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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 dissed and investigated in this dissertatiancrete samples
were wrappedwvith carbon fibres appd in two different fibre directions, and using several epoxy
adhesivesThe steel was used as the cathode an€HRP wrap as anoder the induced currer@P
(ICCP). The epoxy adhesives were filled with conductive particles to make them conductive (Ni, Ag,
graphite and carbon black powdef)p initiate and accelerate the corrosion procebbrides were
added to the mortar mixture, and the samples wetalhaimmersed in a NaCl bath during the ICCP
program.Through linear polarization, the effectiveness of the ICCP was monitoneds found that
cathodically protected specimens had substantially lower corrosion Raeal fibre direction
showed themost consistent result¥he higher the conductivity of the epoxy, the lower the absolute
corrosion rates were, and the lower the corrosion rate evolutionSease conclusions regarding
further research are drawn as well.

Keywords: activecathodicprotection, CFRP, corrosion, reinforced concrete
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Feasibility of Externally\Bonded CFRP for Cathodic
Protection

Philippe Be Schoesitter

Supervisors: Stijn MATTHS, Geert DE SCHUTTER

Abstract Carbon fibre reinforced polymers (CFRP) have (CB) particles was favoured in this work, next to metal
exquisite strength and sustainability properties, which make powders. The behaviour of conductive CB added to
them appropriate for reinforcement applications of concrete polymers is a much researched subjgttl3]. The most

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

mentioned theory to describe this phenaomwe is the
percolation theoryOf greater interest in this work, is the
control of viscosity properties of the filled epoxy for EBR

offers the possibility to apply a current to the CFRP fabric, for application.To overcome this issue, the mix ratios of the
cathodic protection of the steel. The technical feasibility of the epoxy resinwere altered, in order to find the optimal
combination of CFRP EBR with CP of RC structures is both in conductivty/rheology properties for anode application.

literature and experimentally investigated and discussed in this
dissertation. Cylindrical reinforced concrete specimens were
wrapped with CFRP material, and protected by a cathodic Il. Polymer conductivity
current between steel and CFRP wrapThe specimens were
subjected to aggressive corrosion emdnments. The corrosion

rate was measured in different ways both during and at the For the experimental research in this dissertation PRINTEX

end of the test program.Conclusions regarding the feasibility XE2 carbon black powder provided by tBeonikcompany
and further research have been drawn. was addedo two different epoxy resingzurthermore, four
Keywords active cathodic protection, CFRP, corrosion, commercial conductive epoxies for electrical applications

reinforced concree were provided byHenkel Some relevant properties are

listed inTable 1

I. Introduction
CFRP materials, applied as external reinforcement Adhesive Company Filler RFSiStiViLym
material on RC structures, form a protective barrier agains Eroroon 9.
chloride and moist penetratiomhis passive protection has Eccobond 50298 Cuming Ni 0,5
been studied in some experimental researcfibb]. Emerson & _
Besides theémpenetrability of the wraps, it was found in Eccobond 64C Cuming Ni 0,02
these studies that the confinement of the concrete due 1o Emerson & _
CFRP wrapping has a positive influence on cadoms Eccobond 60L Cuming graphite 50
initiation and rate. Geom@étal aspects, su;h as concrete Eccobond 57 C Hysol Ag 6x10%
cover and RC element geometry have atuerfce as well.
For instance wrapped concrete columns show bettef ECC PC 5800 Carbo ECC CB 119,04
confinement conditions than reinforced beams, and a highgr  gpo Tek 353ND EpoTek CB 78.72
concrete cover improves the confinement as well.
CFRP EBR has therefore become a popular concrete Table 1: Conductive epoxies
repair technique on heavily coded RC structures for = =
service life prolongation. The idea of using the CFRP EBR Spec. Wrap Fibre cP | mmer Tafe
. . . ., _name dir. -sion sl. meas.
as an anode for cathodic protection has been experimentalky
Ref-1,2,3 no no yes no

investigated iff6]. In this experiment, heavily corroded test
specimens were cathodically protect@dpositive efect on Ref-FRP yes axial no yes no
total amount of corrosion products was found through mass

loss and pulbut measurementkess attention is paid to the CP-ax yes aial yes yes no

actual corrosion rates during the CP program, ang  CP-rad yes radial | yes yes no

conductivity _of the FRP sheets. o cp yes ~no yes yes no
Epoxy resins used for FRP EBR applicati@me usually fibres

electrical insulatorsTo obtain better conductivity, polymers Tafel-ref no no no yes

can be filled with conductive particlebletal powders are Tafel- i

commonly used for electrical applicationslowever, an 50298 yes axial no no yes

anode material for CP should be resistant against aggressive
(acid)environmentsTherefore, the addition of carbon black

Table 2: Specimen matrix



CB filled epoxies Small chloride contaminated mortar cylinders of diameter
_ i 48mmand heightlOOmmwere preparedd smooth steel bar
PC 5800 CARBO epoxy resin BCC company was filled

, , X i was embedded in the concrete axially, over a length of
with 9,88wt% of the CB powdeil.he mix ratio to obtain an 80mm Through epoxy coating, the length of the bar that
acceptable viscosity (and decent curing) was altered from ¢ exposed to corrosion was exadymm The mortar
12w1321. composition Cem:Sand:Water:NaCl was 1:3:0,65;010#

A second antistatic epoxy Efieek 353ND from EpoTek

: , ) compression strength of the mortar at 28ys was
company was filled with 12,97wt% of CB powder, changing 34,9N/mri. Figure 1 depicts the general geometry of a
the mix ratio from 10:1 to 1,64:1.

- . specimen. . N . N
These filled epoxies ar e called AECCO and AEpoo

respectively.

. . . CFRP wraps
Commercial conductive epoxies

. . . . i The wraps consisted of wet layp application of PC
Four epoxies with different fillers and properties were  -ARBOCOMP PLUS CFRP textile of ECC compaifpr
used.For spedic information sedable 1 each type of conductive epoxy, three specimen wraps were

o prepared. Ax: axial fibre direction, rad: radial fibre
direction, justCP: fibreless, just an epoxy coatingvery
— S J[ e e ’ b G r specimen was provided of a similar primary anode to
l - connect to the DC power supply, atwdspread the current
C_\ over the anode surface. This primary ancdasisted of a
‘“\\ strin~g of cartlon\fil.)res of heighDmm applied radially Qnto
RN the firadd or fiaxo fibres of the underlying wrap, or simply
8 onto the epoxy of the fibreless CP specimens.
100 Four reference specimenvere fabricatedThree of them
L E p O Xy remained unwrappedhe 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.
* M O rt O r The specimen matrix is listed able 2

Figure 1: Lollypop specimen geometry IV. CP/immersion program

A protective current between steel bar (cathode) and

Ill. Specimen preparation CFRP wrap (anode) was appl i
specimens. The CP program was divided into two phases of
Concrete samples 14 days.The protection currenvas58,35mAm?2during the
8
7 0,07
6
0,04 0,05 m Axiala
5 0,09 0,05 0,06 W Axialb
0,04
0,05 D,UUS u 0,05 Rad a
4 0;03 0.05 : 0,02 0,04 9;03 Rad b
) 0,02
' 0,03 0,03
0,00 003 mCPa
’ Uz 0,03 CPb
0,03
2 Refa
Refb
N AN 1 . L By 5 5 8 8 | |
60L 57C 64C 50298 ECC Epo Ref-1 Ref-2 Ref-3 Ref-FRP Tafel-ref Tafel-50298
Figure 2: Results.Columns showl o, f r om LP measur ement of axi al , radi al , fibre

sessi ons ( Whekabelaindicatdihb mgss loss percentagef axial, radial and fibreless specimens from top to bottom.



first period and26,53mAm2during the second period - Further research for CPrev should be done without

During this program the samples were cyclically chloride addition to the mortar, with a longer CP
immered in a NaCl water solution (W@%) for 1 hour program.This would also give thepportunity to do
every 24 hours. more LP measurements, and to have a clearer view on

The reference specimens (ReR,3 and ReFRP) were lcorr €VOlution.

also immersed.
All of the specimens were treated identically during the
CP/immersio program and measurements. VIl. References
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o . . , Dispersion as the key to processing conductive
St?l_ehl Con?ltl.on quplte .Of mﬁo‘dmp' b iallv hiaher f polymers Handbook of conductingolymers, Edited by Skotheim
e polarization resistances are substantially higher for Elsenbaumer and Reynolds,second edition, 1998, i$#M@0050

the protected CP specimens, compared to the unprotected 3 _
references, resulting in much lower corrosion rates (40 to [8] M. KUPKE, H-P. WENTZEL, K. SCHULE, Electrically

0 ; conductive glas§ibre reinforced epoxy resirMAT Res Innovat, 2,
70% lower on average)The Tafel extrapolation method 0164169, (1998)

showed high correlation with the LP megsuremeﬂit&e [9] H.S.KATZ, J.V. MLEWSKI, Handbook of fillers for plastigsvan
calculated B values of the Ste@eary equation were close Nostrand Reinhold, ISBN-842-260245 (1987)
to 26mV, indicating an activdepassivated steel condition. [10] @ENSTEEEEALEFF' J. ; PETE(?'V'IA'\:N, I*;- SF?ULEE'h . .
. e . , Agglomeration ana electrical ercolation benavior o
Trle corrosion current densities are calculated with Carbon Black Dispersed in Epoxy Resiiley & Sons(1997)
B=26mV. ) ) [11] P. WANG, T. DING,Conductivity and piezoresistivity of Conductive
The most consistent results were found for the radially Carbon Black Filled Polymer CompositeJourn. Of Applied
wrappedfibre configuration: all of these specimens showed 2] -';ﬁlyr?erdsueniei 11?1 8-2%393; (gglg)t c ion Biller
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The most conducting epoxies (57C and 64C) show overall 2011) . . _
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measurementsThe presence of the fibres is believed to 15 1994

have little influence on anode mant spread for these
epoxies.

VII. Conclusions

It can be concluded that CPrev was not achieved, as a
consequence of the high initial chloride camtcation in the
mortar cylindersHowever, ICCP was found to be effective.
Some conclusions regardifigture 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 &eplored

- Possibilities to add conductive fillers during

fabrication process of prefab CFRP laminates can be
explored too.
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Haalbaarheidstudie van Uitwendig Gebonden CFRI
voor Kathodische Bescherming

Philippe De Schoesitter

Promotoren: Stijn MATTHS, 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 betonconstructiesBij uitwendig
aangebrachte vezelwapening (Externally tnded
reinforcement, EBR) op gewapende betonconstructies (GB),
wordt vaak een aanzienlijk deel van het betonopperviak door
de CFRP bedekt. Samen met de goede elektrische
geleidbaarheid van de carbonvezels, biedt dit de mogelijkheid
om een stroom door de uivendige wapening te leiden voor
kathodische bescherming (KB) van het wapeningsstadin dit
werk werd de technische haalbaarheid van een dergelijk
gecombineerd systeem experimenteel uitgeprobeerd en
bediscussieerd. Cilindrische gewapende mortelproefstukka
werden in CFRP gewikkeld en beschermd door een
kathodische stroom tussen CFRP en staalntussen werden ze
aan een agressief corrosiemilieu  blootgesteld. De
corrosiesnelheid werd gdurende 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, gevapend 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 [d.b],
waarin een positieve invloed op corrosiesnelheid van het

corrosieproducten gevondelar 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
deeltjesT zoals metaalpoeders eraantoe te voegen.
Aangezien de anode voor KB bestand moet zijn tegen
agressieve zure corrosiemilieus en metaalpoederself
gevoelig zijn aan corrosie, is dit wellicht niet de beste
oplossing. Daarom werd in ditxperimentook gewerkt met
60Carbon Blacké (CB) poeder:
basis van carbonHet gedrag van CBvermengd in
polymeren is al uitvoerig bestuele, o.m. in[7-13], en
wordt gekenmerkt door een kritieke concentratie
toegevoegde CB, die gepaard gaat met het plots fenomenaal
stijgen van de geleidbaarheibe 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 ingegdrdoor de mengverhouding van
de epoxy te veranderen, om een optimale viscositeit en
geleidbaarheid te vinden.

Il. Geleidende epoxies

PRINTEX XE2 carbon black, gelerd doorEvonik werd
toegevoegd aan twee verschillende epaxgen. Verder
werden vier reeds gevulde epoxyharsen uit de handel
aangewend (geleverd dobtenke). Enkele eigenschappen
worden samengevat ifabel 1

wapeningsstaal wordt beschreven. Naast de
ondoorlatendheid van de CFRP, speelt ook de
betonsamendrukking door de CFRP een belangrijke rol. Epoxyhars Producent Filler Bulkweerst.
Ook geometrische aspecten hebben een invioed, zoals [q. cm
grotee betondekking, en betere samendrukking bij Eccobond 50298 Egers_on& Ni 0,5
kolomvormige elementen, versus balken. Emurr‘nlnr?&

CFRP EBR is daarom een populaire Eccobond 64C CSrr?icr)] Ni 0,02
betonherstellingstechniek gewordebij zware betonaan = 9

. . merson & "

tasting door corrosie of andere vormen van betonrot. Het Eccobond 60L Cuming grdiet 50
idee om CFRP EBR ook te hgien als anode voor "
kathodische ~ bescherming, is reeds experimenteel | Eccobond 57 C Hysol A9 6x10
uitgeprobeerd in[6]. In dit experiment werden zwaar ECC PC 5800 ECC CB 119,04
gecorrodeerde betonmonsters behandeld met CFRP, e Carbo
vervolgens inagressiefmilieu kathodisch beschermdtr Epo-Tek 353ND EpoTek CB 78,72

werd een positieve invioedp de totale hoeveelheid

Vv

Tabel 1: Geleidende epoxies



CB gevulde epoxies 100mm werden klaargemaaktVoor versnelde corrosie
initiatie werd NaCl aan de mortel toegevoegden gladde

PC 5800 CARBO epoxy hars v&CC werd gevuld met staastaafwerd over een totale lengte v8Ammingebed in
9188”_% CB poed.er.De mengverhouding werd veranderd e a5 van de cilinder. M.b.v. waterdichte epoxycoatings
van 2:1 naar 1,32:1. ) _ werd de staallengte, bloot%esteld aan corrosie, beperkt tot

Aan een tweede OanTekS8BND i sl X Y De E Pnfortelsamenstelling is
vanEpoTekwerd12,97n% CB poeder toegevoegd, cem:zand:water:NaCl 1:3:0,65;0,0De druksterkte van de

mortel op 28 dagehedroeg34,9N/mmz2Figuur 1weergeeft

Monst. | rpp|  Vezet KB Bad Tafel de algemene geometrie.

naam rlchtlng exp.

1R2e£- nee nee ja nee T

1 &y -

Ref- ja axiaal nee ja nee Fi0 S Jl: e e ’ b G ’/-

FRP — 1

CP-ax ja axiaal ja ja nee R

CP-rad ja radiaal ja ja nee

CP ja geen ja ja nee ¥ : B

Tafel- . E

of nee nee| nee ja = p O ><>/

Tafel- . . .

50298 ja axiaal nee nee ja ~
Tabel 2: Proefstukkenmatrix 48 M O rt O r

waarbij de mengverhouding veranderd werd van 10:1 to
1,64:1.

Deze gevul de epoxies worden
AEpod0 genoemd.

Figuur 1: Proefstukgeometrie . o .
9 espec% ievelijk AECCO en

Geleidende epoxies uit de handel CFRP wraps
Vier epoxies met verschillende toevoegingen werden De CFRP werd in textielvorm op het beton aangebracht
aangewend: zilver, nikkel en grafiet. Meer informatie iste fi we t-u g & yCARBOCOMP PLUS CFRP vezeltextiel
vinden inTabel 1 van ECC werd hiervoor gebruiktVoor ieder epoxytype
wer den dri e pr oef sAtxwkakiaen v
vezelriradwiadgal @& vezel EPOht i
I1l. Monstervoorbereiding geen vezels, enkel epoxycoatigle proefstukken weren
op dezelfde manier van eenimaire anode voorzien (voor
Mortelproefstukken connectie aan de DC voedingbron): een bundel

) N ) carbonvezels met hoogt®mmwerd radiaal aangebracht op
Kleine mortelcilinders met diamete48mm en hoogte

7 0,07
6
0,04 0,05 B Axiala
5 009 0,05 0,06 W Axialb
0,05 0,04 R
EI,DDS o 0,05 ada
4 - 0,03 005 . 0,02 0,04 0,03 Rad b
' 0,02 0,03 0,03
0,00 0.03 BCPa
3 X
0,02 0,03 CPb
0,03
5 Refa
Refb
, AL 0L B el Bh X X B R 1 |
60L 57C B4C 50298 ECC Epo Ref-1 Ref-2 Ref-3 Ref-FRP  Tafel-ref Tafel-50298
Figuur 2: Resultaten.Staafdiagrammen weergeveth,, verkregenviaL P met i ngen van axi al e, radi al
proefstukken, voor bei Dedabesmeesgevensde mosentliefeanassawatlidzerfivanadsp. axiale, radiale en

vezelloze proefstukken.
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deonderliggende vezels (ate epoxybij CP-proefstukken).
Drie onbeschermderoefstukkenzonder coating werden

ter referentie gehouddiRef-1,2,3) en een vierde referentie

kreeg een klassieke nigeleidendeCFRP wrap met axiale
vezelrichting(RefFRP)

Twee monsters werden bijgehouden voor Tafel

experimenter{TafelRef en Tafel50298)

Een overzicht van alle proefstukken is gegeven in Tabel 2.

IV. KB/onderdompeling programma

Een constante beschermstroom tussen staal (kathode) en
CFRP ( anode) monstars wartl dargeldgd:P 0
een periode van 28 dagebPe beschermstroom bedroeg

58,35mA/cmyedurende deerstel4 dagen e26,53mA/cm?2
gedurende de laatste 2 weken.

Tijdens dit programma werden de monsters dagelijks

gedurende een uur gedeeltelijk ondemyadeld, tot20mm
van de betonboveand, in een NaCl waterbad,0m%).

Dit geldt ook voor de referentieproefstukken (Re2,3 en
RefFRP).

Zowel KB, onderdompelingls metingemwerdenten allen

tijde identiek uitgevoerd voor alle betreffende proefstukken.

V. Metingen

Twee lineaire polarisatie sessies (ter bepaling van de
polarisatieweerstand Rwerden uitgevoerd: na 14 en na 28
dagen cyclische onderdompelinga 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 @@en klempotentiaal, als
gevolg van de daling van de beschermstrobm. De
vezelloze proefstukken wijken hiervan af

De polarizatieweerstanden van KB prsekken zijn

beduidend hoger dan die van onbeschermde referenties

resulterend in lagere corrosiesnelhedgp (gemiddeld40
tot 70%lagel). De Tafel extrapolatienethoat leverde goede
correlatie op met LP methodBe bekomerB waarden van
de SternGearyvergelijking lagen dicht bi6m\, wat wijst
op een gedepassiveerde staaltoestnad.; berekening uit
LP metingen gebeurde mBt26mV.

De radiaal ingepakte monsters tonen een consistente
daling inl¢,. Dit zou kunnen wijzen op het positieve effect

van betonsamendrukking op corrosiesnelheden
De meest geleidende epoxi&F C and 64C)everen lage

corrosiesnelheden open minder evolutie tussen beide
metingen Daarom wortl aangenomen dat naarmate de

epoxy meer geleidend is, de vezels minder inviodzbée
op stroomdistributie in de anode

VIl. Conclusies

Vi

Besluitend kan vastgesteld worden dat Kathodische
Preventie (KP) niet bereikt is wellicht t.g.v. de grote
hoeveelheid ingemengde chloriden in de morix¢ KB,
daarentegen, was wel effectiEr kunnen ook enkele
conclusies met het oog op verder onderzoek getrokken
worden

- De invloed van geleidende deelties op de
sterkte€igenschappen van de epoxylim moeten
onderzocht en geoptimaliseerd worden.

- CB is wellicht niet het ideale middel om
opperviaktgeleidbaarheid te bekomenAndere
mogelijkehden (bvb. carbon nanotubes) moeten
verkend worden

- Mogelijkheden om geleidende deeltjes toe te voegen
gedurende het productieproces van prefab CFRP
laminaatkunnen ook onderzocht worden

- Verder onderzoek naar KPkan best zonder
ingemengde chloride gebeuren. Het
proefprogramma zal dan verlengd moeten worden.
Dit laatste biedt ook de mogelijkheid om meerdere
LP metingen uit te voeren, en een betdijk te
verkrijgen op de evolutie van de corrosiesnelheden.
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Preface

Science is a continuous search for answers to describe rdfalitgu 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 breakthrougBsat mistakes play a central role in this process kodact,

the right and the gssibility to be wrong is probably as crucial as the aim to find right anskmens

this point of view, the word fAscienced0 may be co
scientific theories descr i b eofigueaut.Themeredhougld of k n o w
all of the scientific research that has been done in the past, and that later appeared to be pure nonsense,

is somewhat dizzyingHdowever, the smallest scientific work that is written in the past and present
(whetshewrdng or oérightoé), contributes to the | ev

For this reason, I feel gratef ul and humble fo
contribute to the world of scientific research, particularly in its nbestutiful branch: engineering
sciences.Reinforced concrete (RC) has opened many doors in construction enginderiag.

impossible to imagine a world today without this wonderful matdrdalever, despite dfs vast and

monolithic appearances, it halsown some flaws as well, requiring special c&arrosion of steel in

RC elemats may be the number one issagarding concrete buildings, and is certainly the number

one financial loss to concrete repdivery technique that could be valuable for R@hstruction

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

| also feel a certain urge to apologize for the grammatical language use in thig-in&itkyou could

notice that English is not my first language, and ttoeeesome sentences might seem artificial, and
some words may turn up too often in a sentence
letters have wrecked my keyboard, so to speBl}. more importantly, it has become a habit in
scientific texs to write down findings and ideas in an impersonal, so called objective fashion,
characterized by complex passive sententieis. may be due to a confusion in objectivity in scientific
practice and objectivity in expression and interpretafionhis coriusion lays the potentialanger of

taking things for granted, just because the words sound fair enlowghld thereforelike to remind

you that every word in this text has been written down by a human being, and thasthersuch

thing as pur@bjectivity, not even in science.
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Chapter 1Corrosion 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 temperahgemphasiss put on the

gradual but continuoudestructive aspect: e.g. theechical formation of a protective oxide layer on

the metal surfaceayoidingfurther metal destruction) showdtuallyne be cal l ed #Acorr os

Corrosion an be subdivided in 3 procesdbat form the necessary conditions &ocorrosive process
to occu:

- the dissolution of metal ions into the environméinéanode reactias(AR)
- the consumption of electroritte cathode reactiad(CR)
- the mass transport of negative and positive particles: electrolyte solution

A general representation ah AR could be(generaloxidation)
0P 0OQ ¢Q

wherMeo fist ands f oariomd meptfialr &t eendr 063 & hdf valencenb e r
electrons being left behind by the ioff$ere are different tyfseof cathode reactiongvery kind of
electronconsumption could be a CR), some typicak@Rre(reduction)[1.1,1.2,1.3]

0 ¢O0 1Q © 10 "O (formation of hydroxyl in presence wfater and oxygen
¢O ¢Q © "O “(formation of hydrogen gaa acid environment

0 1O 1Q © ¢O0 (formation of water iracid environment

0w £€Q O YQUABMBOQ Q © "0Q (generakeduction

A classictheoreticalrepresentation of atablec or r osi on relearackkemisamacrec etl H & 0
seeFigurel:



Electrolyte
solution

Figure 1: Typical corrosion cell representation

The difference between micrand macroell, is the relative long distance between cathode and anode
in the lattercase If all reactions take place relatively close to the metal surface the system is called a

microcell.

Electron bridge

¢ \ I
Fe Cu
0,
Fe' -
N OH .~ \
\
Anode Cathode

Conventionally the direction of a movement of positighargess associated with the direction of a
current. Thus, the three processes mentiobefbre form a closed current circuit as depictedrigure

2. This current,c al | e d

OFaraday

veslarcheminal téansformatiovd gososiann v o |
process is therefore arectrochemical processAn electrochemicaprocesss fi a

react-i

cludes a transfer of electrical chardgessually electron$ through the surface of an electricatign
ductivematerial(electrode) and an ieconductor (mostly electrolyte soluti@1.4]. It is important to

notice that in a corrosion system part of the Faraday current consists of positive ion displacement
( Ael-micg r atThed-araday current is directlylagedto the chemical activitytie amount of

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

Anode

Fe( OH

Cathode

o\

\ /Ol

S

Figure 2: Corrosion system of steel embedded in concrete

Another important characteristic of corrosiprocesses is the elecal potential: when positiveons

move away from the metal surface, they leéivis surfacebehind negatively charged, and form a
positive area near the surfad®etween these two zones (cathode and anode) an electrical field is

estblished.

on

t

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

anode will beBoth processes (AR and CR) influence each other, and are strongly influenced by their

2

h



environment (e.g. some CR are acceleratedn 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 destru
stops: thefi ¢ o r r precess m dts 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 irepidl: the equilibrium will moveo another equilib

rium potential. A continnousicorr osi ved process is therefore
disequilibrium.

This is only a narrow view on general corrosion processes, and its many paramstead. of geing
into detail onelectrochemistry in generahis short introduction will immediatelipcus on corrsion
of steel reinforcement bars iconcreteenvironment Specific problems or measurement teicjues
of electrochemical processes will alsodigcussedn this specificdomain.

1.2 Corrosion of steel reinforcement bars in concrete (RC structure$

In spite of the protective concrete surroundirtgekreinforcement bars can corrode tdbe anode
reactions consist of different dissolutions of iron atoms into the concrete (oxidlation)
"0® '0Q ¢Q

0® "0Q 0Q

"'0Q ©"0Q  Q

Fe,O,
o /
. H.O
. Fi 2
OH E(QH)' Concrete
Fe*' J
N ej/—\"wrf\\-— e’P/
Cathode Anode Steel
Cathode & Pole - no Ancde @ Pole -
corrosion occurring corrosion

Corrosicon current flow

al

/

Concrete Corrosion products (rust) \

Steel Active corrosion occurring
at the anode location

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

! Reinforced Concrete structures

c |



Figure3 depicts the Faraday current in a RC structlihe current flow of ions through the concrete is
call ed ficor r os The rigure dhows samenecdsdayingedients for an ongoing
comosion procesdn absence of water or oxygdor instancea corosion process cannot contifiue

For steel reinforcement of RC structur@g main mechanisms of corrosionitiation are distin
guished: carbon initiated corrosion and chloride initiatdasion.

1.2.1 Carbon initiated corrosion

This mechanisms causeddy a dealkalization of the concrete surrounding the steeSoare soluble
alkaline products, a.dNaOH, KOH and Ca(OH) are formed during the hydréitan process of ce
ment inconcrete Thesehydroxidesare responsible for the high alkalinity of young concrete mixtures,
resulting inpH valuespossiblyhigher tharit3[1.3,1.5, 1.6,1.23.

This alkaline environment is a safe situation for steel reinforcentle@tinitial corrosion products

form adense and impenetralfibm around the steel surfacE hi s p h e n o mepassivation s ¢ a |

of the steed , because as soon as t he f, B lcantinubus tard| | y
destructive corrosion prose isinhibited®. The higher the alkalinity of the concrete, the greater the
protective quality of the passive filmd.Rpd. Oxygen(and watey necessaryor this initial processs
believed to be sufficiently present in thiexed waterf1.5. The passiveilin is thought to consist of
several layers of different ferrous oxides B¢ FeO,) [1.7, 1.23, and probably some minerals
originated fromthe cement pastét is alsogenerally acceptethat the passive film i;n a dynamic
equilibrium with the concrete: i.e. continuously dissolving in it esmdstablishingFurthermoretiis

likely that a passive oxidation film allows a small stray current discharge from the passivated steel
without mass loss, gending on theesupply of alkalinity .23, 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 neutralimsalkaline environmentand allow thede-
structivecorrosion process to staA.typical threshold pH value for overalepassivation of the steel

is 8 to 9[1.21.3. The most important acid causing this corrosion is atmospherda@iout 0.3% in

ain®. The process of CQOpenetration through the conaget a f t er dr y icargonatondt. i s
The alkaline elements in the concrete mentioneidre (Na(OH), Ka(OH), Ca(OH) will form their
respective carbonates:

0 WOOO00O° bwdUv OO0

0O O6062V060 OO0

2 A typical example ishe low corrosion ratesneasureih permanently submersed RC structures in aggressive
environments like saline seawat&r4?: low oxygen concentrations and low oxyggiffusion rates in
permanently submersed structures
3 Thisis often seen as the most important protective role of concrete against coffodi@falso mentions a
thin aggregatdree film of portlandite (Ca(OH) around the steel bar with inclusions@dlcium Silicate
Hydrate gel (CSHJ being a less secure protection due to its discontinuity.
* Corrosion damage due to specific acids from fabrication processes, inorganic fertilizers silos etc. have also
been recorded: HCI and,H0, react with CSH fromhe cement gel to form a strong silicic acid. Sewage water
typically contains high amounts siilfates and sulfitefAnaerobe bacteria transform these sulfur containing
elements into LB. Sewage pipes with a free water surface contain enough oxygen taf86y[1.2]. In
atmospheric air C@s the most important acid, and to a much smaller extegt SO

4
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OO O00O90@U OV
Calciumsilicates and calciumaluminates are also transfofingd

Several smaltathodic and anodic regiotisrm on the steel surface, which are alternated in time
resulting in a more or less uniform corrosidnl]1.3.

One of several chemicatgresse pH lower than & circumstances shown below1.6):
"0Q ¢0 00 "0 'O "OQi i WAl ¢ ®QQQ
OO0 0 ¢O0GO T0Q) "0 "OQi &AM £ ®'QQQ
¢'OQ "0 © "OQ) 800 ¢O0 0HQI FAME ®RQQ

This is the well known red to brown coloured corrosion pradaichixture of ferous and ferric hy
droxide and ferric oxide (rust)t has a much more porowsructure, allowing water and oxygen to
penetrate me easily to the undamaged stdairthermorethese producteave a muchargervolume
compared to the undamagsttelor passive layer (about 2 to 6 times the volume of the Elegj).
The depassivation of steel is therefore characterizeghbiynportat volume expansion In a further
stage this volume expansion wiiiduce forcesn the surrounding concretmver.If these forces ex
ceed the tensile strgth of the concrete covesracks will formandspalling of the concrete cover may
occur Cracksard spaling expose the steel to the environment and thasease the vulnerability of
the concrete against water and oxygen penetration and increase the corrosidreratecrete cover
thickness is an important protection parameter against corrosfao iways: firsly to slow down the
carbonation process, and sedyralthicker and better protection against cracking spalhg.

In most caseshe uniform corrosion process is rather slow and secure: no local steel destruetion (di
ameter reduction of s¢l rods), neither significant corrosion rates occur, especially in stable environ
ments(an average corrosion rate of 0.13mm/year has been estifoatstgéel structures unprotected

by concretg[1.1]). E.g. concrete inside buildings driest rather quickly possibly causing a swift
carbonation proces# the concrete remains dry, no significant corrosion damage will oétaw-

ever, as soon as the concrete cover cranlisspalling occuré-igure4), the risk for structural daage

to the RC element increases.

Figure 4: Typical case ofconcrete cover spalling

A corrosion process is always characterized by a certain potential difference betweele caith
anode.In electrochemistry the potentials are expressed in absolute terms, with regard to a certain
5



reference potential (electrochemical measurement methodgsaay s us e atrodedeéiaer ence
Pourbaix diagranfsometimes called pidiagram) a realistic range of possible metal potential values
areplotted againspH-values (sedigure5). The diagram shows different zones of metal conditions

These diagrams are analytical deductions of the Nemstiofi and give informdion about
thermodynami cal | y Addionalysthelp hrehighly slépéndeatton evarg specific
situation (many other environmental parameters, besides alkalifity).these resons Pourbaix
diagrams are only used for theoretical comprehension and explications, ratherthasion rate
measurementd[4,1.9.

Figure 5: Pourbaix diagram of iron in presence of chlorideq1.16

1.2.2 Chloride initiated corrosion

A much more local, quicker and potentially more dangevaasof depassivation ishloride initiated
corrosion Chloridesandin generalaggressivenegative ionareable todestroythe passive filnvery
locally, creating acidcor r osi on p i t sThu§,ihip mecharism showdsbe seantddcal
breakdown of the passive film rather than an overall depassivation (it rist necessarily
accompanied by a drop in pH value).

® 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
® See section.3.2Electrochemical corrosion rate measurenwnelectrochemical corrosioate measurements.
6






























































































































































































































