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Abstract 

The technical feasibility of the usage of carbon fibres of carbon fibre reinforced polymer for externally 

bonded reinforcement of reinforced concrete structures (CFRP EBR) for active cathodic protection 

(CP) of the reinforcement steel is discussed and investigated in this dissertation. Concrete samples 

were wrapped with carbon fibres applied in two different fibre directions, and using several epoxy 

adhesives. The steel was used as the cathode and the CFRP wrap as anode for the induced current CP 

(ICCP). The epoxy adhesives were filled with conductive particles to make them conductive (Ni, Ag, 

graphite and carbon black powder). To initiate and accelerate the corrosion process, chlorides were 

added to the mortar mixture, and the samples were partially immersed in a NaCl bath during the ICCP 

program. Through linear polarization, the effectiveness of the ICCP was monitored. It was found that 

cathodically protected specimens had substantially lower corrosion rates. Radial fibre direction 

showed the most consistent results. The higher the conductivity of the epoxy, the lower the absolute 

corrosion rates were, and the lower the corrosion rate evolution was. Some conclusions regarding 

further research are drawn as well. 

Keywords: active cathodic protection, CFRP, corrosion, reinforced concrete 
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Abstract: Carbon fibre reinforced polymers (CFRP) have 

exquisite strength and sustainability properties, which make 

them appropriate for reinforcement applications of concrete 

structures. In externally bonded reinforcement (EBR) of 

reinforced concrete (RC) structures, the CFRP reinforcement 

covers a substantial part of the structural surface. Together 

with the high electrical conductivity of the carbon fibres, this 

offers the possibility to apply a current to the CFRP fabric, for 

cathodic protection of the steel. The technical feasibility of the 

combination of CFRP EBR with CP of RC structures is both in 

literature and experimentally investigated and discussed in this 

dissertation. Cylindrical reinforced concrete specimens were 

wrapped with CFRP material, and protected by a cathodic 

current between steel and CFRP wrap. The specimens were 

subjected to aggressive corrosion environments. The corrosion 

rate was measured in different ways both during and at the 

end of the test program. Conclusions regarding the feasibility 

and further research have been drawn. 

Keywords: active cathodic protection, CFRP, corrosion, 

reinforced concrete 

 

I. Introduction 

CFRP materials, applied as external reinforcement 

material on RC structures, form a protective barrier against 

chloride and moist penetration. This passive protection has 

been studied in some experimental researches [1-5]. 
Besides the impenetrability of the wraps, it was found in 

these studies that the confinement of the concrete due to 

CFRP wrapping has a positive influence on corrosion 

initiation and rate. Geometrical aspects, such as concrete 

cover and RC element geometry have an influence as well. 

For instance wrapped concrete columns show better 

confinement conditions than reinforced beams, and a higher 

concrete cover improves the confinement as well.  

CFRP EBR has therefore become a popular concrete 

repair technique on heavily corroded RC structures for 

service life prolongation. The idea of using the CFRP EBR 

as an anode for cathodic protection has been experimentally 

investigated in [6]. In this experiment, heavily corroded test 

specimens were cathodically protected. A positive effect on 

total amount of corrosion products was found through mass 

loss and pull-out measurements. Less attention is paid to the 

actual corrosion rates during the CP program, and 

conductivity of the FRP sheets.  

Epoxy resins used for FRP EBR applications are usually 

electrical insulators. To obtain better conductivity, polymers 

can be filled with conductive particles. Metal powders are 

commonly used for electrical applications. However, an 

anode material for CP should be resistant against aggressive 

(acid) environments. Therefore, the addition of carbon black 

(CB) particles was favoured in this work, next to metal 

powders. The behaviour of conductive CB added to 

polymers is a much researched subject [7-13]. The most 

mentioned theory to describe this phenomenon is the 

percolation theory. Of greater interest in this work, is the 

control of viscosity properties of the filled epoxy for EBR 

application. To overcome this issue, the mix ratios of the 

epoxy resin were altered, in order to find the optimal 

conductivity/rheology properties for anode application. 

 

II. Polymer conductivity 

For the experimental research in this dissertation PRINTEX 

XE2 carbon black powder provided by the Evonik company 

was added to two different epoxy resins. Furthermore, four 

commercial conductive epoxies for electrical applications 

were provided by Henkel. Some relevant properties are 

listed in Table 1. 

Adhesive Company Filler  
Resistivity 

[ɋ.cm] 

Eccobond 50298 
Emerson & 

Cuming 
Ni 0,5 

Eccobond 64C 
Emerson & 

Cuming 
Ni 0,02 

Eccobond 60L 
Emerson & 

Cuming 
graphite 50 

Eccobond 57 C Hysol Ag 6x10-4 

ECC PC 5800 Carbo ECC CB 119,04 

Epo-Tek 353ND EpoTek CB 78,72 

Table 1: Conductive epoxies 

Spec. 

name 
Wrap 

Fibre 

dir.  
CP 

Immer

-sion 

Tafel 

sl. meas. 

Ref-1,2,3 no 
 

no yes no 

Ref-FRP yes axial no yes no 

CP-ax yes axial yes yes no 

CP-rad yes radial yes yes no 

CP yes 
no 

fibres 
yes yes no 

Tafel-ref no 
 

no no yes 

Tafel-

50298 
yes axial no no yes 

Table 2: Specimen matrix 
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CB filled epoxies 

PC 5800 CARBO epoxy resin of ECC company was filled 

with 9,88wt% of the CB powder. The mix ratio to obtain an 

acceptable viscosity (and decent curing) was altered from 

1:2 to 1,32:1. 

A second antistatic epoxy Epo-Tek 353ND from EpoTek 

company was filled with 12,97wt% of CB powder, changing 

the mix ratio from 10:1 to 1,64:1.  

These filled epoxies are called ñECCò and ñEpoò 

respectively. 

Commercial conductive epoxies 

Four epoxies with different fillers and properties were 

used. For specific information see Table 1. 

 

Figure 1: Lollypop specimen geometry 

 

III. Specimen preparation 

Concrete samples 

Small chloride contaminated mortar cylinders of diameter 

48mm and height 100mm were prepared. A smooth steel bar 

was embedded in the concrete axially, over a length of 

80mm. Through epoxy coating, the length of the bar that 

was exposed to corrosion was exactly 60mm. The mortar 

composition Cem:Sand:Water:NaCl was 1:3:0,65;0,07. The 

compression strength of the mortar at 28 days was 

34,9N/mm². Figure 1 depicts the general geometry of a 

specimen. 

 

CFRP wraps 

The wraps consisted of wet lay-up application of PC 

CARBOCOMP PLUS CFRP textile of ECC company. For 

each type of conductive epoxy, three specimen wraps were 

prepared. Ax: axial fibre direction, rad: radial fibre 

direction, just CP: fibreless, just an epoxy coating. Every 

specimen was provided of a similar primary anode to 

connect to the DC power supply, and to spread the current 

over the anode surface. This primary anode consisted of a 

string of carbon fibres of height 10mm, applied radially onto 

the ñradò or ñaxò fibres of the underlying wrap, or simply 

onto the epoxy of the fibreless CP specimens. 

Four reference specimens were fabricated. Three of them 

remained unwrapped. The fourth was wrapped in a classic 

CFRP wrap with insulating epoxy (PC 5800 CARBO), and 

axial fibre direction. 

Two more samples were used for Tafel slope 

measurements. 

The specimen matrix is listed in Table 2. 

 

IV. CP/immersion program 

A protective current between steel bar (cathode) and 

CFRP wrap (anode) was applied to all of the ñCPò 

specimens. The CP program was divided into two phases of 

14 days. The protection current was 58,35mA/m² during the 

Figure 2: Results. Columns show I corr from LP measurement of axial, radial, fibreless (ñCPò) and reference specimens, for both LP 

sessions (ñaò and ñbò). The labels indicate the mass loss percentage of axial, radial and fibreless specimens from top to bottom. 
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first period and 26,53mA/m² during the second period. 

During this program the samples were cyclically 

immersed in a NaCl water solution (1,0wt%) for 1 hour 

every 24 hours. 

The reference specimens (Ref-1,2,3 and Ref-FRP) were 

also immersed. 

All of the specimens were treated identically during the 

CP/immersion program and measurements. 

 

V. Measurements 

Two linear polarization (LP) measurements were 

executed, to obtain instant corrosion rates: after 14 days and 

after 28 days. After the 28 days of test program the steel 

bars were removed out of the concrete to determine the steel 

mass loss to corrosion products, according to ASTM G1-90. 

The results are listed in Figure 2. 

 

VI. Discussion 

Most of the open circuit potentials (OCPs) show an 

upward (less negative) shift, as a result of the decrease of 

the protection current Iprot. The fibreless specimens, 

however, show a downward evolution, indicating a safer 

steel condition despite of the Iprot drop. 

The polarization resistances are substantially higher for 

the protected CP specimens, compared to the unprotected 

references, resulting in much lower corrosion rates (40 to 

70% lower on average). The Tafel extrapolation method 

showed high correlation with the LP measurements. The 

calculated B values of the Stern-Geary equation were close 

to 26mV, indicating an active depassivated steel condition. 

The corrosion current densities are calculated with 

B=26mV.  

The most consistent results were found for the radially 

wrapped fibre configuration: all of these specimens showed 

a positive evolution in corrosion rate. This may be due to 

better confinement conditions through wrapping. 

The most conducting epoxies (57C and 64C) show overall 

low corrosion rates, and little evolution between both 

measurements. The presence of the fibres is believed to 

have little influence on anode current spread for these 

epoxies. 

 

VII. Conclusions 

It can be concluded that CPrev was not achieved, as a 

consequence of the high initial chloride concentration in the 

mortar cylinders. However, ICCP was found to be effective. 

Some conclusions regarding future research can be drawn: 

- The influence of fillers on epoxy strength 

characteristics should be investigated and optimized 

- CB is probably not the best solution for surface 

conductivity. Other sustainable alternatives (e.g. 

carbon nanotubes) should be explored 

- Possibilities to add conductive fillers during 

fabrication process of prefab CFRP laminates can be 

explored too. 

- Further research for CPrev should be done without 

chloride addition to the mortar, with a longer CP 

program. This would also give the opportunity to do 

more LP measurements, and to have a clearer view on 

Icorr evolution. 
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Haalbaarheidstudie van Uitwendig Gebonden CFRP 

voor Kathodische Bescherming 

Philippe De Schoesitter 

Promotoren: Stijn MATTHYS, Geert DE SCHUTTER 

Abstract: Carbonvezel versterkte polymeren (Carbon fibre 

reinforced polymers, CFRP) hebben uitstekende sterkte en 

duurzaamheidseigenschappen, waardoor ze o.m. kunnen 

dienen als wapening voor betonconstructies. Bij uitwendig 

aangebrachte vezelwapening (Externally bonded 

reinforcement, EBR) op gewapende betonconstructies (GB), 

wordt vaak een aanzienlijk deel van het betonoppervlak door 

de CFRP bedekt. Samen met de goede elektrische 

geleidbaarheid van de carbonvezels, biedt dit de mogelijkheid 

om een stroom door de uitwendige wapening te leiden voor 

kathodische bescherming (KB) van het wapeningsstaal. In dit 

werk werd de technische haalbaarheid van een dergelijk 

gecombineerd systeem experimenteel uitgeprobeerd en 

bediscussieerd. Cilindrische gewapende mortelproefstukken 

werden in CFRP gewikkeld en beschermd door een 

kathodische stroom tussen CFRP en staal. Intussen werden ze 

aan een agressief corrosiemilieu blootgesteld. De 

corrosiesnelheid werd gedurende de proefperiode met 

elektrochemische metingen bepaald. Nadien werden 

destructieve metingen uitgevoerd. Op basis van dit experiment 

en de literatuur, werden een aantal conclusies omtrent de 

haalbaarheid van het systeem en toekomstig onderzoek 

getrokken. 

Sleutelwoorden: actieve kathodische bescherming, CFRP, 

corrosie, gewapend beton 

 

 

I. Inleiding 

CFRP materialen, aangebracht als uitwendige wapening, 

vormen een beschermende impermeabele laag op het beton. 

Deze passieve bescherming, tegen o.m. water en 

chloridepenetratie, is al veelvuldig bestudeerd in o.a. [1-5], 
waarin een positieve invloed op corrosiesnelheid van het 

wapeningsstaal wordt beschreven. Naast de 

ondoorlatendheid van de CFRP, speelt ook de 

betonsamendrukking door de CFRP een belangrijke rol. 

Ook geometrische aspecten hebben een invloed, zoals 

grotere betondekking, en betere samendrukking bij 

kolomvormige elementen, versus balken.  

CFRP EBR is daarom een populaire 

betonherstellingstechniek geworden, bij zware betonaan-

tasting door corrosie of andere vormen van betonrot. Het 

idee om CFRP EBR ook te benutten als anode voor 

kathodische bescherming, is reeds experimenteel 

uitgeprobeerd in [6]. In dit experiment werden zwaar 

gecorrodeerde betonmonsters behandeld met CFRP, en 

vervolgens in agressief milieu kathodisch beschermd. Er 

werd een positieve invloed op de totale hoeveelheid 

corrosieproducten gevonden. Er werd wel minder aandacht 

besteed aan feitelijke corrosiesnelheid gedurende de proef 

en de invloed van de geleidbaarheid van de CFRP wrap.  

  

Epoxyharsen, die gewoonlijk gebruikt worden voor CFRP 

EBR, bieden grote elektrische weerstand. Om deze 

weerstand te verkleinen, is het mogelijk om geleidende 

deeltjes ï zoals metaalpoeders ï eraan toe te voegen. 

Aangezien de anode voor KB bestand moet zijn tegen 

agressieve, zure corrosiemilieus, en metaalpoeders zelf 

gevoelig zijn aan corrosie, is dit wellicht niet de beste 

oplossing. Daarom werd in dit experiment ook gewerkt met 

óCarbon Blackô (CB) poeder: zeer geleidende deeltjes op 

basis van carbon. Het gedrag van CB vermengd in 

polymeren is al uitvoerig bestudeerd, o.m. in [7-13], en 

wordt gekenmerkt door een kritieke concentratie 

toegevoegde CB, die gepaard gaat met het plots fenomenaal 

stijgen van de geleidbaarheid. De theorie die het meeste is 

aangewend om dit gedrag te verklaren is de 

percolatietheorie. Een ander belangrijk fenomeen is de 

viscositeit van de epoxy bij het toevoegen van de CB. Dit 

euvel kan worden ingeperkt door de mengverhouding van 

de epoxy te veranderen, om een optimale viscositeit en 

geleidbaarheid te vinden. 

 

II. Geleidende epoxies 

PRINTEX XE2 carbon black, geleverd door Evonik, werd 

toegevoegd aan twee verschillende epoxyharsen. Verder 

werden vier reeds gevulde epoxyharsen uit de handel 

aangewend (geleverd door Henkel). Enkele eigenschappen 

worden samengevat in Tabel 1. 

Epoxyhars Producent Filler  
Bulkweerst. 

[ɋ.cm] 

Eccobond 50298 
Emerson & 

Cuming 
Ni 0,5 

Eccobond 64C 
Emerson & 

Cuming 
Ni 0,02 

Eccobond 60L 
Emerson & 

Cuming 
grafiet 50 

Eccobond 57 C Hysol Ag 6x10-4 

ECC PC 5800 

Carbo 
ECC CB 119,04 

Epo-Tek 353ND EpoTek CB 78,72 

Tabel 1: Geleidende epoxies 
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CB gevulde epoxies 

PC 5800 CARBO epoxy hars van ECC werd gevuld met 

9,88m% CB poeder. De mengverhouding werd veranderd 

van 2:1 naar 1,32:1.  

Aan een tweede óantistatischeô epoxy, Epo-Tek 353ND 

van EpoTek, werd 12,97m% CB poeder toegevoegd,  

 

Monst. 

naam 
FRP 

Vezel-

richting 
KB Bad 

Tafel 

exp. 

Ref-

1,2,3 
nee 

 
nee ja nee 

Ref-

FRP 
ja axiaal nee ja nee 

CP-ax ja axiaal ja ja nee 

CP-rad ja radiaal ja ja nee 

CP ja geen ja ja nee 

Tafel-

ref 
nee 

 
nee nee ja 

Tafel-

50298 
ja axiaal nee nee ja 

Tabel 2: Proefstukkenmatrix  

waarbij de mengverhouding veranderd werd van 10:1 to 

1,64:1.  

Deze gevulde epoxies worden respectievelijk ñECCò en 

ñEpoò genoemd. 

Geleidende epoxies uit de handel 

Vier epoxies met verschillende toevoegingen werden 

aangewend: zilver, nikkel en grafiet. Meer informatie is te 

vinden in Tabel 1. 

 

III. Monstervoorbereiding 

Mortelproefstukken 

Kleine mortelcilinders met diameter 48mm en hoogte 

100mm werden klaargemaakt. Voor versnelde corrosie 

initiatie werd NaCl aan de mortel toegevoegd. Een gladde 

staalstaaf werd over een totale lengte van 80mm ingebed in 

de as van de cilinder. M.b.v. waterdichte epoxycoatings 

werd de staallengte, blootgesteld aan corrosie, beperkt tot 

precies 60mm. De mortelsamenstelling is 

cem:zand:water:NaCl 1:3:0,65;0,07. De druksterkte van de 

mortel op 28 dagen bedroeg 34,9N/mm². Figuur 1 weergeeft 

de algemene geometrie. 

 

Figuur 1: Proefstukgeometrie 

 

CFRP wraps 

De CFRP werd in textielvorm op het beton aangebracht 

ñwet lay-upò. PC CARBOCOMP PLUS CFRP vezeltextiel 

van ECC werd hiervoor gebruikt. Voor ieder epoxytype 

werden drie proefstukken voorbereid. ñAxò: axiale 

vezelrichting, ñradò: radiale vezelrichting, gewoon ñCPò: 

geen vezels, enkel epoxycoating. Alle proefstukken werden 

op dezelfde manier van een primaire anode voorzien (voor 

connectie aan de DC voedingsbron): een bundel 

carbonvezels met hoogte 10mm werd radiaal aangebracht op 

Figuur 2: Resultaten. Staafdiagrammen weergeven I corr verkregen via LP metingen van axiale, radiale, vezelloze (ñCPò) en referentie 

proefstukken, voor beide LP sessies (ñaò and ñbò). De labels weergeven de procentuele massaverliezen van resp. axiale, radiale en 

vezelloze proefstukken. 
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de onderliggende vezels (op de epoxy bij CP-proefstukken). 

Drie onbeschermde proefstukken zonder coating werden 

ter referentie gehouden (Ref-1,2,3), en een vierde referentie 

kreeg een klassieke niet-geleidende CFRP wrap met axiale 

vezelrichting (Ref-FRP). 

Twee monsters werden bijgehouden voor Tafel 

experimenten (Tafel-Ref en Tafel-50298). 

Een overzicht van alle proefstukken is gegeven in Tabel 2. 

 

IV. KB/onderdompeling programma 

Een constante beschermstroom tussen staal (kathode) en 

CFRP (anode) van alle ñCPò monsters werd aangelegd over 

een periode van 28 dagen. De beschermstroom bedroeg 

58,35mA/cm² gedurende de eerste 14 dagen en 26,53mA/cm² 

gedurende de laatste 2 weken. 

Tijdens dit programma werden de monsters dagelijks 

gedurende een uur gedeeltelijk ondergedompeld, tot 20mm 

van de betonbovenrand, in een NaCl waterbad (1,0m%). 

Dit geldt ook voor de referentieproefstukken (Ref-1,2,3 en 

Ref-FRP). 

Zowel KB, onderdompeling als metingen werden ten allen 

tijde identiek uitgevoerd voor alle betreffende proefstukken. 

 

V. Metingen 

Twee lineaire polarisatie sessies (ter bepaling van de 

polarisatieweerstand Rp) werden uitgevoerd: na 14 en na 28 

dagen cyclische onderdompeling. Na 28 dagen werd ook het 

massaverlies aan corrosieproducten van het staal bepaald, 

volgens ASTM G1-90. De resultaten zijn te vinden in 

Figuur 2. 

 

VI. Bespreking 

In de meeste gevallen stijgt de open klem potentiaal, als 

gevolg van de daling van de beschermstroom Iprot. De 

vezelloze proefstukken wijken hiervan af. 

De polarizatieweerstanden van KB proefstukken zijn 

beduidend hoger dan die van onbeschermde referenties, 

resulterend in lagere corrosiesnelheden Icorr (gemiddeld 40 

tot 70% lager). De Tafel extrapolatie methode leverde goede 

correlatie op met LP methode. De bekomen B waarden van 

de Stern-Geary vergelijking lagen dicht bij 26mV, wat wijst 

op een gedepassiveerde staaltoestand. De Icorr berekening uit 

LP metingen gebeurde met B=26mV. 

De radiaal ingepakte monsters tonen een consistente 

daling in Icorr. Dit zou kunnen wijzen op het positieve effect 

van betonsamendrukking op corrosiesnelheden. 

De meest geleidende epoxies (57C and 64C) leveren lage 

corrosiesnelheden op, en minder evolutie tussen beide 

metingen. Daarom wordt aangenomen dat naarmate de 

epoxy meer geleidend is, de vezels minder invloed hebben 

op stroomdistributie in de anode. 

 

VII. Conclusies 

Besluitend kan vastgesteld worden dat Kathodische 

Preventie (KP) niet bereikt is, wellicht t.g.v. de grote 

hoeveelheid ingemengde chloriden in de mortel. De KB, 

daarentegen, was wel effectief. Er kunnen ook enkele 

conclusies met het oog op verder onderzoek getrokken 

worden: 

- De invloed van geleidende deeltjes op de 

sterkteëigenschappen van de epoxylijm moeten 

onderzocht en geoptimaliseerd worden.  

- CB is wellicht niet het ideale middel om 

oppervlaktegeleidbaarheid te bekomen. Andere 

mogelijkehden (bvb. carbon nanotubes) moeten 

verkend worden.  

- Mogelijkheden om geleidende deeltjes toe te voegen 

gedurende het productieproces van prefab CFRP 

laminaat kunnen ook onderzocht worden. 

- Verder onderzoek naar KP kan best zonder 

ingemengde chloriden gebeuren. Het 

proefprogramma zal dan verlengd moeten worden. 

Dit laatste biedt ook de mogelijkheid om meerdere 

LP metingen uit te voeren, en een betere kijk te 

verkrijgen op de evolutie van de corrosiesnelheden.  
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Preface 
 

Science is a continuous search for answers to describe reality. If  you would have a look at the 

historical evolution of many scientific theories, you would find it to be an organic process, marked by 

important milestones and breakthroughs. But mistakes play a central role in this process too. In fact, 

the right and the possibility to be wrong is probably as crucial as the aim to find right answers. From 

this point of view, the word ñscienceò may be confusing, because instead of describing what we know, 

scientific theories describe what we donôt know for sure, or still try to figure out. The mere thought of 

all of the scientific research that has been done in the past, and that later appeared to be pure nonsense, 

is somewhat dizzying. However, the smallest scientific work that is written in the past and present 

(whether itôs wrong or órightô), contributes to the level of ñscienceò mankind has reached so far. 

For this reason, I feel grateful and humble for the fact that Iôve been given the opportunity to 

contribute to the world of scientific research, particularly in its most beautiful branch: engineering 

sciences. Reinforced concrete (RC) has opened many doors in construction engineering. It is 

impossible to imagine a world today without this wonderful material. However, despite of its vast and 

monolithic appearances, it has shown some flaws as well, requiring special care. Corrosion of steel in 

RC elements may be the number one issue regarding concrete buildings, and is certainly the number 

one financial loss to concrete repair. Every technique that could be valuable for RC construction 

restoration and conservation, is a welcome gift to the concrete engineering science. 

I also feel a certain urge to apologize for the grammatical language use in this work. First, you could 

notice that English is not my first language, and therefore some sentences might seem artificial, and 

some words may turn up too often in a sentence (take óthereforeô and óhoweverô for instance: those 

letters have wrecked my keyboard, so to speak). But more importantly, it has become a habit in 

scientific texts to write down findings and ideas in an impersonal, so called objective fashion, 

characterized by complex passive sentences. This may be due to a confusion in objectivity in scientific 

practice and objectivity in expression and interpretation. In this confusion lays the potential danger of 

taking things for granted, just because the words sound fair enough. I would therefore like to remind 

you that every word in this text has been written down by a human being, and that there is no such 

thing as pure objectivity, not even in science.  
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Chapter 1: Corrosion of reinforcement steel in concrete:  

 
 

General aspects, measurements  

and cathodic protection 

 

 

 

 

 

 

 

 

 

 

1.1 Corrosion of a metal  

The general corrosion process of a metal can be defined as the destruction of the metal at its free sur-

face due to an interaction with its environment at a certain temperature. The emphasis is put on the 

gradual but continuous destructive aspect: e.g. the chemical formation of a protective oxide layer on 

the metal surface (avoiding further metal destruction) should actually not be called ñcorrosiveò.  

Corrosion can be subdivided in 3 processes that form the necessary conditions for a corrosive process 

to occur: 

- the dissolution of metal ions into the environment: the anode reactions (AR) 

- the consumption of electrons: the cathode reactions (CR) 

- the mass transport of negative and positive particles: electrolyte solution 

A general representation of an AR could be (general oxidation):  

ὓὩO ὓὩ ὲὩ  

where ñMeò stands for ñmetal atom or ionò, ñe
-
ò for electron and ñnò is the number of valence 

electrons being left behind by the ions. There are different types of cathode reactions (every kind of 

electron consumption could be a CR), some typical CRs are (reduction) [1.1,1.2,1.3]: 

 ὕ ςὌὕ τὩ ᴼτὕὌ (formation of hydroxyl in presence of water and oxygen) 

 ςὌ ςὩ ᴼὌ  ᴻ(formation of hydrogen gas in acid environment) 

 ὕ τὌ τὩ ᴼςὌὕ (formation of water in acid environment) 

ὕὼ ὲὩ ᴼὙὩὨ ὩȢὫȢὊὩ Ὡ ᴼὊὩ  (general reduction) 

A classic theoretical representation of a stable corrosion process is the óelectrochemical macrocellô, 

see Figure 1: 
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Figure 1: Typical corrosion cell representation 

The difference between micro- and macrocell, is the relative long distance between cathode and anode 

in the latter case. If all reactions take place relatively close to the metal surface the system is called a 

microcell. 

Conventionally, the direction of a movement of positive charges is associated with the direction of a 

current. Thus, the three processes mentioned before, form a closed current circuit as depicted in Figure 

2. This current, called óFaraday currentô, always involves a chemical transformation. A corrosion 

process is therefore an electrochemical process. An electrochemical process is ña reaction that in-

cludes a transfer of electrical charges ï usually electrons ï through the surface of an electrically con-

ductive material (electrode) and an ion-conductor (mostly electrolyte solution)ò [1.4]. It is important to 

notice that in a corrosion system part of the Faraday current consists of positive ion displacement 

(ñelectro-migrationò). The Faraday current is directly related to the chemical activity (the amount of 

ions that has been formed, but also the rate at which the reaction occurs).  

 

Figure 2: Corrosion system of steel embedded in concrete 

Another important characteristic of corrosion processes is the electrical potential: when positive ions 

move away from the metal surface, they leave this surface behind negatively charged, and form a 

positive area near the surface. Between these two zones (cathode and anode) an electrical field is 

established.  

The more the corrosion process takes place, the higher the relative potential drop between cathode and 

anode will be. Both processes (AR and CR) influence each other, and are strongly influenced by their 
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environment (e.g. some CR are accelerated in an acid environment, or wet/dry cycled environment). 

Eventually, it will become more and more difficult for metal ions to dissolve, because of the inversely 

oriented electrical field: a (dynamic) equilibrium will be established and further metal destruction 

stops: the ñcorrosiveò process in its specific definition shuts down (in practice this is often a safe 

situation). Some environmental change (e.g. a facilitated CR or AR, or the swift movement of ions 

through the environment) can cause a shift in potential: the equilibrium will move to another equilib-

rium potential. A continuous ñcorrosiveò process is therefore characterised by an electrochemical 

disequilibrium.  

This is only a narrow view on general corrosion processes, and its many parameters. Instead of getting 

into detail on electrochemistry in general, this short introduction will immediately focus on corrosion 

of steel reinforcement bars in a concrete environment. Specific problems or measurement techniques 

of electrochemical processes will also be discussed in this specific domain. 

 

1. 2 Corrosion of steel reinforcement bars in concrete (RC structures
1
) 

In spite of the protective concrete surrounding, steel reinforcement bars can corrode too. The anode 

reactions consist of different dissolutions of iron atoms into the concrete mix (oxidation): 

ὊὩO ὊὩ ςὩ  

ὊὩO ὊὩ σὩ  

ὊὩ ᴼὊὩ Ὡ  

 

Figure 3: Faraday current and corrosion current flow [1.22] 

                                                      
1
 Reinforced Concrete structures 
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Figure 3 depicts the Faraday current in a RC structure. The current flow of ions through the concrete is 

called ñcorrosion current flowò. The figure shows some necessary ingredients for an ongoing 

corrosion process. In absence of water or oxygen, for instance, a corrosion process cannot continue
2
.  

For steel reinforcement of RC structures two main mechanisms of corrosion initiation are distin-

guished: carbon initiated corrosion and chloride initiated corrosion.  

 

1.2.1 Carbon initiated corrosion 

This mechanism is caused by a dealkalization of the concrete surrounding the steel bar. Some soluble 

alkaline products, a.o. NaOH, KOH and Ca(OH)2, are formed during the hydratation process of ce-

ment in concrete. These hydroxides are responsible for the high alkalinity of young concrete mixtures, 

resulting in pH values possibly higher than 13 [1.3,1.5, 1.6,1.22].  

This alkaline environment is a safe situation for steel reinforcement: the initial corrosion products 

form a dense and impenetrable film around the steel surface. This phenomenon is called ñpassivation 

of the steelò, because as soon as the film totally encloses the steel surface, a continuous and 

destructive corrosion process is inhibited
3
. The higher the alkalinity of the concrete, the greater the 

protective quality of the passive film [1.22]. Oxygen (and water) necessary for this initial process is 

believed to be sufficiently present in the mixed water [1.5]. The passive film is thought to consist of 

several layers of different ferrous oxides (Fe2O3, Fe3O4) [1.7, 1.23], and probably some minerals 

originated from the cement paste. It is also generally accepted that the passive film is in a dynamic 

equilibrium with the concrete: i.e. continuously dissolving in it and re-establishing. Furthermore it is 

likely that a passive oxidation film allows a small stray current discharge from the passivated steel 

without mass loss, depending on the resupply of alkalinity [1.22], contrary to the earlier public opinion 

that stray currents were the main cause of reinforcement bar corrosion. 

The penetration of acids into the concrete will neutralize the alkaline environment, and allow the de-

structive corrosion process to start. A typical threshold pH value for overall depassivation of the steel 

is 8 to 9 [1.2,1.3]. The most important acid causing this corrosion is atmospheric CO2 (about 0.3% in 

air)
4
. The process of CO2 penetration through the concrete after drying out is called ñcarbonationò. 

The alkaline elements in the concrete mentioned before (Na(OH), Ka(OH), Ca(OH)2) will form their 

respective carbonates: 

ςὔὥὕὌ ὅὕᴼὔὥὅὕ Ὄὕ 

ςὑὕὌ ὅὕᴼὑὅὕ Ὄὕ 

                                                      
2
 A typical example is the low corrosion rates, measured in permanently submersed RC structures in aggressive 

environments like saline seawater [1.22]: low oxygen concentrations and low oxygen diffusion rates in 

permanently submersed structures. 
3
 This is often seen as the most important protective role of concrete against corrosion. [1.10] also mentions a 

thin aggregate-free film of portlandite (Ca(OH)2) around the steel bar with inclusions of Calcium Silicate 

Hydrate gel (CSH) ï being a less secure protection due to its discontinuity. 
4
 Corrosion damage due to specific acids from fabrication processes, inorganic fertilizers silos etc. have also 

been recorded: HCl and H2SO4 react with CSH from the cement gel to form a strong silicic acid. Sewage water 

typically contains high amounts of sulfates and sulfites. Anaerobe bacteria transform these sulfur containing 

elements into H2S. Sewage pipes with a free water surface contain enough oxygen to form H2SO4 [1.2]. In 

atmospheric air CO2 is the most important acid, and to a much smaller extent SO3. 
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ὅὥὕὌ  ὅὕᴼὅὥὅὕ Ὄὕ 

Calciumsilicates and calciumaluminates are also transformed [1.3]. 

Several small cathodic and anodic regions form on the steel surface, which are alternated in time, 

resulting in a more or less uniform corrosion [1.1,1.2].  

One of several chemical processes in pH lower than 8-9 circumstances is shown below [1.6]: 

ὊὩ ςὕὌᴼὊὩὕὌ  ὊὩὶὶέόί ὬώὨὶέὼὭὨὩ 

τὊὩὕὌ ὕ ςὌὕᴼτὊὩὕὌ  ὊὩὶὶὭὧ ὬώὨὶέὼὭὨὩ 

ςὊὩὕὌ ᴼὊὩὕȢὌὕ ςὌὕ ὌώὨὶὥὸὩὨ ὪὩὶὶὭὧ έὼὭὨὩ 

This is the well known red to brown coloured corrosion product: a mixture of ferrous and ferric hy-

droxide and ferric oxide (rust). It has a much more porous structure, allowing water and oxygen to 

penetrate more easily to the undamaged steel. Furthermore, these products have a much larger volume 

compared to the undamaged steel or passive layer (about 2 to 6 times the volume of the steel [1.6]). 

The depassivation of steel is therefore characterized by an important volume expansion. In a further 

stage this volume expansion will induce forces in the surrounding concrete cover. If these forces ex-

ceed the tensile strength of the concrete cover, cracks will form and spalling of the concrete cover may 

occur. Cracks and spalling expose the steel to the environment and thus increase the vulnerability of 

the concrete against water and oxygen penetration and increase the corrosion rate. The concrete cover 

thickness is an important protection parameter against corrosion in two ways: firstly to slow down the 

carbonation process, and secondly a thicker and better protection against cracking and spalling. 

In most cases the uniform corrosion process is rather slow and secure: no local steel destruction (di-

ameter reduction of steel rods), neither significant corrosion rates occur, especially in stable environ-

ments (an average corrosion rate of 0.13mm/year has been estimated for steel structures unprotected 

by concrete [1.1]). E.g. concrete inside buildings dries out rather quickly, possibly causing a swift 

carbonation process. If the concrete remains dry, no significant corrosion damage will occur. How-

ever, as soon as the concrete cover cracks and spalling occurs (Figure 4), the risk for structural damage 

to the RC element increases. 

 

Figure 4: Typical case of concrete cover spalling 

A corrosion process is always characterized by a certain potential difference between cathode and 

anode. In electrochemistry the potentials are expressed in absolute terms, with regard to a certain 



6 

 

 

reference potential (electrochemical measurement methods always use a óreference electrode
5
ô). In a 

Pourbaix diagram (sometimes called pH-diagram) a realistic range of possible metal potential values 

are plotted against pH-values (see Figure 5). The diagram shows different zones of metal conditions. 

These diagrams are analytical deductions of the Nernst-equation
6
, and give information about 

thermodynamically ñpossibleò situations. Additionally they are highly dependent on every specific 

situation (many other environmental parameters, besides alkalinity). For these reasons Pourbaix 

diagrams are only used for theoretical comprehension and explications, rather than corrosion rate 

measurements [1.4,1.9]. 

 

Figure 5: Pourbaix diagram of iron in presence of chlorides [1.16] 

 

1.2.2 Chloride initiated corrosion 

A much more local, quicker and potentially more dangerous way of depassivation is chloride initiated 

corrosion. Chlorides and in general aggressive negative ions are able to destroy the passive film very 

locally, creating acid corrosion pits (ópit corrosionô). Thus, this mechanism should be seen as a local 

breakdown of the passive film, rather than an overall depassivation (it is not necessarily 

accompanied by a drop in pH value). 

                                                      
5
 Different types of reference electrodes (RE) are commonly used. They are supposed to have a constant absolute 

potential and relative potential difference between each other. Some typical examples are included in 

APPENDIX A. 
6
 See section 1.3.2 Electrochemical corrosion rate measurement on electrochemical corrosion rate measurements. 




















































































































































