvanic testing have to be 

interpreted with much caution. For the macrocells investigated, the magnitude of Iga, severely 
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underestimates Icon' It is obvious that measurement of Igol alone gives no reliable information 

regarding the actual corrosion rates. 

Due to anodic polarisation the corrosion rate of the mild steel bars was increased by 58% (ACT25), 

20% (ACT50), 17% (ACT75), and 9% (AcTIOO). The great differences are caused by the different 

cathodic to anodic surface area ratios. In general, a higher area ratio will result in a greater increase 

in the corrosion rate. The given sequence follows this common trend. 

However, it must be borne in mind that in practice greater area ratios may be present and conse­

quently the corrosion rate may be increased more significantly than presented here. 

corrosion current, lcorr [IlA] 
3.0,---------'--------------, 

2.5 

2.0 

1.5 

1.0 

0.5 

coupling to 

D PAS25 

o PAS50 

6 PAS75 

~ PAS100 

O~----~-------r------+_----~------~ 
ACT25 ACT50 ACT75 ACT100 

corroding rebar 

Fig. 10. Corrosion rate Imn of the individual corroding rebars as derived from galvanic testing. 
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Fig. 11. Corrosion rate Imn as a function of Ig,,jor active/passive macrocells. 



Concluding remarks 

Under practical conditions of reinforcement corrosion multi-component macrocells consisting of a 

great number of steel sections exhibiting different electrochemical behaviour will be encountered. 

Particularly the potential differences developed between actively corroding and passive steel are 

considered to be of great practical importance since the driving voltage may amount to several 

hundreds of millivolts, as is verified in this research. 

The resistance to cathodic polarisation of the passive stainless steel is strongly dependent on the 

magnitude of the galvanic current. Generally, the cathodic polarisation resistance dominates and 

therefore determines the magnitude of the galvanic current to a high degree. However, some 

caution has to be exercised since the capacity of stainless steel to support cathodic reactions may be 

different from that of mild steel. Moreover, cathode to anode surface area ratios and geometrical 

factors have to be taken into account. 

Macrocells involving corroding and passive steel reinforcement will result in a very strong change 

in potential of the passive steel towards more negative values. As a result corrosion potentials may 

be observed close to that of the anodic component. In these situations potential mapping may 

erroneously identify passive regions as actively corroding. 

For the situations investigated, the electrolytic concrete resistance is of minor importance. 

The maximum contribution of Reon to the overall cell resistance amounts to just 14% which is 

attained only for a very high value of Ucell (700 m V). This conclusion is also supported by the very 

negative steady-state potential values for the passive steel bars (cathodic components), which are 

very close to the values measured for the corroding steel bars (anodic components). 

Due to macrocell action the corrosion rate is increased, varying from 9% to 58% for the specific 

conditions investigated in this research. Based on electrochemical theory of macrocell corrosion the 

initial corrosion rate can be assessed when the overvoltage and the galvanic current are known. 

The method described gives reproducible results. 

Dependent on the anodic overvoltage achieved the magnitude of the galvanic current 

underestimates the actual corrosion rate I,. For overvoltages greater than 50 m V it may be assumed 

that Ig,l = I,. 

However, it has to be emphasized that practical situations of reinforcement corrosion are much 

more complex than those investigated here. Generally, they involve a multi-component macrocell in 

a 3-dimensional environment. The resulting electrochemical interaction between the reinforcement 

bars can then be calculated only by a numerical approach which takes into account the specific 

electrochemical behaviour of the bars and the distribution of the concrete resistivity, see Gulikers et 

al. (1996). 

Acknowledgement 

Part of this research was sponsored by the Netherlands Technology Foundation (STW). 

121 



122 

References 

ALONSO, c., ANDRADE, C. and GONzALEZ, J.A. (1988), Relation Between Resistivity and Corrosion 

Rates of Reinforcements in Carbonated Mortar Made With Several Cement Types, Cement and 

Concrete Research, 5(18), pp. 687-698. 

ANDRADE, c., CASTELO, V., ALONSO, C. and GONzALEZ, J.A. (1986), The Determination of the Corrosion 

rate of Steel Embedded in Concrete by the Polarization Resistance and AC Impedance Methods, 

in Corrosion Effect of Stray Currents and the Techniques for Evaluating Corrosion of Rebars in Concrete 

(Ed. V. Chaker), ASTM STP906, American Society for Testing and Materials, Philadelphia, 

pp.43-63. 

ANDRADE, c., MARlBONA, LR, FEUU, S., GONzALEZ, J.A. and FELIU, S. JI. (1992), The Effect of Macrocells 

Between Active and Passive Areas of Steel Reinforcements, Corrosion Science 33(2), pp. 237-249. 

BERKE, N.S., SHEN, D.F. and SUNDBERG, KM. (1990), Comparison of the Polarisation Resistance 

Technique to the Macrocell Corrosion Technique, in Corrosion Rates of Steel in Concrete (Eds. N.5. 

Berke, V. Chaker and D. Whiting), ASTM STP1065, American Society for Testing and Materials, 

Philadelphia, pp. 38-51. 

BROWNE, RD. Durability of Reinforced Concrete Structures (1991), In The Corrosion of Steel in Concrete 

(short course), Oxford. 

GONzALEZ, J.A., FELIU, S., ESCUDERO, M.L, ANDRADE, C. and MACIAS, A. (1988), Relative Influence of 

Galvanic Macrocells and Local Microcells in the Corrosion of Reinforced Concrete Structures, In 

Proceedings Measurements and Testing in Civil Engineering, Lyon, VoLl, pp. 237-250. 

GULIKERS, J,J,W. and VAN MIER, J,G.M. (1992), Accelerated Corrosion by Patch Repairs of Reinforced 

Concrete Structures, In Rehabilitation of Concrete Structures (Eds. D.W.S. Ho and P. Collins), 

RILEM, pp. 341-353. 

GULIKERS, J.J.W. and VAN MIER, J.G.M. (1994), Determination of the Corrosion Rate of Steel Reinforce­

ment by Galvanic Testing, In Corrosion and Corrosion Protection of Steel in Concrete 

(Ed. R.N. Swamy), Sheffield Academic Press, pp.2 47-257. 

GULIKERS, J,J,W. and SCHLANGEN, E. (1996), Numerical Analysis of Galvanic Interaction in Reinforce­

ment Corrosion, In Corrosion of Reinforcement in Concrete Construction (Eds. c.L. Page, 

KJ.W. Treadaway and P.B. Bamforth), Society of Chemical Industry, in press. 

GULIKERS, J.J.W. (1997a), Laboratory Investigations on Reinforcement Corrosion in Chloride­

Contaminated Concrete, In Fourth CANMETI ACI International Conference on Durability of Concrete 

(Ed. V.M. Malhotra), Sydney, Australia, to be published. 

GULIKERS, J.J.W. (1997b), Aspects of Macrocell Corrosion in Reinforced Concrete Structures, in Third 

CANMETIACI International Conference on Advances in Concrete Technology (Ed. V.M. Malhotra), 

Auckland, New Zealand, to be published 

NAISH, Cc., HARKER, A. and CARNEY, REA (1990), Concrete Inspection: Interpretation of Potential 

and Resistivity Measurements, In Corrosion of Reinforcement in Concrete (Eds. CL. Page, 

KW,J. Treadaway and P.B. Bamforth), Society of Chemical Industry, pp. 314--332. 

Rr\UPACH, M. (1992), Zur Chloridinduzierten Makroelementkorrosion von Stahl in Beton, Deutscher 

AusschufS fUr Stahlbeton, Beuth Verlag, Heft 433. 



SCHIEgL, P., RAUPACH, M. (1990), Influence of Concrete Composition and Microclimate on the Critical 

Chloride Content in Concrete, In Corrosion of Reinforcement in Concrete (Eds. c.L. Page, 

K.W.J. Treadaway and P.B. Bamforth), Society of Chemical Industry, pp. 49-58. 

Appendix 

Concrete: Mixture proportions: blast furnace slag cement 300 kg / m3; LV / c = 0.60; 

natural gravel 1850 kg/m3. 

Particle size distribution: 8-16 mm (24%); 408 mm (20%); 2-4 mm (20%); 

1-2 mm(lO%); 0.25-0.5 mm (9°,{,); 0.125-0.25 mm (8%); 

Curing: 2 days in the mould followed by 12 days at 50% R.H. and 20DC 

123 




