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Corrosion of steel reinforcement can seriously campse the service life of reinforced concrete
structures. Hence, service life prediction and enbment of concrete structures under corrosion
attack are of significant importance. As a resulinerical methods that can reliably predict theiser

life of concrete structures have attracted increpsttention. In this, the first of two companion
papers, a simple and significantly improved inverdation relating the current density with potehti
for the cathodic reaction is proposed. This enatilescurrent densities to be determined accurately
from the measured potentials. Equally importanthe proposed inverse relation also enables the
efficient and straight-forward nonlinear algorithfar modeling of steel corrosion in concrete
structures to be developed. Such an algorithmesepited in the companion paper of this.
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1. INTRODUCTION

Corrosion of steel reinforcement is a well-knowrd amell-documented phenomenon, and is
considered the most prevalent form of deterioratbneinforced concrete structures [1, 2]. Inityall
due to the highly alkaline nature of the concretgassive protective oxide film is formed on the
surface of the steel reinforcement, effectivelyvereing the steel surface from being corroded. The
passive protection layer, however, may be seriocsigpromised when the chemical composition of
the pore solution is altered by carbonation or kté contamination of the concrete cover. As a
consequence, corrosion begins, resulting in a texudn steel cross-sectional area, cracking, and
spalling as well as loss in bond between steelcamdrete.
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In recent years, numerical methods that simulagectirosion processes of reinforcing steel in
concrete and allow parametric studies in additmfaborious experimental investigations have gained
increasing attention [3-6]. This is mainly due e tonsiderably improved understanding of the basic
processes underlying reinforcement corrosion aadsitmnificantly increased possiblities for modeglin
complex electrochemical processes involved in ®ore However, much remains to be investigated
further to fully realise the potentials of curremtmerical models. Specifically, because of the
concentration polarization, the polarized potentiathe cathodic reaction expressed as a function o
the current density is nonlinear and cannot beesbfer explicit inverse relations, which have to be
approximated instead. Current approximate inveekions, however, do not represent well the exact
solution. This paper thus aims to propose a newerses relation between the current density and
potential for the cathodic reaction.

2. KINETICS OF CORROSION

2.1. Potential-current density relations for anodied cathodic reactions

The potential-current density relations for the dia@nd cathodic reactions of steel corrosion
are well-established [7, 8].

The corrosion of steel in concrete is caused bydtssolution of iron into the pore water at the
anode [9], which can be represented by the follgviialf-cell reaction

2+ -
Fe® Fe ™ +2e (1)

In order for electrical neutrality to be preservé electrons produced in this anodic reaction
must be consumed at the cathodic sites on thesieflce [9]. The cathodic reaction is given by

O, +2H,0+4e ® 40H" )

At equilibrium, the rate of the forward reactionkqgs. 1 and 2 is equal to the reverse one. The
potentials and current densities at these statesalled equilibrium potentials and exchange curren
densities, respectively. When the equilibrium stulibed, there is a net current between the arsodic
cathodic areas on the steel, and the equilibriutergials are changed to new potentials at the
electrodes. The extent of potential change caugethé net current at the electrodes, measured in
volts, is termed polarization. There are three eaud polarization, namely activation, concentratio
and Ohmic potential drop. For steel corrosion inarete structures, activation is considered as the
only cause of the anodic polarization while acivatand concentration are the causes of cathodic
polarization [8].
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2.1.1. Polarization of anodic reaction

The activation polarization of the anodes can lierdened by

h, = b, log e
lao (3)

where 4 is the Tafel slope of the anodic reaction (V/dégjs the anodic current density (A/myrand
ia0 is the exchange current density of the anodicti@a¢A/mn).
Hence the polarized potenti&l (V) of the anodic reaction can be written as [10]

fa =fa0 +ha :fa0+ba|og.li
20 (4)

wheref 4 is the equilibrium potential of the anodes (V).

2.1.2. Polarization of cathodic reaction

If the amount of oxygen at cathode is not suffiGi¢lnle concentration polarization controls the
polarization of cathodes. Concentration polarizatib the cathodes can be calculated as

po=. 280RT 0,

o zF I - ic (5)

whereR is the universal gas constant (8.314 J/K.mbl} the absolute temperature (KK)is Faraday’s
constant (9.65.f0C/moI), z is the number of electrons exchanged in the cathaaction,i. is the
cathodic current density (A/nfinand i, is the limiting current density of the cathodicacton
(A/mm?).

The limiting current density of the oxygen reduction at the cathodic siteshmnalculated as

follows [7]
Do, zF

i, C,,10°

where Dy, (m?/s) is the effective oxygen diffusion coefficiemt ¢oncrete, (= 0.005 mm) is the

thickness of the stagnant layer of electrolyte acbthe steel surfacg, (=1) is the transference number
of all ions in the solution except for the reducgzkcies, anoC02 (mol/l of pore solution) is the

concentration of oxygen around the steel.
The activation polarization of the cathodes cadé&ermined as

h. =-b,log-c
leo (7)
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where . is the Tafel slope of the cathodic reaction (V)jdaadic is the exchange current density of
the cathodic reaction (A/mfih

Thus the polarized potential of the cathodic reectian be written as [10]

i 2'303RTIog_ |L. - b, Iog_I—C

fc =fco +hcc+hca =fco
zF i, -l [ (8)

where 7. is the potential (V), and’co is the equilibrium cathodic potential (V) undercartain
environment. Fig. 1 illustrates the relation betwpetentials and the current densities for anodi a
cathodic reactions given in Egs. 4 and 8.
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Figure 1. Potential-current density relations for anodic aathodic reactions.

2.2. Inverse relations for anodic and cathodic rearts

In Egs. 4 and 8, the polarized potentidisand 7. of the anodic and cathodic reactions are
expressed as functions of the current densitiesueder, in reality, the potentials are usually meagu
and inverse relations are therefore required tdlernthe current densities to be determined from the
obtained potentials.

Equally importantly, suitable inverse relations aleo needed to allow the efficient and
straight-forward nonlinear algorithm for modeling steel corrosion in concrete structures to be
developed. The modeling of steel corrosion in cetgcrstructures involves solving the governing
equation in Laplace form that satisfies the tworzary conditions of potential and current density a
the steel-concrete interfaces [11, 12]. Currentlgilable models often use only one of the above two
boundary conditions, with the other satisfied kgration to convergence. In contrast, with a suéabl
inverse relation, the two boundary conditions carcobmbined and satisfied simultaneously, resulting
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in a straight-forward algorithm for modeling of skeorrosion in concrete structures. In additidre t
incorporation of a suitable inverse relation alsmaldes a unified algorithm for different types of
corrosion modeling, e.g. to solve macro-cell madglj12-14] and macro-and-micro-cell modeling
[11] in one single algorithm. This is presentedi@tail in the companion paper [15].

2.2.1. For the anodic reaction

The inverse relation of Eq. 4 is the same as thieeBWolmer relation for the anodic reaction
2303, fa0)
. —_: ba
I, =1,€ )

2.2.2. For the cathodic reaction

Without the concentration polarization terg.,, the inverse relation of Eq. 8 is similar to the

Butler-Volmer relation for the cathodic reaction
2.30%(foo- £.)

i, =iee * (10)
However, the effect of concentration polarizatiom the cathodic reaction often cannot be
ignored due to the low oxygen concentration arotinedcathodic sites on the steel surface. As atresul
Eq. 8 becomes nonlinear and cannot be solved fplicéxinverse relations, which have to be
approximated instead.
Kranc and Sagues [16] attempted to incorporatectirecentration polarization into Butler-

Volmer equation as follows

C 2.303(Fco- fe)
- 0, = b,
I, = CS 1,0€
OZ

(11)

whereC, , ng are the concentrations of oxygen in the concrete golution and at the steel surface,

respectively. This relation, however, is overly plistic. Among various shortcomings, the relation
fails to reflect the asymptotic nature of the curae limiting current densityi,, an important
characteristic of the current density-potentialveufior cathodic reaction.

An improved approximation was proposed by Gulik8k which was also based on the

Butler-Volmer relation
230370 f,)
. bc
: i€
c 2303(7,0- 7,)
b

14 1e0€
'L (12)
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A comparison of Gulikers’ proposed relation and ¢kact solution for, between 0.2x1®and
60x10° (A/mm?) is given in Fig. 2. The exact solution for tharemt density is obtained by solving
Eq. 8 numerically with known values R, 7co, &, iL, Fc using Brent method [17]. It is clear from Fig.
2 that Gulikers’ relation overcomes the non-asyrtiptshortcoming of that proposed in [16].
However, Gulikers’ relation still does not complgteepresent the inverse relation of Eq. 8, esplgcia
in the regions of significant change of slope ia turrent density-potential curve for cathodic tieac
A better relation that represents more fully theense relation of Eq. 8 is therefore needed.

- x10®
100 ¢ :

T T o LI T T : 1
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Figure 2. Gulikers’ relation with exact inverse relation.

3. NEW INVERSE RELATION BETWEEN CURRENT DENSITY AND POTENTIAL FOR
THE CATHODIC REACTION

Upon close examination of the potential-currentsitgrrelation for cathodic reaction in Eq. 8
and Fig. 2, the following features can be observed

i. When the limiting current density of the cathodic reaction is significantly largéan the
cathodic current density., i.e. i/(i-ic)@ 1, the concentration polarization is negligible,
resulting in the familiar Butler-Volmer relationrfoathodic reaction as in Eq. 10.

ii. When the polarized potential of the cathodic reacfi. approaches the equilibrium cathodic
potential fco, the cathodic current density approaches the exchange current density of the
cathodic reactiono.

iii. When the polarized potential of the cathodic reactf. approaches negative infinity, the

cathodic current density, reaches the limiting current density(asymptotic nature of the
curve).
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Based on the above observations, a number of mdddurrent density-potential relations for
cathodic reaction have been investigated, amonghwtiie following relation provides the desired
shape of the cathodic curves

2303(fco- ) 9
bC

cOe

¢ 2303(fe0-fo) 9
- bC
1+ 1,0€

I

(13)

whereg is a curvature-defining constant. Fig. 3 illustsathe change of curvatures of the cathodic
curves with different values aof

0.01
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Potential (mV)

Figure 3. Effect ofg constant on the curvature of cathodic curves.

In order to determine the appropriate value fordbastanig, a sensitivity analysis is carried
out by comparing the current densities determingethbe exact relation and the proposed relatiorafor
typical input data set and for a rangegofgain, the exact solution for the current denstgpbtained
by solving Eq. 8 numerically with known valuesi@f 7o, b, iL, fc using Brent method.

Based on the common values of parametgrgco, b, iL and’. for steel corrosion in concrete
structures (Table 1), the input parameters forsthesitivity analysis are selected and given in @abl
The resulting current densities determined by #aeeand proposed relations for different valueg of
are presented in Fig. 4. By observation, the ctrdensities determined by the two relations coteela
very well forgof about 3, but differ considerably fgof less than 1.
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Figure 4. Current density determined by exact and proposkdion for different values @
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Table 1. Review of parameters for cathodic curve.

ico Amm) | Fe(mV) | b(mV/dec)
Kim and Kim [1]] 0.0006x10° 16C 176.%
Isgor and Razaqpur [12] 0.0006540| 160 160
Ghods, Isgor and Pc-Ghaz [1{] 0.001x10° 16C 16C
Kranc and Sagues [16] 0.000625%10 160 160
Pour-Ghaz, Isgor and Ghods [13] 0.001%10| 160 180
Warkus, Raupach and Guliker<9] - - 20C

Table 2. Selected input parameters for sensitivity analysis

(Note the combination of different values @fo, 7co, bc, i, fc provided in following table
gives 891 data points)

Input parameters Values
f ¢ (MV) -800,-700,-600,-500,-400,-300,-200,-100,0,100,200
icolA/mm°) 0.000x10°, 0.0005%10°, 0.001x10°
f co(mV) 100,150,200
b.(mV/dec) 100,150,200
iL(A/mm®) 0.2x10°,30x10° 60x10°

Figure 5. Variation of Root-Mean-Square error wigh

In order to find the optimal value of the variation of Root-Mean-Square error, defiire&q.
14, withgis plotted in Fig. 5.

n
(I exact _ | proposed)2
c c

RMSerror =1|-%

: (14)
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where i and iP°"*** are current densities determined by the exact @mgbosed relations,
respectively, and is the number of data points (n=891).
It is clearly evident from Fig. 5 that the optinvallue ofgis 3, and hence the proposed relation
becomes
1
3

2303(feo-Fo) O

i€ .
ic - 2.303(Fco- f5)

bC

14+ lco® _

IL
(15)
a) Changing_ b) Changingco
c) Changingfeo d) Changingbc

Figure 6. The current density-potential curves for cathadgction.
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The validity of this proposed relation is furtheendonstrated by the following illustration.
Let's consider a typical base case (Table 1i.o6f 0.001x1CG (A/mm?), e of 160 (mV), . of 180
(mV/dec), andi_ of 10x10® (A/mn). Each of these parameters is varied in turn witti common
range (Table 1), while the others remain unchang@id.resulting potential-current density curves are
presented in Fig. 6. In all cases, the predictigriie proposed relation correlates very well with t
exact solution, confirming the capability of thewneelation between current densities and potentials
for cathodic reaction.

4. CONCLUSIONS

In this paper, a new inverse relation that reldtes current density with potential for the
cathodic reaction has been proposed. Besidessisallée simple nature, the proposed inverse relatio
has been clearly shown to correlate very well whighexact solution.

The significantly improved inverse relation propdsenables the current densities to be
determined accurately from the measured potentajgally importantly, the proposed inverse relation
also enables the efficient and straight-forwardlinear algorithm for modeling of steel corrosion in
concrete structures to be developed. Such an Higois presented in the companion paper of this.
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