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Abstract

A  novel and practical model for predicting the corrosion rate o f the steel 

reinforcement in concrete is developed. This model is based on Stem-Geary equations 

and includes the effects o f concrete properties and the environmental conditions on 

corrosion. The influence o f temperature, cover depth, concrete resistivity and the lim iting 

current density is incorporated in the model. In  addition, the half-cell potential 

measurement technique is modelled numerically, and guidelines for quantitative and 

qualitative interpretation o f the half-cell results are provided. The half-cell potential 

measurements are related to the kinetics o f the corrosion process, and a separate model 

for predicting the corrosion o f steel in concrete through half-cell data is developed. A  

comprehensive verification study demonstrated the strength and the applicability o f the 

developed models in different scenarios.
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Notations

L = Length (e.g. mm)

M  = Mass (e.g. kg)

E = Energy (e.g. J)

Q = Potential (e.g. volts)

R = Resistance (e.g. Q)

t = Time (e.g. s)

T = Temperature (e.g. °K)

C = Current (e.g. A )

F = Force (e.g. N)

Asc = reduction in porosity due to carbonation

AsH (t) = reduction in porosity due to hydration

AF\ = molar volume differences (L3/M )

A Up = activation energy o f resistivity (E/M)

A UD = activation energy o f the oxygen diffusion (E/M)

A^ = maximum potential difference at the surface o f concrete (Q)

a  = symmetry factor

(3a = anodic Tafel slope (Q)

J3c = cathodic Tafel slope (Q)

s = porosity o f the concrete

x v iii
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sa — porosity o f fresh concrete

sair = volume fraction o f entrapped (or entrained) air

sp = porosity o f the cement paste

£ = relaxation factor

P  = concrete resistivity (R.L)

•5

pa = density o f aggregate (M /L )

pc = density o f cement (M /L3)

pw = density o f water (M /L3)

(j) = electric potential (Q)

tpa = anodic potential (Q)

(jf = seed value for potential (Q)

cj)j = anodic standard potential (Q)

$ = average potential on the surface o f concrete (Q)

tj)c = cathodic potential (Q)

cj)e = equilibrium potential (Q)

= cathodic standard potential (Q)

(j)corr = corrosion potential (Q)

= standard iron oxidation potential (Q)

(j)o = standard oxygen reduction potential (Q)

(h = anodic macro-cell potential (Q)

xix
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(f>ma c = cathodic macro-cell potential (Q)

(j)mi a = anodic m icro-cell potential (Q)

<f> = cathodic m icro-cell potential (Q)

(f)p = polarization potential (Q)

^  = potential o f passive steel (Q)

(j)pit = pitting potential (Q)

<f)st = steel surface potential (Q)

A = electrode surface area (L2)

Aa = anodic area (L2)

Ac -  cathodic area (L  )

Acorr = corrosion rate coefficient

Ap = polarized area o f the steel (L2)

B = polarization constant (Q)

C ad  = factor related to the heat o f adsorption

C° = molar concentration in the bulk o f the solution at the standard
o

equilibrium condition (M /L3)

Ccoef = cement type coefficient

Ca = chloride content in the form o f CaCL or NaCl (M /L3)

[Cl"] = concentration o f the free chloride (M /L  )

Ccement = cement content (M /L3)

Cf = water soluble (free) chlorides (M /L3)

XX
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C*. = free chloride content (% by weight o f the cement) for

-3
complete destruction o f passive film  (M /L )

C'f  = free chloride content (% by weight o f the cement) necessary

■3
for in itiation o f corrosion (M /L )

C0 = concentration o f oxygen in the solution (concrete) (M /L3)

C* = concentration o f oxygen at the surface o f solution (concrete)02

(M /L3)

C“‘r = concentration o f oxygen in air (M /L3)02

Co nqUid(x2) = oxygen concentration in the pore solution per unit volume o f

concrete at X2 (M /L  )

Cso = annual deposited SO2 (M /L2)

CAir = annual air-borne salts (M /L3)
^ s a l t  v J

Ct = acid soluble chloride content (M /L3)

Chi = chlorinity

C3S = tricalcium  silicate

C2S = dicalcium silicate

C3A  = tricalcium  aluminate

C4AF = tetracalcium aluminoferrite

Dcounter = counter electrode diameter (L)

Dn = concrete oxygen diffusion coefficient (L2/ t )

D0 liquid = diffusion coefficient o f species in  pore solution (L  /1 )

F  — Faraday’s constant (Q/M)

xxi
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F a  -  chloride content factor

Fg = geometry factor (1/L)

F Gaiv = galvanic effect factor

Foxide = factor related to the presence o f oxide layer at the surface o f

steel

Fa = oxygen availability factor

I corr = corrosion current (C)

Ip = polarization current (C)

L ~ Length o f the polarized area o f the rebar (L)

Lac = distance between the anode and cathode (L)

L0j = length o f oxygen diffusion path (L)

Nct = factor dependent o f the cement

P  = pressure (F/L2)

Pwv = water vapour pressure (F/L2)

Pcorr = corrosion penetration rate (L)

[O H '] = concentration o f hydroxide ions (M )

R = the universal gas constant ( E/M.T)

Rcon = concrete/mortar resistance (R)

Rp = polarization resistance (R)

R p ,a  = anodic polarization resistance (R)

R p ,c  = cathodic polarization resistance (R)

R st  = electrical resistance o f steel (R)

xxii
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R = equivalent resistance (R)

Sr = degree o f water saturation

T = temperature (T)

Tc = temperature (T)

ype1* = reaction rate o f Fe2+ in anodic control (M /L2.t)
a

y'-e2* = reaction rate o f Fe in cathodic control (M /L .t)
c

Vm = monolayer capacity

Vct = cement type factor

Wt = total water content for unit value o f material (M /L )

a/c = aggregate-cement ratio

d = concrete cover thickness (L)

dcorr = corrosion penetration (L)

drain = the annual ra infall (L)

dst = diameter o f reinforcing steel (L)

f e = exposure condition factor

ft = test method factor

h = relative humidity

i = current density into the electrolyte (C /L2)

i = current density seed value (C/L2)

ia = anodic current density (C /L2)

ic = cathodic current density (C /L2)

iL = lim iting current density (C/L2)

x x iii
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imita = anodic m icro-cell current density (C /L )

imi,c = cathodic m icro-cell current density(C/L2)

ioa = anodic exchange current densities (C/L2)

ioc = cathodic exchange current densities (C/L2)

icorr,ave = average corrosion current density (C /L2)

icorr.max = maximum corrosion current density (C/L2)

ipass = passive current o f steel (C /L )

i = corrosion rate (C/L2)
corr v 7

kQ = kinetic constant o f oxygen reduction (L /t)

k° = rate constant at standard equilibrium condition (L /t)

mcorr -  amount o f corrosion products (M /L2)

n = normal to the equipotential lines

nage = age constant

nad = number o f adsorbed layers in saturated state

ne = valance number

r = anode-to-cathode area ratio

sa = specific surface o f the oxide layer per unit volume (1/L)

t = time (t)

to = in itia l time (t)

t*  = time to consume a ll the gypsum in  the cement (t)

uf  = mass concentration o f Fe(OH)2 per unit volume o f concrete

(M /L3)

XXIV
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uAw = amount o f capillary water adjacent to anodic surface (M /L )

= amount o f capillary water adjacent to cathodic surface (M /L3) 

= oxygen concentration adjacent to cathodic surface (M /L3) 

w/c = water-cement ratio

zc = number o f electrons involved in cathodic reaction

XXV
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1. Introduction

1.1. General

The deterioration o f reinforced concrete structures due to chloride- or 

carbonation-induced steel corrosion is a major concern fo r in frastructure owners and 

operators. The corrosion o f steel in  concrete can manifest itse lf in the form  o f pitting or 

uniform  corrosion, depending on the depassivation process. Pitting corrosion may be 

observed in cases where chloride ions accumulate locally around steel reinforcement in 

quantities larger than a threshold value. In the case o f the carbonation o f concrete cover, 

corrosion generally takes place uniform ly along the reinforcement. The quantification o f 

active corrosion rate o f steel in concrete structures through nondestructive and rapid 

methods is a crucial task for scheduling maintenance/repair operations and for achieving 

accurate service life  predictions. Significant progress has been made on the

1
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nondestructive measurement o f steel corrosion in concrete since early 1970s, and 

organizations such as RILEM  have already made recommendations for best practices for 

quantifying corrosion rates (R ILEM  TC 154-EMC).

One o f the most widely-used methods o f measuring corrosion rate in concrete 

structures is by means o f measuring the polarization resistance o f the corroding system 

and using the Stem-Geary equation (Bohni 2005) to calculate the corrosion current 

density o f active steel. Galvanostatic pulse technique, for instance, is a transient method 

that enables rapid measurement o f polarization resistance, a requirement that is crucial 

for obtaining accurate mapping o f the corrosion state in concrete. It should be noted that 

the calculations that are based on measured polarization resistance data provides 

instantaneous corrosion rates that are influenced greatly by environmental changes in 

temperature and humidity; therefore comparisons w ith actual corrosion rates, which can 

be determined through weight loss measurements, can only be carried out after 

integrating polarization resistance data over time. From a different perspective, in  order 

to accurately predict the corrosion rates in  concrete, one needs to monitor the polarization 

resistance frequently fo r a period o f time so that temporal variations can be captured. 

Therefore, although the polarization resistance methods are quite practical for 

instantaneous monitoring o f structures, they become significantly expensive and 

impractical i f  the monitoring is to be done continuously over long periods. Accurate 

modelling o f steel corrosion in  concrete structures is therefore a very important tool that 

can help solve the issue described above.
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1.2. Problem definition and objectives

The present thesis addresses two problems associated w ith the corrosion 

monitoring o f reinforced concrete structures. The first problem is regarding the modelling 

o f steel corrosion in concrete, which is brie fly described below and elaborated in the 

literature review o f this thesis (in Chapter 2). The second one is related to the issues 

associated w ith one o f the most w idely used, practical, and standardized non-destructive 

methods for monitoring steel corrosion in concrete structures: half-cell potential method 

(ASTM C876-91, RILEM  TC 154-EMC).

Although it is d ifficu lt, i f  not impossible, to completely replace the nondestructive 

testing methods w ith numerical models, accurate simulations combined w ith relatively 

infrequent, and hence inexpensive, polarization resistance measurements can be the 

answer to health monitoring o f reinforced concrete infrastructure. Although this idea 

sounds quite promising, numerical modelling o f active steel corrosion in concrete has its 

own challenges that can be summarized under the follow ing categories: ( 1) difficulties in 

the estimation o f parameters to carry out the simulations; (2 ) numerical d ifficulties in  the 

solution o f governing equation due to nonlinear boundary conditions (for the models that 

are based on the solution o f Laplace’s equation for electric potentials); and (3) challenges 

in modelling complicated geometries (e.g. reinforcement details) and non-homogeneous 

material properties. Despite these challenges, a number o f corrosion models have already 

been developed (Isgor 2001, Kranc and Sagues 1994); particularly the ones that are based 

on the solution o f Laplace’s equation for electric potentials have been verified to be quite 

effective in simulating well-controlled experimental setups. On the other hand, these 

numerical models remain to be computationally expensive, and for practical applications,
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are complex to be adopted by the general engineering community. Empirical models o f 

steel corrosion in  concrete, although very practical, are lim ited to the specific 

experimental design and test conditions. These models usually do not consider a ll 

mechanisms o f corrosion and hence are not applicable to all scenarios. Therefore, there is 

significant need for a comprehensive mathematical model which considers a ll mechanism 

o f steel corrosion in concrete, is based on the fundamentals o f the corrosion theory, and 

takes the concrete properties and environmental factors into account. Such a model 

should also be practical to be used by engineering community and should not require in 

depth knowledge o f corrosion science.

Another problem in the monitoring o f corrosion in concrete structures originates 

from the problems associated w ith half-cell potential technique, a method that is very 

w idely used by practicing c iv il engineers to predict the probability o f corrosion. Despite 

its widespread application, half-cell potential mapping is usually associated w ith a 

number o f practical difficulties. Although some o f these practical difficulties can be 

minimized w ith the aid o f experienced staff and accurate instrumentation, the 

interpretation o f the half-cell potential mapping results remains to be a major challenge 

for engineers. In addition, the half-cell method does not provide any information about 

the type o f corrosion (i.e. uniform  or pitting). Having information about the type o f 

corrosion in some cases is more important than knowing the probability o f corrosion and 

no quantitative relationship has been introduced in  the literature among the results o f 

half-cell potential mapping, the factors affecting the corrosion kinetics, and the corrosion 

rate o f steel in  concrete. Hence, there is a need for developing such a relationship, which
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quantitatively relates the potential readings on the surface o f concrete to the corrosion 

rate o f reinforcement and allow engineers to gain more information from half-cell tests.

The main objective o f this thesis is to address these two issues using a 

theoretical/numerical approach. It is intended that a closed-form relationship w ill be 

developed for each problem. The model that w ill be developed to predict the rate o f steel 

corrosion in concrete w ill be verified using available experimental data. A  computer 

program that is based on the proposed model w ill be developed for monitoring corrosion 

in reinforced concrete structures. To address the second issue, a model w ill be developed 

to relate the half-cell potential measurements to the kinetics o f steel corrosion in concrete. 

The developed model is intended to provide additional information for the better 

interpretation o f the results o f half-cell potential mapping.

1.3. Brief background on the corrosion of steel in concrete

1.3.1. Corrosion of steel in concrete

Steel in  concrete is generally w ell protected against corrosion by a passive film  

that is quite stable in  the high alkaline environment provided by concrete. Penetration o f 

aggressive agents such as chloride ions through concrete cover and/or the carbonation o f 

concrete cover, however, may result in  the destruction o f the passive film  (depassivation) 

and the initiation o f active corrosion. The first phase o f this process (i.e. the penetration 

o f aggressive agents through the concrete cover to the level o f reinforcing steel) is called 

the initia tion stage, and the second phase (i.e. after depassivation o f steel) is referred as 

the propagation stage. The depassivation o f steel marks the end o f the initiation stage and 

the beginning o f propagation stage.
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Corrosion science is a complicated but a well-established field. It is impossible to 

present a ll the details o f corrosion theory in the scope o f a thesis. Here, on the other hand, 

basic definitions and principles o f the kinetics o f corrosion are provided so that the 

relevant theory, on which the current research is built, can be presented.

1.3.2. Kinetics of corrosion

Corrosion is a destructive electrochemical process consisting o f two half-cell 

reactions: oxidation and reduction. In the case o f corrosion o f steel in  the alkaline 

environment o f concrete, oxidation and reduction reactions can be presented by Eqs. (1.1) 

and ( 1.2 ), respectively:

The oxidation reaction takes place at the anodes, and the reduction reaction takes 

place at the cathodes. The produced electrons at the anodes are consumed at the cathodes, 

and the process is completed by the migration o f hydroxide ions from the cathodes to the 

anodes. The potential o f the anode or the cathode when no transfer o f electrons takes 

place is referred as open-circuit potential and is measured w ith respect to a reference 

electrode such as standard hydrogen electrode (S.H.E.) or saturated calomel electrode 

(S.C.E.). The open-circuit potentials for the anode and the cathode (<jfa and $  

respectively) are illustrated in Figure 1.1. The transfer o f electrons from the anode to the 

cathode reduces the potential difference between the two, and the change in potential 

from the open-circuit potential is called polarization. This is also illustrated schematically 

in Figure 1.1. In this figure, due to the passage o f current, //, from the anode to the

Fe -»  Fe2+ +2e (1.1)

—0 2 + —H 20  + e“ —»OH 
4 2 2 2

(1.2)
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cathode, anode polarizes to more positive potentials, and the cathode polarizes to more 

negative potentials. The amount o f polarization is usually measured in volts. It  should be 

noted in Figure 1.1 that the current is in logarithmic scale, and this type o f diagram, in 

which the potential is plotted vs. logarithm o f the current, is called polarization diagram. 

The curves corresponding to the anode and the cathode in  a polarization diagram are 

called anodic and cathodic polarization curves, respectively. The slope o f the polarization 

curves are defined as Tafel slopes and are usually measured in volts/dec. Note that the 

anodic and cathodic polarization curves do not intersect. This is due to resistance o f the 

electrolyte between the anode and the cathode, which can never be zero for concrete. 

When this resistance is significantly large, the amount o f current (and hence the amount 

o f polarization) is dependent on the resistance o f the electrolyte; in these circumstances 

the corrosion is said to be under resistance control.

The passing current from the anode to the cathode during active corrosion is 

called the corrosion current (represented w ith I). I f  the corrosion current is divided by the 

anodic or the cathodic surface area, the anodic or the cathodic current densities 

(represented w ith i) w ill be respectively obtained. I f  the anode-to-cathode area (A/C) 

ratio is equal to unity, the anodic and cathodic current densities w ill be equal. The anodic 

current density is also known as corrosion current density. It should be noted that the 

polarization diagrams are sometimes prepared by considering the anodic or cathodic 

current densities instead o f the corrosion current. The corresponding values o f the current 

(or the current density) to open-circuit potentials o f the anode and the cathode in Figure 

1.1 are called anodic and cathodic exchange current (density, ioa and ioc), respectively.
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Figure 1.1: Schematic illustration o f polarization curves for anode and cathode

Polarization is generally categorized as activation polarization and concentration 

polarization. Activation polarization is caused by slow electrode reactions (Uhlig and 

Revie 1985), and is characterized by a straight line in polarization diagrams. 

Concentration polarization is caused by the slow supply o f ions/molecules to the 

electrode (e.g. the lack o f oxygen on the cathodic surfaces o f steel in  concrete). This type 

o f polarization is characterized by the curving o f the polarization curve, as illustrated in 

Figure 1.2. As far as steel corrosion in concrete is concerned, concentration polarization
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only occurs at cathodic sites o f steel; activation polarization occurs at both surfaces. 

Figure 1.2 schematically illustrates the concentration polarization. As the concentration 

polarization increases (e.g. due to the lack o f oxygen), the straight line (activation 

polarization) starts to curve downwards (concentration polarization) at smaller currents. 

I f  the effect o f concentration polarization is very high, the corrosion is said to be under 

concentration (or diffusion) control. Note that the concentration polarization curve 

becomes asymptotic at a current (density) called lim iting current (density). The 

mathematical forms o f the polarization behaviour have been proposed in the literature in 

terms o f closed-form relationships. In the follow ing section, two o f these relationships are 

presented.

Activation polarization 
(straight line section) Concentration polarization 

(curved part)

L im iting current 
density

High

LowMedium

Current (log scale)

Figure 1.2: Schematic illustration o f cathodic polarization curve including 

concentration polarization
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1.3.3. Polarization equations

1.3.3.1. Butler-Volmer kinetics equations

The original form o f Butler-Volmer kinetics introduced in the corrosion literature 

(Brad and Faulkner 2001) does not take the concentration polarization into account. 

However, concentration polarization was later introduced into Butler-Volmer equations 

by m odifying the cathodic current density (Kranc and Sagues 1997).

f  10 1 \

h  =  ha eXP
(1-3)

a  T c o r r

lc =

Co,
h c eXP

P a

'</> (1-4)
T c o r r  T c

V Pc y

where ia and ic (A/m2) are respectively the anodic and cathodic current densities, 

[ia and f3c (volts/dec) are respectively the anodic and cathodic Tafel slopes, ioa and ioc

(A/m2) are respectively the anodic and cathodic exchange current densities, <j)corr (volts) is 

the corrosion potential, as illustrated in Figure 1.1, C ^and C*0 are respectively the

concentration o f oxygen in the solution (here the concrete pore solution) and 

concentration o f oxygen at the surface o f the solution.

It is noted here that, in  the original form o f the Butler-Volmer kinetics the term in 

brackets in Eq. (1.4) is equal to unity. Furthermore, this equation does not produce the 

curves illustrated in Figure 1.2 and only modifies the cathodic current density. This 

effect, however, does not comply w ith real experiments in  many situations (Uhlig and 

Revie 1985).
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1.3.3.2. Stem- Geary polarization equations

Stem and Geary (1957) introduced a new set o f equations o f anodic and cathodic 

polarization. The major improvement in  this approach was in  that the concentration 

polarization was considered as a separate term. Stem-Geary polarization equations for 

anode and cathode are as follows:

= C  + (L5>
ha

a a° a i h 2-303RT iL (1.6)
</>c = €  +  Pc l o § — ------------- 77—  log— ^

he ZcF  h ~ h

where (j)a and <j>c (volts) are anodic and cathodic potentials (see Figure 1.1), zc is the 

number o f electrons involved in cathodic reaction, R (-8.314 J/mole.K) is the universal 

gas constant, F  (-96500 C/mole) is the Faraday’s constant, T (°K) is temperature, and ii 

(A/m 2) is the lim iting  current density. The third term on the right hand side o f Eq. (1.6) is 

for concentration polarization. Theoretically, this term can also be included in anodic 

polarization equation; however, since in the steel corrosion in concrete, the only form o f 

concentration polarization is due to the lack o f oxygen at the cathodic surfaces, it is only 

included in cathodic polarization equation. Plotting Eq. (1.6) for different values o f 

cathodic current density w ill result in  polarization curves, as illustrated schematically in 

Figure 1.2.

The kinetic parameters o f corrosion (e.g. Tafel slopes, exchange current densities, 

etc.), as defined for Eqs. (1.5) and (1.6), o f a ll metals need to be obtained experimentally. 

These parameters depend on many external factors (e.g. temperature); this dependence 

w ill be discussed in detail in Chapter 4. Table 1.1 presents typical values o f the kinetic 

parameters o f the steel corrosion in concrete at room temperature.
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Table 1.1: Typical kinetic parameters o f steel corrosion in concrete (Isgor 2001)

Kinetic Parameter Value Unit
Standard Iron Oxidation Potential ( $ e) -0.780 volts (S.C.E.)

Standard Oxygen Reduction Potential ( ^  ) 0.160 volts (S.C.E.)

Anodic Tafel Slope (/? ,) 0.90 volts/dec

Cathodic Tafel Slope (J3C) -0.180 volts/dec

Anodic Exchange Current Density (ioa) 300x1 O' 6 A/m 2
Cathodic Exchange Current Density (ioc) lOxlO "6 A/m 2

I f  the Stem-Geary polarization equations are plotted for the values presented in 

Table 1.1, Figure 1.3 w ill be obtained. It is noted that in this figure the current density is 

not in logarithmic scale.

-300
 Cathodic activation polarization
—  Anodic activation polarization 
  Cathodic activation + concentration polarization-400

-500

-600

-700

-800

-900

-1000, 0.4
Current density (A/cm2)

0.6 0.80.2
,-6

x 10

Figure 1.3: Plot o f polarization equation using Stem-Geary polarization equations

(Ge 2006)
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1.4. Organization of the thesis

Chapter 1 o f this thesis is an introduction to the problem o f steel corrosion in 

concrete; this chapter b rie fly outlines the kinetics o f corrosion and introduces the 

terminologies used throughout the thesis. Chapter 2 provides a literature review on the 

modelling o f the corrosion o f steel in  concrete; previously developed prominent 

mathematical and empirical models are presented and their strengths and lim itations are 

discussed. Chapter 3 provides the research method used in this thesis, introduces the 

concept o f virtual experiments and evaluates the efficiency o f the numerical process used 

in the study. Chapter 4 provides detailed theoretical considerations and formulations used 

in the modelling process; it  introduces the concept o f optimum A/C ratio, which is a 

fundamental concept used in this thesis. Chapter 5 presents the results o f the numerical 

analyses and virtual experiments; the objective o f this chapter is to demonstrate that the 

numerical procedure undertaken here agrees w ith experimental observations. In  Chapter 

6 , the results o f the virtual experiments are analysed and a closed-form solution 

representing the results o f numerical analyses is obtained. This chapter provides a 

comprehensive verification o f the model and demonstrates an application. Chapter 7 

deals w ith the numerical modelling o f half-cell potential measurement tests; in this 

chapter, a model relating the half-cell potential measurements to the kinetics o f corrosion 

is developed and verified.
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2. Literature Review

2.1. General

This chapter presents a review o f previously developed models for predicting 

corrosion rate o f steel reinforcement in  concrete. These models can be classified 

under two categories: empirical and mathematical. Empirical models are based on 

observed correlation between corrosion rate o f steel in concrete and different 

parameters affecting it. Mathematical models are based on either the mathematical 

representation o f the controlling mechanisms o f corrosion or the complex numerical 

modelling o f polarization o f steel. In this chapter, both experimental and 

mathematical models are presented. The assumptions which these models are based 

on are evaluated; their strengths and weaknesses are discussed. It  should be noted 

that, the notations used in the original research reports and papers that are reviewed in

14
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this chapter have been converted to a common set o f variables for consistency. The 

actual notation o f variables can be found in the respective original references. It is 

acknowledged that some o f the variables have been defined multiple times; however, 

this is done intentionally since the units that are defined by different research studies 

show significant variance and the equations that these variables are used in are quite 

sensitive to the units. Furthermore, in introducing the model, the oldest model in each 

category is introduced first and the closest models in  concept fo llow  afterward.

2.2. Empirical models

Empirical models are based on the observed relationship between the 

corrosion rate o f steel and different parameters affecting it such as concrete properties 

and environmental conditions. Although these models are easy to use, since they are 

bound by the experimental conditions that they are derived from and do not consider 

the fundamental mechanisms o f corrosion from a theoretical point o f view, their 

applicability and re liab ility can be lim ited. In  the follow ing sections, prominent 

empirical models for the determination o f steel corrosion rate in concrete are 

presented.

2.2.1. Alonso et al. (1988)

Alonso et al. (1988) developed an experimental model by correlating the 

electrical resistance o f mortar to the corrosion rate o f steel. The experimental study 

consisted o f casting mortar specimens w ith water/cement/sand ratio o f 0.5/1/3 and 

curing them for 28 days in a chamber maintained at 100% relative hum idity (RH) and 

20+2 °C temperature. Six types o f cement were used to prepare the mortar specimens:
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Ordinary Portland Cement (OPC), Sulphate Resistance Portland Cement (SRPC), 

Slag Cement (SC), Pozzolanic Cement (Pozz C), F ly Ash Cement (FAC) and 

Ordinary Portland Cement w ith 30% F ly Ash (OPC + 30% FA). A fter curing, the 

specimens were carbonated at 50% and 70% RH where the carbonation process was 

controlled by monitoring the weight o f the specimens. The corrosion rate o f the steel 

was measured by means o f the polarization resistance method at 50% and 100% RH, 

as w ell as in partial water immersion.

Equation (2.1) represents the model which shows that corrosion rate is 

proportional to the reciprocal o f the concrete resistance:

^corr l o g ( jc o n s t )  ^ 'co e f  l o § ( 7 ?con )  (2-1)

where icorr (pA/cm2) is the corrosion rate, Rcon (Q) is the concrete/mortar resistance,

iconst (~104) is a constant, and Ccoef is a coefficient that is a function o f the cement

type, which is given for each mortar tested in this study in Table 2.1. Since the 

coefficient for a ll cement types is very close to negative unity, it  was stated that the 

effect o f cement type can be omitted from Eq. (2.1). Although using this model is 

convenient due to its sim plicity, it  suffers from drawbacks that can be summarized as 

follows:

(1) The corrosion rate is represented only as a function o f mortar resistance, 

not resistivity. Although the resistance o f concrete is related to its resistivity, since it 

is also a function o f geometry, it can be highly influenced by the measurement 

technique (Luping 2002).
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(2) Since the only considered controlling mechanism o f corrosion is mortar 

resistance, the model fails to predict the corrosion rate under diffusion control 

mechanism (e.g. corrosion in concrete w ith high degree o f water saturation).

(3) Since the mechanism o f depassivation (i.e. its pattern on the steel surface) 

is different in carbonated and chloride-contaminated mortars, the model may not be 

used fo r chloride-induced corrosion.

(4) Due to extensive carbonation, the steel can be considered to be uniform ly 

depassivated; therefore the results cannot be extrapolated to pitting corrosion.

(5) Polarization resistance method has been shown to have inherent errors that 

can be as large as 100% depending on the case tested (Andrade and Gonzalez 1978); 

therefore the model given in Eq. (2.1) is like ly to include an inherent error.

The model developed by Alonso et al. (1988) was modified later by others to 

include the effect o f additional parameters such as environmental factors and concrete 

properties; these models w ill be discussed in the follow ing section.

Table 2.1: The regression constants for Eq. (2.1) in carbonated mortars tested by 
__________________ (Alonso et al. 1988)__________________

Type o f M o rta r Ccoef R2 o f the Regression Analysis

SC -1.07 0.951
OPC -0.72 0.907

OPC+30% FA -1.08 0.912
Pozz C -1.06 0.916
FAC -1.06 0.920
SRPC - 1.11 0.973

A ll mortars -0.97 0.89
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2.2.2. DuraCrete (2000)

Since estimating the corrosion rate o f steel reinforcement by measuring the 

electrical resistance o f concrete is convenient, there has been growing interest for 

developing models that are based on the relationship between corrosion rate and 

concrete resistance. As described in the previous section, such a model was developed 

by Alonso et al. (1988). The model given by Eq. (2.1) was later modified to include 

environmental parameters in the European DuraCrete project (2000) such that the 

corrosion rate can be predicted using:

where p  (Q.m) is the concrete resistivity, F a  is the chloride content factor, Foaiv is 

the galvanic effect factor, F'oxide is a factor related to the presence o f oxide layer at the 

surface o f steel, and F0i is the oxygen availability factor. The concrete resistivity at

time t, p{t) (Q.m), in Eq. (2.2) is given as:

where p{ta) (Q.m) is concrete resistivity measured at time ta, fe is the exposure

condition fa c to r,/ is the test method factor, and nage is age constant.

Equation (2.2) is an improved version o f Eq. (2.1) in three ways: Firstly, the 

concrete resistivity is considered instead o f concrete resistance. This makes the 

DuraCrete model independent o f geometry and concrete resistance measurement 

method. Secondly, the effect o f aging on the concrete resistivity is considered using

C l G alv Oxide 0 ~

(2.2)
co rr

(2.3)
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Eq. (2.3). Finally, the introduction o f the environmental factors in Eq. (2.2) reduces 

the scatter observed in the predictions o f Eq. (2.1).

Despite the improvements in the DuraCrete model, there is a lack o f data to 

quantify the introduced factors and their interactions (Raupach 2006). Furthermore, 

this model is developed only for chloride-induced corrosion; therefore the corrosion 

rate o f carbonation-induced corrosion may not be estimated accurately since chloride 

contamination reduces the concrete resistivity whereas carbonation increases it. In 

addition, DuraCrete model, sim ilar to Alonso’s model given in Eq. (2.1), only 

considers the resistance control mechanism and ignores a ll the other control 

mechanisms such as diffusion and activation. This causes the model to be lim ited to a 

certain relative hum idity range. Furthermore, the effect o f temperature, although it 

can be considered through concrete resistivity to some extent, is ignored. It  should be 

noted that temperature directly affects the kinetic parameters o f steel corrosion, as it 

w ill be demonstrated in the follow ing chapters, and for accurate prediction o f 

corrosion rates, the effect o f temperature variations should be considered.

2.2.3. Liu and Weyers (1998)

L iu  and Weyers (1998) developed an empirical model by testing large 

specimens simulating concrete bridge decks. For developing this model, a total o f 44 

specimens were cast w ith different values o f chloride content and cover thickness, 

which are summarized in Table 2.2. The w/c ratio o f the specimens was between 0.41 

and 0.45.

Corrosion rate and electrical resistance o f the specimens were measured w ith 

3-Electrode-Polarizarion (3LP) and Gecor devices. Temperature was monitored w ith
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a T-type thermocouple embedded at rebar depth. A t the fina l stage o f the experiment, 

metal mass loss measurements were performed in accordance w ith ASTM G l-90 

method C3.5. During a 5-year outdoor exposure o f the specimens, a total o f 2927 

measurements were recorded by 3LP and Gecor devices. The model presented by Eq.

(2.4) was constructed by a regression analysis on the data recorded by 3LP. No

correlation between the considered parameters and corrosion rate was observed using 

Gecor device.

ln l.08 /corr = 7.89 +0.7771 In 1.69C, (2.4)

o.OOOl 167? + 2.24t°215c on

where Ct (kg/m o f cement) is acid soluble chloride content as determined by ASTM 

C l 152, T (°K) is temperature, and time, t, is given in years. A  separate model 

considering the water soluble (free) chlorides, C/, that were determined using ASTM 

C1218 was also proposed by these researchers:

In 1.08/COTr = 8.37 + 0.618 In 1,69C/  (2.5)

-  -  0.000105i?co„ + 2.32t0'215
r j i  con

Although three different cover thicknesses were considered in experimental 

design, it was observed that cover thickness imposes a nominal effect on the 

corrosion rate and hence was eliminated in the regression analysis. However, closer 

examination o f the above equations shows the effect o f cover thickness is 

incorporated im p lic itly  into the model since concrete resistance is considered instead 

o f concrete resistivity: concrete resistance is a function o f cover thickness. The 

independent effect o f cover thickness on the corrosion rate would have been observed 

i f  concrete resistivity had been considered instead o f concrete resistance.
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Chloride contamination also influences the concrete resistance significantly 

(Hunkeler 1994), but in  these models the chloride content is considered as an 

independent variable. In  other words, in these models chloride content has both 

explicit and im plic it effects on the corrosion rate.

L iu  and Weyers also compared the corrosion rates measured using 3LP and 

Gecor w ith the mass loss method. Results indicate that 3LP overestimates and Gecor 

underestimates the corrosion rate. Measurements o f 3LP are generally 15 times larger 

than Gecor and 4 times larger than weight loss measurements. The overestim ation o f 

the 3LP was not considered in regression analysis.

As the other two models described before, oxygen availability, which is a 

major lim iting factor o f corrosion rate in concretes w ith high degree o f saturation, is 

not considered in the L iu  and Weyers model either. Therefore it fails to predict the 

corrosion rate under diffusion control mechanism when the concrete resistivity is not 

the main controlling factor.

Table 2.2 : Experimental design implemented by L iu  and Weyers (1998)

Chloride series, kg/m3 
of cement 0.00 0.36 0.71 1.42 2.85 5.69 7.20

Cover depth, mm 
25 4
51 2 3 9 3 3 3 —

76 2 3 3 3 3 3 —

2.2.4. Ahmad and Bhattachajee (2000)

A  model correlating the effect o f w/c ratio, cement content and chloride 

content to steel corrosion rate was developed experimentally by Ahmad and
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Bhattachajee (2000). Table 2.3 presents the values o f the parameters used in the

experiments. Three values o f each parameter (fo r a total o f 27 specimens) were

considered to capture quadratic, bilinear and linear variation o f corrosion rate w ith

each parameter. The result was the model given in the follow ing equation:

37.726 + 6.120Cc„ -  (2.6)

2 .2 3 H _ ,2B „,t + 2 .7 2 2 ^ 0 ,,

where icorr is in nA/cm2 , and Acement, Bw/C and Cchiortde are given in the follow ing 

equations:

C ,-3 0 0  (2.7)A __ cement V /
cement

w /c-0 .6 5  (2.8)
0.075Av/c

c
C g -2 .5  (2.9)

C hloride  1 2 5

where Ccement (kg/m3) is the cement content and Cci (represented in % by weight o f 

cement) is the chloride content in  the form o f CaC^.

Although the parameters considered in developing this model affect the 

corrosion rate significantly, no environmental factors such as relative hum idity or 

temperature are considered. As other models discussed previously, since it does not 

consider the relative humidity, the model fails to predict the corrosion behaviour 

under diffusion control mechanism. Furthermore, since it does not include the 

temperature effect, its range o f applicability is quite narrow.
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Table 2.3: Test parameters used by Ahmad and Bhattachajee (2000)

Test parameters Values
Ca, CaCl2 (% by weight o f cement) 

Ccement, Cement content (kg/m3) 
w/c ratio

cemenh

1.25, 2.5,3.75 
250, 300, 350 

0.575, 0.65, 0.725

2.2.5. Morinaga (1990)

Two empirical models for predicting steel corrosion rate due to chloride ingress and 

carbonation were developed by Morinaga (1990). To develop the chloride-induced 

corrosion model, chloride contaminated specimens were exposed to outdoor 

environment for a 10-year period, and the corrosion rate o f steel in each specimen 

was determined by mass loss method. Considered design parameters are presented in 

Table 2.4. Equation (2.10) represents the model developed by regression analysis 

using the obtained results:

weight o f m ixing water) is the chloride content in the form o f NaCl; dst (mm) is the

regression analysis for Eq. (2.10) was reported as 0.95. The corrosion rate model 

given in  Eq. (2.10) does not include the effect o f environmental parameters. In order 

to develop a more comprehensive model, the effect o f environmental parameters on 

the chloride-induced corrosion rate was investigated by exposing grout coated rebars 

to different environmental conditions for 8 years. Table 2.5 presents the 

environmental data used in  the tests. The same chloride contamination levels as

{-  0.51 -  7.60Cc; + 44.97(w/c) 2 + 67.95Ca (w/c)2 }co rr

where icorr in  this equation was represented in terms o f 10 '4g/cm2/year; Cci (% by

diameter o f reinforcing steel and d (mm) is the cover thickness. The R2 o f the
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presented in Table 2.4 were chosen for the grout coating. Equation (2.11) is the 

developed model whose R2 was reported as 0.835:

icorr = 2.59-0 .0 5 r-6 .8 9 (/? -0.45)-22 .87C J -0 .9 9 Ca C2-11)

+ 0 .14T (/*-0.45) +0.517TJ + 0.01TCc; + 60.81(/z-0.45)C j 

+ 3.36 (h -  0.45)Ca + 7 .32C jC a

where icorr is presented in (xlO '4 g/cm2/year), T is in  (°C), h (%) is the relative

humidity, Q£r (%) is the concentration o f oxygen in  air. It should be noted that this

model does not include any m ix design parameter, such as w/c ratio, in its 

formulation.

The effect o f environmental parameters on the carbonation-induced corrosion 

rate was presented as:

icorr = 21.84-1.35^ -  234.76CJ + (2 - l2)

2.3377* + 4.42TC J  + 250.55hC%

where all variables are defined as in  Eq. (2.11).

For developing this model, specimens were carbonated to the rebar depth and 

exposed to different environments consisting o f two temperatures (20 and 40 °C), five 

values o f relative humidity (0 , 51, 62, 100%, and underwater), and three oxygen 

concentrations o f air (0, 10, and 20%). It was observed that even in  the absence o f 

oxygen, the corrosion o f rebar proceeded to produce iron carbonate. Therefore, in 

calculating the carbonation-induced corrosion rate, iron carbonate was considered as 

a corrosion product; however, in reality, the concentration o f carbon dioxide may not 

be significant enough to produce iron carbonate at the surface o f rebar. It is like ly that 

the model presented here overestimates the corrosion rate o f rebar in  the case o f
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carbonated concrete; however, no verifications for any o f the models were presented 

by Morinaga.

Table 2.4: Design parameters in the tests conducted by Morinaga (1990)
Factor Levels

Concrete type Ordinary, Light-weight
Water-cement ratio 0.40, 0.55 ,0.70

Chloride content (%)
(NaCl by weight o f m ixing water) 0, 0.1, 0.5, 1.0, 1.5, 3.0

Direction o f reinforcing steel Horizontal, Vertical
Diameter o f reinforcing steel (mm) 9, 25

Cover thickness (mm), for 9 mm steel 4, 6 , 9 ,12 ,16 ,22 ,29 , 37
for 25 mm steel 5, 8 , 13,20, 27, 37

Table 2.5: Environmental parameters in the tests conducted by Morinaga (1990)

Factors Levels
Temperature (°C) 20, 40

Relative humidity (%) 0, 51, 62, 100, and underwater
Oxygen concentration o f air (%) 0 , 10 , 20

Morinaga’ s models can be considered to be quite comprehensive since they 

are bu ilt on long-term studies that cover a large number o f test variables. 

Nevertheless, in the case o f chloride-induced corrosion the design and environmental 

parameters were separated from each other, and no guideline was provided for 

merging them. In  practice, these parameters cannot be considered separately. It 

should also be noted that for investigating the environmental effects on the chloride- 

induced corrosion, grout coated rebars were used instead o f concrete or mortar 

specimens. Extrapolating the results from grout coated specimens to concrete and 

mortar is prone to error since many properties (e.g. porosity, water content,
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diffusivity) o f grout coatings are substantially different from  those o f the concrete and 

mortar.

2.2.6. Morinaga (1996)

Morinaga (1996) proposed a model for predicting the corrosion rate o f steel in 

cracked concrete. The assumption behind this model was that when concrete cover 

cracks the corrosion rate o f steel increases due to the abundant supply o f oxygen and 

water. Hence, it  was assumed that steel in  cracked concrete would be exposed to the 

same conditions as freely corroding steel specimens and w ill corrode w ith the same 

rate. Based on this hypothesis two sets o f tests were carried out to develop the model.

In the first experiment, 100x100x5 mm steel plates were exposed to 43 

different environmental conditions. The weight losses o f the steel specimens and the 

environmental parameters were recorded periodically. Equation (2.13) presents the 

relationship among corrosion depth, environmental parameters and the period o f 

exposure:

d c o rr  =  A o r r ' J t  ( 2 - 1 3 )

= -11 .5  + 9.307; -0 .0 3 0 6 rf„, + 2 .5 2 C " +0.135Cs()i (2-14)

where dcorr (mm) is the corrosion penetration; Tc (°C) is the annual average

temperature; dram (mm) is the annual rainfall; Cf^t (ppm) is the annual air-borne salts,

and Csch (mg/100cm2) is the annual deposited SO2.

In  the second experiment, bare reinforcing bar specimens were exposed to six 

different environmental conditions (temperature and relative humidity), and the 

weight loss o f specimens was measured over a 3-year period. Eq. (2.15) represents
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the relationship between the weight loss, environmental parameters and exposure 

time.

m = B t (2.15)c o rr  c o r r * V '

where mcotr (10 '4 g/cm2) is the amount o f corrosion products, and t (years) is the

duration o f exposure. The value o f the corrosion rate coefficient, Bcorr, can be found

in Figure 2.1.
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Figure 2.1: Coefficient o f corrosion rate in Eq. (2.15) (Morinaga 1996)

Although there is an expected relationship between the presence o f cover 

cracks and corrosion rate in reinforced concrete structures (Isgor and Razaqpur 2006), 

the hypothesis used in the design o f this experimental study (i.e. assuming that the 

corrosion rate would be the same for steel in  cracked concrete and freely corroding 

steel specimens) is subject to debate. Since the exposed areas and conditions o f 

exposure and chemistry o f the environment in the two cases are substantially
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different, the formation o f anodes and cathodes as w ell as the kinetics o f corrosion 

can be expected to be different as well.

2.3. Mathematical models

A  number o f mathematical models for estimating steel corrosion rate in 

concrete have been introduced in the literature. These models are based on either the 

mathematical representation o f controlling mechanisms o f corrosion or complex 

numerical modelling o f polarization o f steel. It should be noted that since it is 

possible and practical to numerically include multiple mechanisms that may affect 

corrosion, the latter approach has been gaining more interest. In  the follow ing 

sections, prominent mathematical models are presented.

2.3.1. Bazant (1979)

A  mathematical model for estimating the corrosion rate o f steel in  submerged 

reinforced concrete structures was developed by Bazant (1979). In this model, the 

potentials o f anodic and cathodic sites o f steel were calculated using the Nemst 

equation. In using the Nemst equation, the concentration o f species (i.e. iron ions, 

hydroxyl ions and oxygen) were calculated from the m ix proportions, the pH o f the 

pore solution and by considering the diffusion o f species through concrete cover. 

Equations (2.16) and (2.17), respectively, present the potentials o f anodic and 

cathodic sites o f steel that are used as electric potential boundary conditions for fie ld 

equations presented by Eq. (2.18) and Eq. (2.19). It is noted that substituting Eq. 

(2.19) in  Eq. (2.18) w ill results in the Laplace’s equation for electric potential.
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uf  (2.16)

i=</>st-  1 .1 8 7 - lo g ^
u,„

u: (2.17)

p i  = - V 0  (2.18)

V i = 0 (2.19)

In the above equations, (j) (mV) is the electric potential resulting from the 

electrochemical reaction, and subscripts a and c are representative o f “ anodic”  and 

“ cathodic”  respectively. <f>st is the steel surface potential, and its value is an unknown 

to be calculated for submerged structures and equals zero for structures exposed to 

air. u f is the mass concentration o f Fe(OH)2 per unit volume o f concrete, u* is the 

amount o f capillary water (gram per cubic meter o f concrete) adjacent to the anodic 

surface, is the amount o f capillary water (gram per cubic meter o f concrete)

adjacent to cathodic surface, and wf is the oxygen concentration (kilogram per cubic 

meter o f concrete) adjacent to cathodic surface.

In addition to the electric fie ld equation and potential boundary conditions 

presented above, Bazant introduced governing differential equations for the diffusion 

process and their boundary conditions and formulated the problem as a boundary

value problem which can be solved by a numerical technique such as the finite

element method. Although the model proposed by Bazant provides great insights to 

the problem o f steel corrosion in concrete, it has a number o f drawbacks. One o f the 

main drawbacks is that it ignores the activation polarization, and only considers 

concentration polarization. Although ignoring the activation polarization might be a
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reasonable assumption in  highly-saturated concretes, since for saturated conditions 

the oxygen diffusion process is very slow, and the effect o f concentration polarization 

is dominant, this assumption is not valid for concretes w ith  low  degree o f saturation 

in which activation polarization is a significant term. Furthermore, since anodic sites 

are only affected by activation polarization, ignoring this type o f polarization implies 

that anodic sites do not polarize and hence corrosion proceeds at the anodic 

equilibrium potential. Bazant, argues that the anodic sites do polarize due to oxygen 

supply (i.e. concentration polarization) since the term u f is a function o f oxygen

availability; however, this argument is not valid since uf  is a function o f the rate o f

transportation o f OH' in the bulk o f the concrete which is taken care o f through 

considering the resistivity o f concrete.

According to Eq. (2.16) anodic potential is dependent on the diffusion o f 

ferrous hydroxide away from the rebar, since uf  is the concentration o f ferrous

hydroxide and i f  this term is constant (i.e. ferrous hydroxide does not diffuse away 

from the anodic surface) the potential o f the anodic sites w ill be constant. However, 

assuming that the diffusion o f ferrous hydroxide away from the anodic surface w ill 

cause the polarization o f anodic sites may not be a valid assumption in more 

advanced stages o f corrosion when large amount o f corrosion products are formed 

next to the rebar and the diffusion o f ferrous hydroxide away from the surface may 

not cause a significant variation in  the concentration o f ferrous hydroxide next to the 

rebar.

Bazant’s approach makes the model geometry dependent since the boundary 

conditions should be set according to the geometry o f the problem and the location o f
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anodic and cathodic sites. Furthermore, the term uf appearing in the anodic

polarization is a function o f corrosion rate which makes the problem non-linear. Due 

to geometry dependence and non-linearity o f the problem, the model can be 

expensive computationally even in simple geometries.

Despite a ll the drawbacks, Bazant’s approach was later used by Balabanic et 

al. (1995) for modelling the corrosion o f rebar in a cylindrical concrete specimen, 

which is discussed in the follow ing section.

2.3.2. Balabanic et al. (1995)

By developing a non-linear algorithm for solving the coupled equations o f 

electric potential and oxygen diffusion, applying the framework suggested by Bazant 

(1979), Balabanic et al. (1995) introduced a model for estimating the corrosion rate o f 

steel in  concrete cylinders. This 3-D domain was reduced to a 2-D domain 

considering axisymmetry, and the system o f governing partial differential equations 

(i.e. Laplace’s equation for electric potentials and diffusion equation for oxygen 

diffusion in concrete) were solved numerically by the fin ite element method. 

Electrical resistivity and oxygen diffusion coefficient o f concrete were considered to 

be constant.

In constructing this model, the anodic boundary condition proposed by Bazant 

was modified such that it was considered to be fixed at the standard potential o f steel 

(i.e. ferrous hydroxide concentration variation is ignored). The boundary condition on 

the cathodic surfaces was defined by Eq. (2.17) as suggested by Bazant (1979). The 

model was used to investigate the effect o f w/c ratio, cover thickness and the degree 

o f saturation on the corrosion rate o f rebar.
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Since the model developed by Balabanic et al. (1995) is based on the 

framework developed by Bazant (1979), it  has the same lim itations as discussed in 

the previous section. By considering a constant potential fo r anodic boundary 

conditions, the polarization behaviour o f steel is modified significantly. As discussed 

before the polarization o f steel surface is a function o f corrosion rate, making the 

boundary conditions nonlinear; therefore the solution o f Laplace’s equation requires a 

nonlinear solution algorithm. The model proposed by Balabanic et al. (1995) hence 

oversimplifies the problem.

2.3.3. Raupach and Gulikers (1999)

Another way o f modelling corrosion o f steel in concrete is through equivalent 

circuits. In this approach, the macro-cell current flow ing from  anodic to cathodic sites 

is calculated using Ohm’s law by dividing the potential difference between passive 

and active sites on the steel surface to the equivalent circuit resistance, which is the 

sum o f concrete resistance, and anodic and cathodic polarization resistances. A  

schematic o f a typical equivalent circuit is illustrated in Figure 2.2. Equation (2.20) 

represents Ohm’s law used in equivalent circuit model.

j  f()2 ~ fpe (2-20)

RP,c+Rcon+RP,a +Rst

where is the anodic equilibrium potential, ^  is the cathodic equilibrium

potential, Rp,c is the cathodic polarization resistance, Rp,a is the anodic polarization 

resistance and Rst is the electrical resistance o f steel. In Eq. (2.20) resistance o f steel 

can be neglected due to high conductivity, and the polarization resistance o f anode
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and cathode can be calculated using Butler-Volmer kinetics (Brad and Faulkner 

2001), which is discussed further in  Chapter 1.

Raupach and Gulikers (1999) applied this model to two different hypothetical 

cases: (1) plan-parallel where anodic and cathodic sites are located on different 

rebars; this type o f corrosion is usually encountered in bridge slabs that experience 

salt penetration from one side; (2) Coplanar where anodic and cathodic sites are 

located at distinguishable parts o f the same rebar. In  both cases the exact location and 

dimensions o f the anodic and cathodic sites were assumed, and then the concrete 

matrixes as w ell as anodic and cathodic sites were modelled by using discrete 

elements. Although equivalent circuit model considers activation and resistance 

control mechanisms o f corrosion, its application to real world situations is very 

lim ited since to apply this model, the exact distribution o f the anodic and cathodic 

sites on the steel surface should be known in advance.

c o n c r e t e

IN TERFA CE

STEEL

Figure 2.2: Illustration o f an equivalent circuit
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Although this model was in itia lly  developed for macro-cell corrosion, 

Gulikers (2005) combined this model w ith the results o f the experimental model 

proposed by Alonso et al. (1988) and obtained a new model for uniform  corrosion o f 

steel in  concrete. This model w ill be discussed in the follow ing section.

2.3.4. Gulikers (2005)

According to equivalent circuit model, the potential difference between the 

anodic and cathodic sites comprises o f three contributions from anodic polarization, 

cathodic polarization and IR drop. Anodic and cathodic polarizations can be 

calculated using Butler-Volmer kinetics, and IR drop can be calculated using Ohm’s 

law.

Using this approach for calculating the potential difference between anodic 

and cathodic sites, Gulikers (2005) developed a relationship between corrosion 

current density and concrete resistance. Concrete resistance then was converted to 

concrete resistivity by considering a geometry (i.e. shape) factor. This geometry 

factor was found by comparing the equations resulting from  equivalent circuit model 

and the model proposed by Alonso et al. (1988); the value for the geometry factor 

suggested was 578xl0 '3. Equation (2.21) provides the resulting model:

p-Qxns 98  696 x 10”3 (2.21)i -  —£------------------------
c o rr  ^  0.8125

where icorr is in (A/m2) and FG (m"1) is the geometry factor.

This model improves Alonso et al.’ s model in two ways: (1) since concrete 

resistance is replaced w ith concrete resistivity, the model is independent o f the 

geometry o f the problem; (2) since equivalent circuit model considers some o f the
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effects o f kinetic parameters o f controlling mechanisms o f corrosion, it provides a 

more robust framework. However, it s till shares the same disadvantages o f Alonso et 

al.’s model as it also fails to predict the corrosion behaviour under diffusion control. 

Furthermore, Gulikers’s model is constructed considering constant kinetic parameters 

o f concrete which may vary substantially due to environmental effects such as 

temperature, relative humidity and concrete properties such as w/c and porosity.

2.3.5. Kranc and Sagues (1992)

One o f the most comprehensive models for predicting the corrosion rate in 

concrete was introduced by Kranc and Sagues (1992). This model is based on the 

coupled solution o f Laplace’s equation for electric potential and steady-state oxygen 

diffusion using the fin ite difference method. In solving the Laplace’s equation for 

electric potential, boundary conditions o f anodic and cathodic sites were set according 

to Butler-Volmer kinetics. While the dissolution o f iron was considered to take place 

only on the anodic sites, oxygen reduction was considered to take place on both 

anodic and cathodic sites. Boundary conditions were set according to the considered 

geometry o f the problem, possible paths o f oxygen diffusion and exposure condition. 

In  this model the concrete resistivity and the oxygen diffusion coefficient o f concrete 

can be considered as functions o f the degree o f saturation (Kranc and Sagues 1994, 

Kranc and Sagues 1997) This model can be used effectively for investigating 

different aspects o f the rebar corrosion such as determining the polarization diagrams 

o f steel (Kranc and Sagues 1992), and investigating the effects o f counter electrode 

polarization (Kranc and Sagues 1997).
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However, due to the lim itations o f the fin ite  difference method, the model can 

be used to model pre-defined geometries; therefore, boundary conditions can only be 

set specific to the considered geometry o f the problem. Setting the boundary 

conditions requires prediction o f the depassivated zones o f the rebar. Since 

depassivation o f steel in concrete is a complex process, depassivated zones o f the 

rebar can not be predicted easily.

Since this model is based on the numerical solution o f Laplace’s equation w ith 

Butler-Volmer boundary conditions, fundamental understanding o f the numerical 

procedures and electrochemistry o f corrosion are essential for accurate interpretation 

o f the results. Considering Butler-Volmer boundary conditions necessitates the non

linear solution o f Laplace’s equation, which can be computationally expensive and 

time consuming. The increase in time and computational expense o f the solutions are 

more pronounced in the case complicated geometries.

There has been a growing interest in the numerical solutions o f Lapalce’s 

equation subjected to polarized boundary conditions among researchers. Finite 

element and boundary value methods have been extensively used for this propose 

(Redaelli et al. 2006, Warkus et al. 2006), and good agreement between these 

methods where obtained. This is due to the fact that simulation o f potential 

distribution in the bulk o f the concrete using these numerical methods has a sound 

physical meaning, and the only drawback o f these methods is their dependence on the 

geometry o f the problem. This drawback is addressed in this thesis by using the finite 

element method in  different context which makes the results reasonably geometry 

independent. The details o f the research method can be found in Chapter 3.
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2.3.6. Takewaka et al. (2003)

The model developed by Takewaka et al. (2003) is, in fact, a computer 

simulation o f reinforced concrete matrix. In this model, reinforced concrete matrix 

was simulated by the random distribution o f pore space and aggregate particles 

according to m ix proportions and gradation. Pores were classified as water-filled and 

air-filled, and the water content o f concrete was defined as the ratio o f the volume o f 

the water-filled pores to total volume o f the pores. Aggregates were also divided into 

wet and dry categories. Interfacial transitions zone (ITZ) around the aggregates was 

considered water-filled and a ir-filled depending on whether they surround dry or wet 

aggregates. This is illustrated in Figure 2.3. Furthermore, the concrete matrix was 

considered consisting o f internal and external layers where the internal layer contains 

10% higher relative humidity.

The rebar was divided into 1-cm length sections, and straight diffusion paths 

to each section o f the rebar were considered; this is illustrated in  Figure 2.3. The 

length and the diffusion coefficient o f the diffusion paths passing through pores or 

aggregates were adjusted considering the water content o f each zone (e.g. pores, ITZ, 

aggregates), as illustrated in Figure 2.4. Aggregates were considered impermeable, 

and the presence o f cracks on the surface o f concrete was considered by modifying 

these diffusion paths and their diffusion coefficient.

The concentration o f chloride ions, through diffusion, at the surface o f each 1- 

cm section o f the rebar was monitored continuously, and a section o f rebar was 

considered anodic when the concentration o f chloride ions reached a predefined 

threshold value. The corrosion rate o f each section was considered to be under anodic
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or cathodic control depending on the proceeding reaction, and the rate o f the reaction 

was estimated using Eq. (2.22) and Eq. (2.23) for cathodic and anodic control, 

respectively:

anodic area, d (m) is the cover thickness, (m) is the length o f oxygen diffusion

path assumed in the model, D(h (m2/s ) is the concrete oxygen diffusion coefficient.

The smaller o f the two reaction rates was used as the corrosion rate o f the system. 

Using the calculated corrosion rate, the amount o f mass loss per unit time can also be 

calculated. Since the amount o f water present in the concrete can be a lim iting  factor 

for cathodic reduction o f oxygen, the corrosion loss is obtained from Eq. (2.22), and 

Eq. (2.23) was modified considering the concrete water content.

f  . \ 2 (2.22)

(2.23)

z7* i ^ i
where Vc e (mol.m ' .s ') is the reaction rate o f Fe in cathodic

control, (mol.m"2.s'1) is the reaction rate o f Fe2+ in anodic control, ( mol/m3) 

is the concentration o f oxygen in air, Ac (m2) is the cathodic area, Aa (m2) is the
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Figure 2.3: Illustration o f internal and external concrete layers and diffusion path for 

each section o f rebar (Takewaka et al. 2003) (Taken from the original paper)
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Figure 2.4: Illustration o f adjustment considered for diffusion coefficient o f diffusion 

path (Takewaka et al. 2003) (Taken from the original paper)

Although this model considers the effect o f relative humidity, it  ignores the 

effect o f the one o f the important environmental parameters: temperature. The effect 

o f temperature, although it can be included in the model through the oxygen diffusion 

coefficient to some extent, is not considered in developing this model. Considering 

the effect o f temperature through the oxygen diffusion coefficient in  Eqs. (2.22) and
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(2.23) do not take care o f the changes that kinetic parameters o f corrosion would 

experience.

W hile temperature is ignored, the distance from the sea shore is considered as 

a parameter in  this model and the concentration o f chloride at the surface o f concrete 

is considered a function o f the distance from sea shore. Consequently, carbonation as 

a cause o f depassivation is ignored. In addition, this model is based on the macro-cell 

corrosion, and each steel section can be either anodic or cathodic at a given time. 

Although this assumption is usually valid for chloride-induced corrosion, in 

homogeneously chloride-contaminated or carbonated concretes more uniform 

corrosion is observed, and the macro-cell assumption may not be valid.

It should also be mentioned that regardless whether the corrosion is controlled 

anodically or cathodically, the reaction rates calculated by Eqs. (2.22) and (2.23) are 

based on oxygen diffusion, which makes the process governed by diffusion control. 

However, in addition to diffusion control, corrosion process can be under activation 

or resistance control as w ell (Ghods et al. 2007); under activation and resistance 

control Takewaka et al. model fails to predict the corrosion rate accurately.

2.3.7. Song et al. (2005)

Song et al. (2005) developed a model consisting o f in itiation and propagation 

stages. The initiation stage o f the model considers the chloride ingress and 

carbonation o f concrete, which were modelled using the fin ite  element method. The 

propagation stage o f corrosion, which w ill be represented here, was modelled 

considering uniform  corrosion o f the reinforcement.
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I f  sufficient amount o f oxygen is available, the corrosion current density, in 

propagation stage, was calculated depending on the state o f the passive layer. I f  

oxygen availability is lim ited, corrosion current density was considered to be equal to 

the lim iting  current density. According to this model i f  steel is in  passive state the 

corrosion rate was calculated using:

l° 8 icorr=l°S L  ( 2 -2 4 )

where icorr is in  (A/m2), and ioa (A/m2) is the iron exchange current density. I f  the

passive film  is not completely destroyed, the corrosion current density would be 

calculated using the follow ing equations:

0.998 -  0.06pH -  0.059 log ioc + /?log iea (2.25)
log*c< J3 + 0.059

0.059
P  =

0.059 x ( c * - c ; )  ( 2 . 2 6 )

C - C

where ioc (A/m 2) is the oxygen reduction exchange current density, Cf is the free

chloride content (% by the weight o f the cement), C*f  is the free chloride content (%

by the weight o f the cement) for complete destruction o f passive film , C'f is the free

chloride content (% by the weight o f the cement) necessary for in itia tion o f corrosion. 

I f  the passive film  is completely destroyed the corrosion rate was calculated using Eq.

(2.27).

lo g /_  = 8.458 -  0 .5 0 8 ^  + 0.51og/oc + 0.511og/oa (2.27)

The formulations used for estimating the corrosion rate in this model are very 

basic and, the electrochemical principles o f these formulations are not discussed in 

detail in the published work by authors (Song et al. 2005). However, since corrosion
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current density formulations are based on the state o f passive film , uncertainties are to 

be expected due to complex mechanism o f depassivation. Inadequate referencing and 

the lack o f elaboration o f the published work (Song et al. 2005) prevent further 

discussion o f the model.

2.3.8. Huet et al. (2006)

The fact that oxygen diffusion is a slow process in concrete w ith high degree 

o f saturation and can be the controlling mechanism o f steel corrosion forms the basis 

o f the model developed by Huet et al. (2006). In developing this model it was 

assumed that (1) only the dissolved oxygen in the pore solution next to steel may be 

reduced, i.e. the kinetics o f gaseous oxygen reduction is far lower than that o f 

dissolved oxygen; (2) oxygen reduction obeys the first order kinetics law, i.e. the 

kinetics o f oxygen reduction depends only on the concentration o f dissolved oxygen; 

and (3) oxygen reduction takes place at the surface o f the reinforcement and w ithin 

the conductive oxide layer formed on the steel surface, and the rate o f the oxygen 

consumption depends on the specific surface area o f this porous oxide layer. Fick’s 

second law o f diffusion was corrected for this consumption and solved under steady- 

state conditions for oxygen concentration profile in  the bulk o f concrete. The oxygen 

concentration was then related to oxygen reduction current using Faraday’s law. Eqs.

(2.28) and (2.29) present the model developed by Huet et al.:
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where ic (A/m2) is the rate o f cathodic reaction, and ic is considered to be equal to the 

corrosion rate, ne is the valance number, F  (-96500 C/mole) is the Faraday’s constant,

7 2 3sa (-3.7x10 m /m ) is the specific surface o f the oxide layer per unit volume, 

k02 (-1 0 '5 ms'1) is the kinetic constant o f oxygen reduction, Sr is the degree o f water

saturation, s is the porosity o f the concrete considering the same porosity for oxide 

layer, C0i liquid(x2) (mol/m3) is oxygen concentration in the pore solution per unit

volume of concrete and X2 represents the surface of the concrete, Daiiquid (m V 1) is

the diffusion coefficient o f species in pore solution.

By comparing the results o f the model w ith experimental data in the literature 

Huet et al. found that their model overestimates the corrosion rate for a ll degrees o f 

saturation, and kinetics o f the cathodic reaction itse lf fails to predict the corrosion 

behaviour o f steel in  concrete. They suggested that other control mechanisms such as 

oxygen diffusion through the cover and anodic control should be taken into account. 

Although the major drawback o f the model is acknowledged by the researchers, it 

should be noted that this model does not consider the resistance control mechanism o f 

corrosion. Since concrete is a high-resistance media even, when the degree o f 

saturation is high (G j0rv et al. 1977), the resistivity o f concrete can be a controlling 

parameter in  steel corrosion (Alonso et al. 1988).
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2.3.9. Maruya et al. (2003)

A  comprehensive model for the service life  prediction o f reinforced concrete

structures consisting o f in itiation and propagation stages was developed Maruya et al.

(2003). The initiation stage o f this model considers different transport mechanisms. In

the propagation stage, the corrosion rate o f reinforcement was estimated using an

algorithm illustrated in  Figure 2.5 in which the corrosion rate was calculated

considering both micro- and macro-cell corrosion.

Based on this algorithm, [C l']/[O H  ] (ratio o f the concentration o f the free

chloride to concentration o f hydroxide ions) was calculated at each node through the

data obtained from the initiation stage; i f  this ratio was larger than 4.7 the node was

considered depassivated and its potential was calculated using:

r c n  ( 2 . 3 0 )

(l)nU = - 0 . 0 1 5  - 0 . 3  llo g  T J 
Vp* [ O H ]

where <j)pit (volts) is the pitting potential. I f  [C l']/[O H ‘] was smaller than 4.7 for a given

node, the node was considered passive and the corresponding potential was calculated 

using:

, , R  , ip a s s  (2-31)
</ )p a Ss = <t> 0 2 + & l°g  —

hc

where (f)pass (volts) is the potential o f passive steel, ̂  (volts) is the standard potential

o f oxygen reduction; ioc (A/cm ) is the cathodic exchange current density, ipass

(A/cm ) is the passive current o f steel, (3C (volts/decade) is the cathodic Tafel slope. 

By comparing <j)pH, <ppaS!i and $°0 , and using the Nemst anodic equation, the m icro-cell

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



45

potential and m icro-cell current o f each node was calculated; however, the basic steps 

o f these calculations were not elaborated in  the published work.

Based on the obtained values for m icro-cell potential and m icro-cell current, 

macro-cell corrosion was modelled by polarizing the electrodes (using Butler-Volmer 

kinetics) from the m icro-cell corrosion potential and m icro-cell current using:

0,na,c ~ + Pc 1(>g0 'corr I L j )  (2'32)

-  (</>mi,a +  Pa lo § (L r r  1 L i,a ))  =  L acPLrr 

where <f)ma c and^ma a (volts) are cathodic and anodic macro-cell potentials respectively, 

(f)mic and^mi> (volts) are cathodic and anodic m icro-cell potentials respectively, icorr

9  9(A/cm ) is the corrosion rate, imi>c and imiia (A/cm ) are the anodic and cathodic micro

cell currents respectively, Lac (cm) is the distance between the anode and cathode, p  

(Q.m) is the concrete resistivity; fic and f3a (volts/decade) are cathodic and anodic 

Tafel slopes given as follows:

/3a = -0.0121391n(C/ ) + 0.1916 (2.33)

Pe = -0.037379 \n(Cf ) + 0.2597 (2.34)

where C/ (lb/m3) is the free chloride concentration per unit volume o f concrete. The 

locations o f anodic and cathodic sites were specified due to exposure condition and 

Eq. (2.32) was solved for all the possible circuits, and the total macro-cell current was

calculated by integrating macro-cell current o f a ll electrodes. Resulting total macro

cell current then was compared w ith lim iting current density, and the smaller was 

selected as the actual corrosion rate.

Although this model integrates micro- and macro-cell corrosion, and considers 

the exposure conditions for specifying the anodic and cathodic sites, it  is based on
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purely empirical equations which are mostly derived using simulated solutions 

instead o f concrete media. Electrochemical behaviour o f steel in  concrete is 

substantially different from its electrochemical behaviour in  simulated solutions such 

as saturated calcium hydroxide (Stanish et al. 2004) since the former is a porous 

media whereas the latter is a solution. Extrapolating the results obtained from 

simulated solutions to concrete should be treated w ith caution since they do not 

necessarily yield the actual behaviour.

The model is also dependent on the geometry o f the problem; this suggests 

that each problem should be considered separately for different exposure conditions. 

Furthermore, this model follows an iterative algorithm which can be quite expensive 

computationally. It should also be noted that the effect o f temperature on kinetic 

parameters o f corrosion is not included in the model, nor the kinetic parameters 

defined in a way that the effect o f temperature can be included later.
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Figure 2.5: The algorithm for estimating the corrosion rate by Maruya et al. (2003)

(Taken from the original paper)
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2.3.10. Isgor (2001)

W hile a ll numerical methods that consider initiation and propagation stages o f 

corrosion discussed so far consider separate and sequential in itiation and propagation 

stages, the model introduced by Isgor (2001) casts these two stages in the same time 

and space domain. This approach in modelling allows the change o f in itiation stage 

parameters such as temperature, relative hum idity and the pH o f pore solution during 

the propagation stage. Hence, not only the effect o f propagation stage can be 

considered on the properties o f concrete, but also the variation in  exposure conditions 

can be considered during the propagation stage.

The other major improvement in this model (compared to the previously 

discussed numerical models) is that the effect o f environmental parameters such as 

temperature, relative humidity and concrete properties such as resistivity and pH are 

considered on the corrosion rate o f steel. Also, the effect o f rust production on the 

properties o f concrete such as pH is incorporated in this model, addressing most 

shortcomings associated w ith models discussed in  previous sections.

This model is constructed using the fin ite element method for solving the 

Laplace’s equation for electric potential subjected to Stem-Geary polarization 

equations for which a non-linear algorithm is implemented. The effects o f 

temperature, relative humidity, pH and oxygen availability are implemented solving 

the respective quasi-harmonic equations o f these parameters using a coupled solution 

algorithm. This approach enables consideration o f appropriate time-dependent values 

o f resistivity and oxygen throughout the domain and accurate simulation o f the 

corrosion process.
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In  this model, both chloride ingress and carbonation o f concrete cover are 

considered as causes o f depassivation. However, since there is little  agreement on the 

chloride threshold value which causes depassivation in the former case, two different 

approaches for specifying the anodic and cathodic sites are implement in  this model: 

(1) The chloride threshold value can be specified in the developed program o f the 

model so that the depassivated sites can be recognized according to exposure 

conditions, the resulting chloride concentration and the pH o f the pore solution; (2) 

the anodic and cathodic sites can be specified explicitly (or a uniform  A/C can be 

specified). Implementing these options for specifying the anodic and cathodic sites 

makes the model more flexible. Further details o f this model can be found in Isgor 

and Razaqpur (2006).

Although this model is comprehensive and is applicable to all scenarios o f 

corrosion o f steel in  concrete, it  is based on numerical methods and does not provide 

a closed-form solution which can be used easily by engineers and requires 

fundamental knowledge o f numerical methods and electrochemistry o f the corrosion 

process.

2.4. Summary

During the last decade there have been numerous attempts for developing 

experimental and mathematical models for estimating the corrosion rate o f steel in 

concrete. Experimental models, despite being very practical, are bound by the 

experimental setup and conditions that they were obtained from. Furthermore, they 

consider only a lim ited number o f parameters and mechanisms that may influence the 

corrosion rate. Although a number o f mathematical models can be quite practical;
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they generally oversimplify the corrosion problem in concrete. Most o f these practical 

mathematical models need to make assumptions o f fixed geometry and fixed 

boundary conditions. In addition, in  order to eliminate the numerical d ifficulties to 

obtain closed-form equations, they sim plify the boundary conditions by ignoring one 

or more control mechanisms o f corrosion; these simplifications lim it the applicability 

o f these models. The mathematical models that are based on the solution o f the 

Laplace’s equation have more fle x ib ility  in  the geometry definition; however, 

defining complex geometries can only be done at the expense o f computational 

efficiency. Especially, when m ultiple mechanisms o f corrosion are considered 

through non-linear boundary conditions (e.g. Stem-Geary equations), these models 

can become quite impractical to use for the general c iv il engineering population. It 

should be noted that these complex models are quite useful in carrying out 

comprehensive academic research studies since they can be used to carry out virtual 

experiments, sensitivity analyses and parametric studies.

The literature review presented here, therefore, demonstrates that there is a 

need for developing a practical and comprehensive mathematical model which can 

accurately predict the corrosion rate o f steel in concrete structures. Such a model 

should consider a ll control mechanisms o f the corrosion (e.g. activation, diffusion and 

resistance controls) so that its applicability in real world scenarios are not lim ited. 

The development o f such a model is the main objective o f the present work.
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3. Research Method

3.1. General

As concluded from the literature review, there is a need for developing a 

practical and comprehensive mathematical model which can accurately predict the 

corrosion rate o f steel in concrete structures. It has also been shown that numerical 

models that are based on the solution o f Laplace’s equation w ith appropriate 

boundary conditions can be quite useful in  carrying out comprehensive academic 

research studies since they can be used to conduct virtual experiments, sensitivity 

analyses and parametric studies. In the present study, an innovative approach utilizing 

the fin ite  element method to simulate actual corrosion rate measurements that are 

based on the polarization resistance technique w ill be used to carry out virtual 

experiments. The results o f the virtual experiments w ill be statistically analyzed to

50
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develop closed-form mathematical models representing the effects o f the parameters 

tested.

In this chapter, the method used to carry out this study is explained. The 

concept o f virtual polarization resistance experiments in reinforced concrete 

structures is introduced. The virtual experiments that w ill be carried out to develop a 

comprehensive model for the corrosion o f steel in concrete are developed. The 

domain o f the problem, the governing differential equation (i.e. Laplace’s equation), 

and the boundary conditions for developing the virtual experiments are defined. The 

numerical procedure to solve the governing equation is discussed and its efficiency is 

evaluated. Finally, the algorithm o f a computer program that was developed for 

carrying out the virtual experiments is presented.

3.2. Virtual polarization resistance experiments

During the past decades almost every fie ld o f science and engineering 

observed significant advances partly as a result o f enhanced utilization o f virtual 

experiments. C iv il Engineering has also experienced this trend, especially in the 

fields o f soil mechanics and structural analysis. Although the term “ virtual 

experiment”  has been widely used, its definition may vary substantially from one 

branch o f science to the other. Clearly, not every computer simulation can be labelled 

as a virtual experiment; therefore in  this work, the follow ing definition is proposed: a 

virtual experiment is a computer simulation of time-consuming, expensive, and 

sometimes unpractical physical tests for deducing engineering conclusions.

The main reason for growing interests in virtual experiments is that they serve 

as low-cost and efficient alternatives to complicated, and potentially very expensive,
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physical experiments: A  comprehensive experimental program that may take decades 

and cost m ulti-m illion dollars to carry out can be completed in  a relatively short 

period o f time for only the cost o f the computing time. Furthermore, when a certain 

experiment requires precisely controlled conditions, well-designed virtual 

experiments can become the first choice over physical tests since the control o f most 

conditions (e.g. environmental conditions, test setup, etc.) can be d ifficu lt in the latter.

Precise control o f the environmental conditions is a major challenge in 

corrosion studies, especially in the investigation o f steel corrosion in concrete 

structures. Since the complex matrix o f concrete undergoes major alterations as a 

result o f small variations in the surrounding environment, the control and monitoring 

o f the varying circumstances can become hard, i f  not impossible. For example, 

temperature change w ithin concrete not only affects the kinetics o f steel corrosion 

directly, but also influences the chemistry o f the cementitious system. Nowadays, 

accelerated corrosion testing is the most commonly used method for investigating the 

durability o f concrete structures; however, due to the inherent d ifficulties o f the 

subject and inaccuracies/uncertainties associated w ith the corrosion measurement 

techniques in a material like concrete that has high resistivity, the results o f these 

studies are mostly subject to debate. Well-designed virtual experiments that are bu ilt 

on solid theoretical and numerical foundations can help to eliminate this problem. 

Carrying out an experiment numerically has the follow ing additional advantages:

(1) In  real experiments only measurable parameters can be considered as 

experimental variables, whereas, in virtual experiments parameters that are not
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measurable directly (e.g. lim iting current density) can be included as experimental 

variables;

(2) In real experiments dependent parameters such as temperature and 

concrete resistivity cannot be varied independently; however, in  virtual experiments 

this is possible;

(3) In real experiments a number o f parameters such as A/C ratio cannot be 

controlled precisely due to the uncertain nature o f the depassivation process in 

concrete, whereas, in virtual experiments the value o f these parameters can be 

specified.

Due to the aforementioned benefits, in  this thesis virtual experiments have 

been chosen over physical experiments to investigate the corrosion o f steel in 

concrete, w ith the ultimate goal o f developing a practical and comprehensive model. 

The physical experiment that w ill be simulated w ill be the polarization resistance 

technique, which is one o f the most w idely used procedures for measuring corrosion 

in reinforced concrete structures. By doing so, a critical investigation o f this 

measurement technique w ill also be made. In the fo llow ing section, a b rie f 

description o f the polarization resistance technique is provided. Further information 

on this technique can be found in (Clear 1989, John et al. 1992, Feliu et al. 1990, 

Rodriguez et al. 1995).

3.3. Polarization resistance technique

As discussed in previous chapters, corrosion proceeds at corrosion potential, 

<j)corr, at which anodic and cathodic polarization curves converge. Close to this 

potential, both anodic and cathodic polarization equations (assuming high oxygen
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availability) are linear. Hence, i f  a small external current is applied to the system the 

potential o f the corroding system w ill vary linearly. This is illustrated schematically 

in  Figure 3.1.

Linear section

*  log(i)
co rr

Figure 3.1: Illustration o f the linear section o f the polarization curves

Applying the Ohm’s law to this linear region, the follow ing w ill be obtained 

(Uhlig and Revie 1985):

(3.1)

Rp = A Ir

where Rp (Q) is the polarization resistance, <pp (volts) is the polarization potential and 

Ip (A ) is the polarization current. In the above equation, when polarization current 

approaches to zero, polarization potential approaches to corrosion potential. In  other 

words, when Ip is zero the system is not disturbed, and corrosion proceeds at $corr-
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The main objective o f the polarization resistance technique is to measure the 

polarization resistance, Rp, so that it  can be used in  the follow ing equation to obtain 

the corrosion rate (Andrade and Gonzalez 1978):

. B (3.2)

Zco,r APRP

where icorr (A/cm2) is the corrosion rate, Ap (cm2) is the polarized area o f the steel, 

and B (26 mV/dec for actively corroding steel) is the polarization constant calculated 

using (Stem and Geary 1957):

B   PaPc = 26 mY/dec (3.3)
2 .3 0 3 (A + A )

There are two static methods for measuring the polarization resistance: (1) 

potentiostatic approach, in  which a constant external potential is applied to the system 

and the corresponding response is recorded in the term o f polarization current; (2 ) 

galvanostatic approach, in which a constant external current (polarization current) is 

applied to the system and the corresponding potential (polarization potential) is 

recorded.

The dynamic method for measuring the polarization resistance is also based 

on the same principles as discussed above, and the only difference is that the response 

o f the system is measured under transient state: a pulse o f current is applied to the 

system and the potential change on the system is recorded. By considering Randles 

circuit (see Figure 3.2) as the model o f the system the obtained data for potential are 

fitted to the curve representing the Randles curve and the polarization resistance, 

equivalent capacitance and ohmic resistance o f the system are obtained.
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The test setup o f both (static and dynamic) methods is the same and is shown 

in  Figure 3.3. In the beginning, the instrument records the corrosion potential, <j>corr, 

using the reference electrode and the potential difference between the two sensors. I f  

the system is galvanostatic, a small current is applied to the rebar using the counter 

electrode, and the potential change o f the system is recorded using the reference 

electrode to calculate the polarization resistance, Rp. Furthermore, a current is applied 

to the system using the external counter electrode (also referred to as the “ guard 

ring” ) until the potential difference between the sensors returns to the potential 

difference o f the undisturbed system, which was recorded at the beginning o f the 

measurement. This ensures confinement o f the polarized length o f the rebar, which is 

necessary for using Eq. (3.2).

Capacitance

Resistance

Resistance

Figure 3.2: Randles circuit
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3.4. The governing equation and boundary conditions

The equation governing the potential distribution in a corroding system can be 

derived from first principles. Assuming electrical charge conservation and isotropic 

conductivity, the potential distribution can be represented by the Laplace’s equation 

(Munn and Devereux 1991):

V 2<f> = 0 (3-4)

Equation (3.4) gives the potential distribution at any point o f the domain o f 

problem. Since the objective is to simulate the polarization resistance method the 

domain o f the problem is chosen to be a part o f the bulk o f the concrete which 

includes the polarized length o f the rebar as illustrated in Figure 3.3. It should be 

noted that the same domain also represents the corrosion o f uniform ly depassivated 

steel in  a reinforced concrete member in which anodes and cathodes can be assumed 

to be uniform ly distributed along the length o f the reinforcement, as illustrated in 

Figure 3.4. Once the potential distribution along the steel is known, the current 

density at any point on the steel surface can be calculated by (Munn and Devereux 

1991):

(3.5)
p  dn

where i (A/m2) is the current density into the electrolyte computed at a specific point 

on the steel surface, p  (Q.m) is the concrete resistivity, and n is the normal to the 

equipotential lines. The rate o f rust production at the anodic regions on the steel 

surface can be calculated by the Faraday’s law. Therefore, once the current densities
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on the steel surface are calculated, the determination o f the rate and amount o f 

corrosion becomes a straightforward task.

The boundary conditions o f the domain, as illustrated in Figure 3.5, are 

defined at: (1) anodic interface where iron oxidation takes place (Ta); (2 ) cathodic 

interface where oxygen reduction takes place (Tc), and (3) concrete surface or the 

symmetry axes where no current flux exists ( r o). Concrete surface boundary 

condition should be specified by no flux, and the first two types o f boundary 

conditions, i.e. anodic and cathodic, can be identified by referring to the 

electrochemical nature o f corrosion process, which w ill be elaborated as follows.

The corrosion o f steel in  concrete is a result o f the redox (reduction and 

oxidation) reaction between iron dissolution in pore water and oxygen reduction on 

the steel surface as described by Eqs. (1.1) and (1.2), respectively (see Chapter 1). 

The produced current in  this process causes the change in potential and hence 

polarization o f both anodic and cathodic sites. The anodic and cathodic polarization 

can be expressed by Stem-Geary equations, i.e. Eqs. (1.5) and (1.6), respectively 

(U hlig and Revie 1985). The second terms on the right-hand side o f both equations 

represent the activation polarization. Although the anodic reaction can be assumed to 

be controlled only by activation polarization, the effect o f concentration polarization 

on the cathodic reaction cannot be ignored since the oxygen concentration around the 

cathodic sites on the steel surface may be low due to slow oxygen diffusion, resulting 

in  further polarization. The concentration polarization in  the cathodic reaction is 

considered through the third term on the right hand side o f Eq. (1.6).
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Prescribing the value o f anodic and cathodic potentials according to Stem- 

Geary polarization equations, using Eqs. (1.5) and (1.6), results in  D irichlet boundary 

conditions at anodic and cathodic sites. No flux boundary conditions at all other 

boundaries can be defined through the Neumann condition on the concrete surfaces, 

as illustrated in Figure 3.5. Equations (1.5) and (1.6) suggest that the boundary 

conditions o f anodic and cathodic sites are substantially different from each other. 

Since the anodic and cathodic surfaces are linked, assigning the shared node either 

boundary condition w ill result in convergence issues. To overcome this problem, the 

boundary condition at the transition point from anode to cathode (called “ free node”  

hereafter) was not defined, and the values o f potential and current at this node were 

determined from the solution o f the Laplace’s equation. It is interesting to note that, 

in fact, the physics o f corrosion also suggests that the points o f contact between anode 

and cathode can not be defined as either since they may show both behaviours at 

different times during the corrosion process (Uhlig and Revie 1985); therefore this 

assumption can be justified theoretically.

3.5. Domain discretization

The domain o f the problem in this work is considered to be 300 mm in length 

(i.e. the polarized length o f the rebar), which is large enough such that it does not 

impose any significant effect on the rate o f steel corrosion that is expressed in  terms 

o f current density. The height o f the domain is dependent on the cover thickness 

considered in the problem, which is one o f the experimental variables considered in 

this study.
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The shape and the number o f elements used to discretize the domain is a 

significant factor that may affect the convergence and the accuracy o f the solution. 

For discretizing the domain two types o f elements (triangular and rectangular) were 

examined. Sensitivity analyses have shown that when triangular elements are used, 

results are highly dependent to the number o f elements unless very fine meshes are 

used. On the other hand, using rectangular elements does not introduce any problems 

w ith uneven mesh quality since the domain is rectangular; the mesh quality w ill be 

uniform  at every point in  the domain. For this reason, it is possible to use a coarser 

mesh when rectangular elements are used. It was found that the optimum size o f the 

rectangular elements for discretizing the domain is 5x5 mm. Smaller elements not 

only do not affect the results significantly, but also introduce convergence problems 

due to the sharp potential gradients between anodic and cathodic sites o f the 

reinforcement.

Figure 3.6 illustrates the results o f a sensitivity analysis for the shape and the 

number o f elements. In this figure, the domain o f the problem is discretized w ith two 

element types w ith different number o f elements. As it can be seen in the figure, for a 

given A/C ratio, the results o f three cases are in  the same order o f magnitude but 

show variations up to 4 times. The fluctuations at low A/C ratios can be observed 

when triangular elements are used. The results o f the corrosion current in meshes w ith 

triangular elements are always smaller than those w ith rectangular elements. This is 

mainly due to (1) the higher round-off error associated w ith the calculation o f flux at 

the steel/concrete interface for triangular elements; (2 ) better interpolation o f the fie ld
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variable (i.e. electric potential) in  rectangular elements. An extensive sensitivity 

analysis regarding to the size o f rectangular elements can be found in (Ge 2006).

<
£<u>:
t
.3

o
o

g
6

1200 Rectangular elements 
1792 Triangular elements 
112 Triangular elements

2x1 O'

0x 10l
0 0.2 0.4 0.6 0.8 1
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Figure 3.6: Sensitivity analysis for the type and number o f elements

3.6. Non-linear solution algorithm

The solution o f Eq. (3.4), subject to the boundary conditions defined by Eqs.

(1.5) and (1.6), is highly non-linear due to the fact that the current densities, ia and ic 

that are used to calculate the anodic and cathodic boundary conditions (i.e. Eqs. (1.5) 

and (1.6), respectively) require the potential gradients as per Eq. (3.5), which can only 

be calculated from the results o f the solution itself. Among a number o f available 

non-linear solution algorithms for solving these types o f equations, here, a modified 

version o f the direct iteration method (M D IM ), which is a generalized form o f
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Pichard iteration (Bhat and Chakraverty 2004), is implemented. The M D IM  uses the 

same approach as Pichard iteration, albeit w ith a relaxation factor, £  In the M D IM , 

the boundary conditions on the steel surface, assuming Dirichlet-type definition, are 

determined as:

/ * = ( l - £ # *  + £/■(>•*) (3.6)

where ^ is between 0 and 1. The new boundary condition f t +x is calculated as a 

weighted average o f the boundary condition o f the previous iteration and the 

boundary condition provided by the polarization equation, f ( i k) . The M D IM  has an 

inherent measure o f trust that the new iterate is moving towards a converged solution. 

It should be noted that when £ = 1, the M D IM  is the same as Pichard Iteration.

To start the iteration process (firs t iteration) seed values for potential and 

current density should be provided at each node on the steel surface. The examination 

o f the results o f many cases has proven that the distribution o f seed values at the 

surface o f steel has a significant impact on the number o f iterations. Hence, to start 

the iteration process seed values for potential and corrosion current density ( f t  and i 

respectively; see Eq. (3.6)) were distributed based on the results o f a case w ith sim ilar 

properties (resistivity, temperature, A/C, etc.) for which the convergence is less 

nonlinear. What determines the degree o f nonlinearity is mostly the value o f the 

lim iting  current density, /jr. As illustrated in Figure 3.7, fo r large values o f it, the 

convergence o f the problem is not generally d ifficu lt. As the value o f ii decreases, 

reaching to convergence requires more iterations and smaller relaxation factors. This 

is due to the fact that as the lim iting current density decreases, the slope o f the 

polarization curve at convergence point approaches to in fin ity , resulting in  a large
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shift in  potential even w ith very small changes in current density, causing the answer 

to fluctuate around the lim iting current density.

H ig h ly  no n lin ear L ess n o n lin ear case 
case  /

C athod ic  po lariza tion  
cu rve

L im iting  
C urren t D ensity

D ecreasing  i L

C u rren t D ensity

A ssum ed  so lu tion  b y  the
govern ing  equation  

Figure 3.7: Schematic illustration o f converged solution

The other provision considered to increase the rate o f convergence o f the 

cases w ith very low  lim iting  current density is the further modification o f the seed 

value distribution w ith respect to the previous case during the iterations. When the 

lim iting  current density is very low, corrosion tends to proceed close to the lim iting 

current density at every point, leaving the previously discussed distribution o f seed 

value (i.e. based on the results o f a case w ith sim ilar properties) ineffective. Thus, in 

these cases the seed value at every point is modified again and is shifted to values 

closer to the lim iting current density. W ithout this approach convergence to a solution 

requires significantly large number o f iterations, i f  possible at all.
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Figure 3.8 compares the number o f iterations to convergence (w ith modified 

and unmodified seed values) for a case w ith large lim iting current density (e.g. /£ =

0.2 A/m 2). The number o f iterations when unmodified seed values are used is almost 

350 times larger than the case (cover thickness = 40 mm), fo r which the seed values 

are modified. As the concrete cover thickness increases, the number o f iterations 

substantially decreases for both approaches; however, the number o f iterations that is 

required to reach convergence when unmodified seed values are used is s till larger. 

The number o f iterations decreases w ith the increase o f cover thickness since this 

results in smaller potential gradients (or current densities) in  the bulk o f concrete, 

resulting in lower degree o f nonlinearity.
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Figure 3.8: Number o f iterations for a case w ith large ii (0.2 A/m2) w ith modified and 

unmodified seed values: (a) 40 mm cover thickness (£=0.025); (b) 100 mm cover

thickness (£=0.025)
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Figure 3.9 compares the number o f iterations for a case w ith a moderate 

lim iting  current density (iL = 0.02 A/m 2). Substantially smaller number o f iterations 

can also be observed for this case when modified seed values are used. It should be 

noted that the number o f iterations for the cases w ith unmodified seed values is 

almost the same for different cover thicknesses; however, the number o f iterations 

decreased w ith increasing cover thickness when modified seed values are used.
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Figure 3.9: Number o f iterations for a case w ith intermediate it (=0.02 A/m 2) w ith 

modified and unmodified seed values: (a) 40 mm cover thickness (£=0.025); (b) 100

mm cover thickness (£=0.025)

Figure 3.10 compares the number o f iterations o f the two approaches (i.e. 

modified and unmodified seed values) for a very small z7 (0.002 A/m2). It can be 

observed that when unmodified seed values are used, the solution did not reach 

convergence. On the other hand, the cases w ith modified seed values reach 

convergence after approximately 400 iterations. It should be noted that Figure 3.9-(b)
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and Figure 3.10-(b) illustrate the convergence in cases w ith 100 mm cover thickness. 

The fact that the number o f iterations in the cases w ith low  lim iting  current density is 

significantly larger illustrates the importance o f this factor on the convergence 

process. Hence, M D IM  w ith modified seed values has been implemented in the 

present work for solving the Laplace’s equation. For this purpose, a customised 

computer program in M ATLAB was developed. The algorithm o f the program is 

discussed in the next section.
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Figure 3.10: Number o f iterations for a case w ith small k  (0.002 A/m  ) w ith modified 

seed values: (a) 40 mm cover thickness (£=0.001); (b) 100 mm cover thickness

(£=0.001)

3.7. Program development

A  comprehensive program has been developed in M ATLAB for carrying out 

the virtual experiments described in this chapter. This program is developed around a 

fin ite  element solver developed on the Fortran platform at Carleton University (Isgor
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2001). Figure 3.11 represents the flowchart o f the algorithm used in the M ATLAB 

program.

In the first part o f the program, input data to the program is provided by the 

user. Based on the provided data, the temperature dependent kinetic parameters o f 

corrosion are calculated. Note that the formulation and theoretical background for 

these calculations are provided in Chapter 4. In addition, based on the provided //, 

value, a value for relaxation factor, <f, is chosen by the program such that smaller 

values o f lim iting current density require a smaller relaxation factor.

In a parallel process, the domain o f the problem is destretized depending on 

the cover thickness provided by the user, and the seed values are distributed along the 

steel/concrete interface. Depending on the A/C ratio o f the case considered, the 

boundary conditions are set and the fin ite  element solver is run. A t the end o f the run, 

the convergence criterion is checked: The convergence criterion consist o f comparing 

the potential o f each node in two consecutive iterations. I f  the difference between the 

two consecutive iterations is less than the user defined criterion (0.001  volts is the 

default value), the iterations can be terminated. Meanwhile, after each iteration, the 

value o f the corrosion current density at the steel/concrete interface is controlled to be 

in an acceptable range, which is determined considering the polarization behaviour o f 

the steel. More specifically, the current density at each node should be larger than the 

corresponding exchange current density (depending on whether the node is anodic or 

cathodic) and smaller than the lim iting  current density for cathodic area. A fter 

convergence, the obtained data including the corrosion current density, the potential 

distribution (on the surfaces o f steel and concrete and w ithin the bulk o f the concrete)
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are recorded. The seed values for the entire domain are recorded and updated for the 

next cases to be run.

To obtain the corrosion rate o f steel, the corrosion current o f each case is 

calculated by numerically integrating the area under the curve representing the anodic 

current density distribution. Figure 3.12 illustrates the current density distribution 

curves o f anodic and cathodic sections o f steel for different A/C  ratios; it  is noted that 

positive corrosion current density corresponds to anodic oxidation o f steel and 

negative current density corresponds to cathodic oxygen reduction. The A/C ratio 

which has the maximum area under the anodic section (i.e. corrosion current) is the 

optimum A/C ratio; the theoretical details o f the optimum A/C w ill discussed in 

Chapter 4. The corrosion current o f the optimum A/C ratio is then divided by the 

anodic area o f the steel and the average corrosion current density is obtained. The 

average corrosion current density obtained in this way corresponds to the corrosion 

current density measured in the fie ld by polarization resistance technique.

Since the corrosion current is normalized over the anodic surface o f the steel, 

the average corrosion current density is always smaller than the maximum corrosion 

current density which occurs at the transition point from anode to cathode; in Figure 

3.12 the maximum corrosion current density occurs at A/C = 0.1. Using the average 

corrosion current density obtained above as representative o f corrosion rate, one may 

significantly underestimate the corrosion rate. To overcome this problem, the 

maxim um corrosion current density o f all the A/C ratios is also recorded as the 

maximum corrosion current density. The maximum corrosion current density is
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representative o f the pitting corrosion current density, which is further explained in 

the fo llow ing chapter.

It is important to note that i f  one were to conduct real experiments for all the 

cases that are analysed in  this study, leaving the feasibility o f conducting these tests 

aside, it  is estim ated that a period o f 4 to 5 years needs to be devoted to the laboratory 

investigation. On the other hand, the runtime for 16,000 cases using virtual 

experiments was 144 hours (not consecutively) using a regular Pentium 4 PC w ith 1 

GB RAM.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



72

Start

INPUT: 
Temperature 
Resistivity 

Cover thickness 
Limiting current 

density 
A/C

Calculate temperature 
dependent parameters Generate the mesh

Choose under 
relaxation factor

Distribute seed 
values

Set B.C.

Modify B.C

Is B.C. 
acceptable?

FEM

Modify seed 
value

Store Data:
Potential Distribution 
Current Distribution 
Optimum A/C and 
Optimum Current

Yes

Figure 3.11: Flowchart o f the M ATLAB algorithm/program
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4. Theoretical Considerations

4.1. General

The main objective o f this chapter is to present the theoretical background 

used in this study for considering the effect o f different parameters on the kinetics o f 

steel corrosion in concrete. Furthermore, the definition o f micro- and macro-cell 

corrosion is re-examined; a qualitative investigation on the A/C ratio is carried out, 

and the concept o f optimum A/C ratio is presented.

4.2. Micro- and macro-cell corrosion

The corrosion o f steel in concrete, depending on the spatial separation o f 

anodic and cathodic sites, is categorised as m icro-cell or macro-cell corrosion. Based 

on the generally accepted definition, in  m icro-cell corrosion the anodic and cathodic

74
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sites are microscopically separated and their location changes w ith time (Bohni 

2005); whereas, in  macro-cell corrosion the anodic and cathodic sites are macroscopic 

and have fixed locations (Bohni 2005). In macro-cell corrosion, i f  the relative area o f 

the anodic sites to cathodic sites is small, it is called pitting corrosion (Bohni 2005). 

Despite this definition, people working in the area o f corrosion o f steel in  concrete do 

not always agree on the type o f corrosion in a given situation. Indeed, there is a lack 

o f clear distinction between the m icro-cell and macro-cell corrosion in the literature, 

and a criterion to differentiate between the two types o f corrosion should be proposed.

Figure 4.1 illustrates the polarization curves o f the anodic and cathodic sites 

for an A/C ratio o f 1. I f  the electrical resistance o f the solution is negligible (virtually 

zero), the corrosion w ill proceed at p o te n tia l^ , and both the anode and cathode w ill 

have potentials equal to this potential. In this case, the anode and cathode can convert 

to each other very easily since they do not need to overcome any thermodynamic 

barrier (e.g. large resistance). When the corroding system has this type o f kinetics, the 

corrosion can be referred to as m icro-cell corrosion. On the other hand, i f  the solution 

has a considerable electrical resistance, the potential difference between the anode 

and cathode w ill be significant. This is illustrated in Figure 4.1 where anode and 

cathode potentials are <j>2 and <j>3, respectively. In  the latter case, anode and cathode

cannot convert to each other, since the thermodynamic barrier between them is 

significantly large. Accordingly, i f  there is a potential difference between the anode 

and cathode the corrosion can be categorized as macro-cell corrosion.

Indeed, the electrical resistance o f the solution plays an important role in 

determining the type o f corrosion, but it should be noted that the resistance is a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

function o f resistivity and the relative distance between the anode and cathode. 

Hence, i f  the solution has a very high resistivity (e.g. in  the case o f concrete) 

corrosion w ill more like ly proceed in the form o f macro-cell corrosion, unless the 

relative distance between the anodic and cathodic sites are very small.

A  very important point should be kept in  mind w ith regard to the corrosion o f 

steel in  concrete: Anodic oxidation o f steel cannot occur on passive steel; hence 

passive steel can only show cathodic behaviour. On the other hand, oxygen reduction 

may occur on both passive and active steel. Therefore, the type o f the corrosion, in 

the case o f steel corrosion in concrete, also depends on the depassivation o f steel. 

When steel is uniform ly depassivated (e.g. due to uniform  chloride contamination or 

carbonation), the anodic and cathodic reactions w ill occur on the same surface and 

very close to each other. In  this case, the resistance o f concrete can be ignored since 

the relative distance o f the anode and cathode is very small. Therefore the potential o f 

the surface can be considered to be the same at each point, resulting in  m icro-cell 

corrosion. On the other hand, when only a section o f the steel is depassivated (e.g. 

due to chloride attack) the relative distance between the anode and cathode is not 

negligible (and hence resistance is not negligible). In  this case, there exits a potential 

difference between the anode and the cathode; hence the corrosion can be regarded as 

macro-cell corrosion. In the latter case, i f  the oxygen reduction also occurs on the 

anodic surface, the corrosion process is a combination o f m icro-cell and macro-cell 

corrosion. The above discussion clearly shows that the potential difference between 

the anodic and cathodic sites is a better criterion for categorizing the type o f corrosion 

process.
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Figure 4.1: Schematic illustration o f anodic and cathodic polarization curves

4.3. Anode-to-cathode area (A/C) ratio

The existence o f the A/C ratio has been a subject to debates (Uhlig and Revie 

1985) since some researchers believe that the anodic and cathodic reactions can occur 

on the same surface, and A/C ratio does not bear any physical meaning. Nevertheless, 

Stem introduced this parameter in  his earlier work (Stem and Geary 1957), and by 

considering some sim plifying assumptions argued that an optimum A/C exists for 

which the corrosion rate reaches to its maximum value. In this section qualitative and 

quantitative considerations w ill be provided on the A/C ratio, and the concept o f 

optimum A/C for steel corrosion in concrete without sim plifying assumptions used by 

Stem w ill be discussed.
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4.3.1. A/C ratio

According to Ohm’s law the potential difference between an anode and a 

cathode can be expressed by:

d> -A  = I  R (4.1)
t c  r a  c o rr  con v  s

where I corr (A ) is the corrosion current, Rcon (O) is the concrete resistance between the 

anode and the cathode, (j)a (volts) and (j)c (volts) are potentials o f the anode and the

cathode, respectively, which can be represented by Stem-Geary polarization 

equations (Eqs. (1.5) and (1.6)). By neglecting the concentration polarization in 

Stem-Geary cathodic polarization equation (Eq. (1.6)), and assuming that the anode 

and the cathode are closely located (or the resistivity o f the solution is very low) that 

the resistance o f the solution can be ignored, Eq. (4.1) can be written as:

fa ~ fa = 0 (4.2)

Therefore, the potential o f the anode and the cathode w ill be equal to the corrosion

potential:

f a o r r  = f a = f a  ( 4 . 3 )

By substituting <f>corr in the Stem-Geary anodic and cathodic polarization equations

(Eqs. (1.5) and (1.6)), and reorganizing the terms, the follow ing two equations for the 

anodic and the cathodic current densities can be obtained:
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la = ha exp
v

2.303(4,, - 4 )
A /

(4.4)

/ 2.303fe~4,)
A

A
(4.5)

V /

Since the produced currents due to oxygen reduction and steel oxidation are 

equal, one can write:

where Aa and Ac represent the anodic and cathodic areas respectively. By substituting 

Eq. (4.4) and (4.5) in  the above equation and representing the A/C w ith r.

A ll parameters on the right hand side o f Eq. (4.7) are constant except for corrosion 

potential,<j>corr. Figure 4.2 illustrates the A/C ratio as a function o f(f>corr. I t  can be 

concluded from this figure that i f  an A/C ratio (other than 1) does not exist, 

ficorr ~ -0-588 volts, which is not always the case; different values o f corrosion 

potential observed in experiments suggest the existence o f A/C  ratio other than 1.

corr (4.6)

i r J 2-
A

(4.7)

2 .3 0 3 (4 , - A )
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Figure 4.2: Variation o f A/C w ith corrosion potential in  absence o f 

concentration polarization and IR drop

4.3.2. Effect of concrete resistance on A/C

In  the previous section the effect o f concrete resistance in  Eq. (4.1) was ignored, 

however, in  this section the effect o f concrete resistance w ill be included and only the 

effect o f concentration polarization in cathodic polarization (Eq. (1.6)) w ill be 

neglected. Therefore, Eq. (4.1) can be rewritten as:

k~k= €, + A log A  -  fr, - A log A = (4'8)I I
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Substituting Eq. (4.6) into Eq. (4.8) and considering, A/C ratio, r = Aa/Ac, the 

follow ing w ill be obtained:

fo, -P f - P c lo g ;.,+ P. log + (4.9)
v—:-v --------------«------------- '

C«! C«2

Pc 1(W  ~ P a log ifl = iaAaRcon

K AaR con =  C n\ +  C n2 +  P c l ° & a  +  P c l ° B r  ~  P a lo S L  (4 ‘ 10)

By reorganizing Eq. (4.10) for A1C ratio and assuming Aa= 1, the follow ing w ill be 

resulted:

'  2 202 ^ 
r  = exp — (C«! + Cn2 -  iaRcon + (J3a -  J3C) log ia ) (4.11)

P c

Equation (4.11) suggests that the A/C ratio is a function o f concrete resistance 

at every given anodic current density. Figure 4.3 illustrates the effect o f concrete 

resistance on the A/C ratio. It can be observed from this figure that as the concrete 

resistance decreases a ll the curves converge to the same value, in  other words, the 

effect o f concrete resistance on the A/C can be ignored for concrete resistances less 

than 0.01 f l  This is a very significant observation since the concrete resistance (for 

fixed values o f anodic and cathodic areas) consists o f contributions from concrete 

resistivity and the relative distance between the anode and cathode. Assuming the 

concrete resistivity is a constant value, decrease o f concrete resistance can be 

interpreted as decrease o f the relative distance between the anode and the cathode. 

This means that even in the case o f m icro-cell corrosion (where the distance between 

the anode and cathode is virtua lly zero) the A/C ratio exists.

It is noted that although the effect o f concrete resistance on the A/C ratio 

decreases for high values o f the former, at high resistance values, A/C ratio always
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exists since high resistance (according to Ohm’s law) causes a significant potential 

difference between the anode and cathode resulting in complete separation o f anode 

and cathode, and since the rate o f the reaction on the anodic and cathodic sites are not 

the same, A/C can not be always equal to unity.

5x10'

Resistance (Q) 
 *   0.01

3x10"'
1.0

0.80.2 0.4 0.6 10
A/C ;

Figure 4.3: Variation o f A/C w ith concrete resistance

4.3.3. Effect of oxygen availability on A/C

Investigating the effect o f oxygen availability on the A/C ratio is feasible 

through the non-linear solution o f Eq. (4.9) by considering the concentration 

polarization as well. However, this approach w ill significantly compound the
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complexity o f the problem. To overcome this problem another approach is suggested 

herein.

The physical meaning o f the concentration polarization in Eq. (1.6) suggests 

that the maximum value o f the cathodic current density is equal to the lim iting  current 

density. Hence, the maximum value o f the anodic current density can be obtained 

from Eq. (4.6) when cathodic current density is equal to lim ing current density, that 

is:

i J j ,  (4.12)
a,max

r

By plotting this equation for different values o f lim iting  current density and 

superimposing the plots on Figure 4.3, the effect o f lim iting current density on the 

A/C ratio can be investigated.

Figure 4.4 illustrates the effect o f lim iting current density on the A/C ratio for 

two different values o f lim iting current density. It  can be seen from this figure that 

when the value o f lim iting current density is relatively large, it  does not impose any 

effect on the A/C ratio, however, as the lim iting current density decreases its effect 

manifests itself. It can be concluded from this figure that the effect o f lim iting  current 

density on A/C ratio depends on the values o f lim iting current density and the 

concrete resistance between anode and cathode.
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Figure 4.4: Effect o f oxygen availability on the A/C

4.3.4. The optim um  A/C ra tio

Stem studied the effect o f A/C on the corrosion rate o f a metal in  a system 

where both anodic and cathodic polarization follows Tafel behaviour (i.e. governed 

by activation polarization only) and IR drop is negligible (Stem and Geary 1957). 

Based on this study, it  was analytically demonstrated that maximum corrosion 

current, I corr, occurs when

Al = Po_ (413)
^  Pc

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This means that for a metal w ith sim ilar anodic and cathodic Tafel slopes (i.e. 

Pa ~ Pc)> the maximum corrosion rate occurs at an A/C ratio o f unity. A t any other 

A/C ratio, the corrosion rate would be smaller, reaching zero at a ratio equal to zero 

or in fin ity  (Uhlig and Revie 1985). It is w ell established that the corrosion o f steel in 

concrete is rather complicated, and using Stem’s assumptions may oversim plify the 

problem (Isgor and Razaqpur 2006). In order to apply the same approach to the 

problem o f steel corrosion in concrete and prevent the oversimplification the 

follow ing approach is undertaken herein.

Figure 4.5 illustrates one anode and one cathode separated by a concrete layer. 

I t  should be noted that although this model can represent a number o f scenarios for 

corrosion o f steel in concrete structures, it  is not a typical problem that is encountered 

in the real world. However, for the purpose o f proving the concept before the detailed 

fin ite element investigation o f a more realistic system, the arrangement in Figure 4.5 

w ill be simulated using a closed-form solution. The maxim um corrosion current, I corr, 

o f a one-dimensional problem shown in this figure can be obtained as follows.

As was discussed in Chapter 3, the electric potential distribution at any point 

in  the bulk o f the concrete can be found by solving the Laplace’s equation (Eq. (3.4)), 

and the current density at any point on the steel surface can be calculated using Eq.

(3.5). The boundary conditions o f the Laplace’s equation are defined by Eq. (1.5) and 

Eq. (1.6) respectively. Hence, the distribution o f potentials in the one-dimensional 

domain presented in Figure 4.5 can be determined by solving the Laplace’s equation.
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The solution constants, a and b, can be obtained from the anodic and cathodic 

boundary conditions defined by Eq. (1.5) and Eq. (1.6) respectively.

^  = $ ,@ * = 0 (4-15)

<j> = <f>c@ x = L (4.16)

such that

= (4.17)

where L (m) is the distance between the anode and the cathode. The current density, i,

at any point on the steel surface is calculated using Eq. (3.5). Thus:

_ &C ~ ̂ 'a (4.18)
8x L

t c - t a = ip L = !2 X L p L  (4.19)

<Pc ~ fia ~ Icori'R (4.21)

where A (m2) is the electrode surface area. Substituting the polarization equations 

(Eqs. (1.5) and (1.6)) in Eq. (4.21), the follow ing relationship can be obtained:
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corr con fc + Pc log 7
V ‘ ° C /

l .m R T

ZcF

(4.22)

fa  + P a  lOg 7
\  ° a y

Using Eq. (4.6) to substitute for I corr in the above equation:

ihAa )Rcon = f  ~ fa ~  Pc l°S L  + Pc log^ + Pa l0 g /'------------------------- V------------------------ (4.23)

23VSRT

or

f  • 'N (4.24)

Equation (4.24) is the closed-form solution o f the Laplace’s equation for 

anodic current density. Using a nonlinear solution algorithm and the parameters in 

Table 1.1 the corrosion current, I corr = iaAa , for the one-dimensional problem

defined in Figure 4.5 can easily be calculated. In Figure 4.6, the corrosion current, 

Icon-, vs. A/C, for various oxygen concentrations and concrete resistivities are plotted 

by solving Eq. (4.24) numerically. It is clear from this figure that there is an optimum 

value o f A/C for which the corrosion current reaches its maximum value. Based on 

the basic thermodynamic principles, this maximum can be interpreted as 

corresponding to the state at which the total energy is minimized by achieving an 

optimum (or equilibrium) A/C, along the reinforcement. In  this thesis, the A/C that 

leads to the maximum corrosion current w ill be defined as the “ equilibrium state.”  It 

should be noted that there are claims against this argument as a number o f researchers
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state that anodes and cathodes on the steel surface can form at the same location at the 

microscopic level; hence it is impossible to define an A/C (U hlig and Revie 1985). 

Although this claim has its merits, as was qualitatively investigated, a macro-level 

A/C ratio can always be defined, and this approach w ill be adopted here in this thesis.

Figure 4.6 provides additional information about the corrosion behaviour o f 

steel in concrete. One o f these is that an increase in oxygen concentration increases 

the corrosion current; however, the rate o f the change o f corrosion current diminishes 

as the oxygen concentration gets larger. This implies that there is an upper l im it  for 

corrosion current in high oxygen concentration conditions beyond which the oxygen 

concentration does not play a significant role. Furthermore, at high oxygen 

concentrations, the equilibrium states o f both high and low  concrete resistivities occur 

almost at the same value o f A/C. However, there is a major difference in 

corresponding A/C at low oxygen concentrations. It can be stated that for high 

oxygen concentration the A/C corresponding to the equilibrium  state is almost 

independent o f the resistivity o f concrete. Here the importance o f concentration 

polarization and resistivity o f concrete pore solution in the corrosion o f steel in 

concrete structures is clearly observed. One should also note in  Figure 4.6 that the 

line connecting the maximum values o f the corrosion rate for different concentrations 

o f the oxygen shows alm ost linear variation o f the equilibrium  states.

As a summary, the one-dimensional analysis is presented here proves the 

follow ing concepts for further study o f uniform  corrosion o f steel in  concrete 

structures:
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■ There is an optimum A/C that gives the maximum corrosion current, which may be 

interpreted as corresponding to the equilibrium state o f the thermodynamic system.

■ The equilibrium state o f corrosion follows a pattern that is affected by oxygen 

concentration and resistivity o f concrete.

■ The effect o f oxygen concentration, and therefore concentration polarization, on 

the corrosion rate can be significant.

■ The effect o f concrete resistivity on the corrosion rate needs to be incorporated 

while studying the corrosion o f steel in  concrete.

y

Anode

Cathode

z

Figure 4.5: One dimensional corrosion problem
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Figure 4.6: The effect o f A/C ratio on corrosion current fo r ID

4.4. Kinetic parameters of steel corrosion in concrete

4.4.1. The effect of concrete cover thickness

The effect o f cover thickness on the corrosion o f steel in  concrete manifests 

itse lf through oxygen diffusion, i.e. through concentration polarization o f the 

cathodes. The lim iting current density is the main parameter that controls the 

relationship between the amount o f oxygen available on the cathodic surfaces and the 

amount o f polarization. The common approach to treat this process is to consider 

cover thickness as a diffusion layer (the Nemst diffusion layer), through which 

steady-state diffusion o f oxygen takes place. W ith this approach, the lim iting current 

density, iL, can be calculated as a closed-form equation as a function o f concrete 

cover thickness, d, in  the follow ing form (Bohni 2005):
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where il  (A/m 2) is the limiting current density, n e (n=4) is the number o f electrons, F

(-96500 C/mole) is the Faraday’s constant,/}^ (m2/s) is the concrete oxygen

diffusion coefficient, (mole/m3) is the amount o f dissolved oxygen in water, and

d (m) is the cover thickness.

It  should be cautioned that the oxygen diffusion coefficient o f concrete can 

change in orders o f magnitude w ith relative humidity (Papadakis et al. 1991), and 

when the lim iting current density is calculated through Eq. (4.25), for low values o f 

relative humidity, the lim iting current density can be significantly large, even greater 

than 1.0 A/m 2 (Ghods et al. 2007). However, even when the relative hum idity is very 

low, there exists a very thin layer o f pore solution around the steel reinforcement, 

preventing the lim iting current density to reach such unrealistically large values. I f  

Eq. (4.25) is used such that d is equal to the thickness o f the thin layer o f pore 

solution (which can be reasonably assumed to be equal to the thickness o f a stagnant 

layer o f solution next to an electrode submerged in liquid electrolyte ~ 0.05 cm w ith 

diffusion coefficient o f 9.3~5.2 xlO '5 cm2/s (Uhlig and Revie 1985)), rather than the 

concrete cover thickness, the lim iting current density w ill be in the range o f 0.1-0.25 

A/m 2 (Ghods et al. 2007). It  should be mentioned that more complex models can be 

used to treat the oxygen diffusion as a transient phenomenon consisting o f two 

phases: ( 1) diffusion through concrete cover and, (2 ) diffusion through thin pore 

solution layer. However, this non-linear approach requires the accurate prediction o f
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the pore solution distribution in concrete, which is not a practical task (Isgor and 

Razaqpur 2004).

In this thesis, the steady-state approach (i.e. Eq. (4.25)) w ill be used for 

calculating the lim iting current density since steel corrosion is more prominent when 

relative humidity o f concrete is relatively large (Lopez and Gonzalez 1993), for 

which the concrete cover acts as the diffusion layer. In  the current study, to 

incorporate the presence o f the thin pore solution layer around the reinforcement, and 

to prevent the lim iting  current density reach unrealistically large values, an upper 

lim it o f 0.6 A/m 2 is imposed.

4.4.2. The effect of temperature

4.4.2.1. Tafel slope

A  wide range o f values has been recommended for anodic and cathodic Tafel 

slopes o f the passive and active steel in concrete (Andrade and Gonzalez 1978, 

Elsener 2002, Bertolini et al. 2004, Kranc and Sagues 1994). From theoretical point 

o f view, as per Eqs. (4.26) and (4.27), temperature is one o f the major factors that 

influence the Tafel slopes. Tafel slopes increase w ith increasing temperature via:

2.303RT (4.26)
Pa azF

n 2.303RT
<4-27>

where j3a and fic (volt/dec) are the anodic and cathodic Tafel slopes respectively, R 

(-8.314 J/(mole.K)) is the universal gas constant, T (°K) is temperature, z is the 

valance, and a  is the symmetry factor. I f  a  in  Eqs. (4.26) and (4.27) is considered
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constant (Hurlen 1960), by assuming a reference value for Tafel slopes at a reference 

temperature, Eq. (4.26) and Eq. (4.27) can be written as:

(428)

A = / 9 « |  <4-29>

In Eqs. (4.28) and (4.29) the change in Tafel slopes for the range o f 

temperature concerned in this study (i.e. 10°C to 50°C) is always smaller than 7 per 

cent. In  contrast to this theoretical deduction, the experimental investigations suggest 

somewhat different variation o f Tafel slopes w ith temperature: Elsener (2005) and 

Garces et al. (2005) suggest that the anodic and cathodic Tafel slopes slightly 

decrease w ith increasing temperature. Experimental investigations carried out by 

Kriksunov (1995) even show that Tafel slopes are independent o f temperature, and 

fluctuations can be considered as experimental noise. Many attempts to explain the 

observed variation o f Tafel slopes w ith temperature can be found in (Gileadi 1987) 

and in the monograph by Conway (1989). Due to these contradictions, in the present 

work, constant values for the anodic (90 mV/dec) and cathodic (-180 mV/dec) Tafel 

slopes are considered. It should be noted that these Tafel slopes yield a polarization 

constant, B, o f 26 mV/dev according to Eq. (3.3) which is in agreement w ith the 

experimental observations for actively corroding steel in  concrete (Andrade and 

Gonzalez 1978).
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4.4.2.2. Exchange current density

In  general, the exchange current density o f metals can be affected by the pH 

o f the solution, temperature (Hurlen 1960) and characteristics o f the substrate 

(Bockris et al. 1968). The pH o f pore solution next to reinforcing steel after onset o f 

corrosion can be assumed to be constant due to the formation o f saturated hydrous 

ferrous oxide on the surface o f steel (Uhlig and Revie 1985) and high buffer capacity 

o f concrete pore solution. Hence, the exchange current density o f rebar can be 

considered independent o f pH. The effect o f temperature on the anodic and cathodic 

exchange current densities, on the other hand, can not be ignored. Numerical 

investigations have proven that w ith variation o f exchange current density, corrosion 

rate changes appreciably (Ge and Isgor 2007). The strong dependency o f exchange 

current density on temperature in acidic solutions can be found in earlier works 

(Hurlen 1960). However, closer examination o f the activation energies obtained by 

Hurlen (1960) suggests that the activation energy for acidic solutions does not apply 

for highly alkaline electrolytes such as concrete pore solution, and other approaches 

may be necessary for investigating the effect o f temperature on the exchange current 

density. To the knowledge o f author, there is a lack o f experimental data for exchange 

current density o f steel in  high pH solutions at different temperatures. To overcome 

this problem a theoretical approach is undertaken.

From theoretical point o f view, exchange current density can be expressed as 

(Tanaka and Tamamushi 1964):
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where iQ (A/cm ) is the exchange current density, C° is the molar concentration in

the bulk o f the solution at the standard equilibrium condition, i"(cm /s) is the rate

constant at standard equilibrium condition, and <j)e (volts) is the equilibrium  potential.

I f  two values for the exchange current density (zol and io2) at two different

temperatures (Tj and Tj), respectively, are considered, using Eq. (4.30) the follow ing 

Arrhenius-type relationship can be obtained:

Using this equation along w ith an experimental value for exchange current density at 

a reference temperature, the effect o f temperature on the equilibrium exchange 

current density can be analyzed. In the current investigation, the reference values for

ioc= lx lO '5 (A/m2) respectively.

4.4.2.3. Equilibrium potentials

The variation o f standard reduction potential o f the anodic and cathodic half

cell reactions w ith temperature can be expressed w ith Eqs. (4.32) and (4.33) 

respectively (Bard et al. 1985):

(4.31)

anodic and cathodic exchange current density at 21°C are considered ioa = 3x1 O'4 and
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f Fe,T = <t>Fez + 0.000052 x (T -  TJ (4.32)

~ 0o2z ~ 0-001680 x(T  — T0) (4.33)

where </>°Fe (volts) is the standard potential o f iron reduction, <f>°0 (volts) is standard

potential o f oxygen reduction, and T0 (°K) is the reference temperature. Comparison 

o f the two equations suggests that the variation o f the reduction potential o f the 

anodic half-cell reaction is much smaller than that o f cathodic reaction. In fact, the 

variation o f anodic reduction potential w ith the temperature range considered herein 

(283~323°K) is negligible; nevertheless, variation o f both equilibrium  potentials 

using Eq. (4.32) and Eq. (4.33) are considered in the present work.

4.4.3. Concrete resistivity

The effect o f resistivity is considered by a many researchers to be one o f the 

important factors affecting the corrosion rate o f reinforcing steel in  concrete (Alonso 

et al. 1988, Gulikers 2005, Ghods et al. 2007). A  number o f parameters (e.g. relative 

humidity, temperature, the presence o f external ions such as chlorides, w/c ratio, and 

cement type) can significantly change the resistivity o f concrete (G j0 rv et al. 1977). 

Establishing a reasonable relationship between relative hum idity and resistivity is not 

an easy task, on the other hand, such a relationship exists between water saturation 

and concrete resistivity (G j0 rv et al. 1977). Since the data obtained by G j0 rv et al. 

(1977) is purely empirical and no mathematical expression was reported by these 

researchers, such an expression is developed in this thesis, which is provided in the 

appendix A. By relating the relative hum idity to water saturation using an adsorption
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isotherm (X i et al. 1994), a relationship between the relative hum idity and concrete 

resistivity can be established.

The relationship between the concrete resistivity and temperature has been 

previously proposed in the form o f Arrhenius type equation (Chrisp et al. 2001):

Aty  i
„  „  R T  7:

P = P fi
<— > (4.34)

where AU  (kJ/mole) the activation energy o f resistivity. In  this equation, the values

o f activation energy suggested by Chrisp et al. (2001) are a function o f water 

saturation and decrease w ith increasing water saturation: 39 kJ/mol fo r 55% 

saturation and 27 kJ/mol for 100% saturation. The values o f activation energy are 

reported as point data in (Chrisp et al. 2001), hence, by carrying out a regression 

analysis, a relationship (mathematical expression) between the activation energy and 

the degree o f saturation can be found. Such an analysis is carried out in  this study, the 

result o f the analysis is provided in the appendix A. The values suggested by Chrisp 

et al. (2001) are also in agreement w ith the suggested values by Hope and Ip (1987). 

In addition to relative humidity and temperature, other factors, such as the presence o f 

external ions such as chlorides, water-cement (w/c) ratio, cement type, can also affect 

concrete resistivity. In the present work, these effects w ill be considered im p lic itly  as 

part o f the reference resistivity, pQ.

4.4.4. Limiting current density

The lim iting density in the current study is calculated using Eq. (4.25) and is a 

function o f concrete cover thickness, d, oxygen diffusion coefficient, D0̂  and amount

o f dissolved oxygen on surface o f concrete, Cs0 . Among these factors, oxygen
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diffusion coefficient can be represented as a function o f relative hum idity and 

porosity via:

£>O2= 1 .9 2 x 1 0 -V 8 (1 - h f 1 (4 .35 )

where e is the porosity o f the cement paste and h is the relative humidity. Detailed 

calculation o f e based on concrete m ix design properties can be found in (Papadakis

et al. 1991) and also provided in appendix A. The temperature dependency o f the 

oxygen diffusion coefficient can be expressed by Arrhenius type equation:

where A UD (kJ/mole) is the activation energy o f the oxygen diffusion coefficient. 

The value o f activation energy, AUD, in Eq. (4.36) is proposed by Page and Lambert 

(1987) as a function o f w/c. It is interesting to note that activation energy increases by 

w/c in itia lly  (until w/c = 0.5) and decreases afterwards; the same behaviour is 

observed for activation energy o f chloride diffusion (Page et al. 1981). Since no 

explicit relationship between the value o f activation energy and oxygen diffusion 

coefficient is presented in (Page and Lambert 1987), such a relationship is obtained 

by conducting regression through the experimental suggested values (Page and 

Lambert 1987), details o f which can be found in the appendix A.

Temperature also affects the amount o f dissolved oxygen in water i.e. a rise in 

temperature w ill decrease the amount o f dissolved oxygen (hence lim iting current 

density), Cs0 i, and this effect can be quantified through using Henry’s law (Eaton and 

Mary 2005):
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Ln C'Q = -139.344 +
1.575x10 5 A f 6.642x10

T 2

7 A
(4.37)

+
1.244x10 10 \ 8.622x10 ii A

where in  the above equation Cs0 (mg/litre) is the amount o f dissolved oxygen in

water at standard condition pressure (i.e. 101.325 kPa). For the purpose o f steel 

corrosion in concrete the above equation provides a good approximation even in non

standard conditions. A  complete formulation can be found in the appendix A.
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5. Virtual Experiments

5.1. General

This chapter presents the results o f the numerical investigation o f steel 

corrosion in concrete through simulated polarization resistance tests. The main 

objective o f this chapter is to show that the developed numerical simulation is capable 

o f capturing the experimentally observed behaviour o f corrosion o f steel in concrete 

(e.g. increase o f corrosion rate w ith temperature). In this chapter only the independent 

effects o f the considered parameters (i.e. temperature, cover thickness, lim iting 

current density, and resistivity) on the corrosion rate o f steel in concrete are 

discussed. The mutual dependence o f parameters (e.g. dependence o f lim iting  current 

density and concrete resistivity to temperature) w ill be discussed in Chapter 6 .

100
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5.2. Study approach

Using the research method described in Chapter 3, 16,000 polarization 

resistance tests were simulated by varying temperature, concrete cover thickness, 

concrete resistivity and lim iting current density for a number o f A/C  ratios that varies 

between 0.1 to 1.0. The cover thickness is varied between 20 mm to 140 mm, a range 

that covers most c iv il engineering structures. Reinforced concrete structures are 

generally exposed to a narrow range o f temperature variations (-40°C to +50°C). 

However, since for most cases corrosion is negligible at low  temperatures, the 

temperature in this study is varied between 10°C and 50°C. Unlike temperature, 

concrete resistivity can vary in a wide range, as much as five orders o f magnitude for 

different environmental conditions (e.g. temperature and the degree o f saturation) 

(G j0 rv  et al. 1977, Chrisp et al. 2001). In this thesis, the concrete resistivity is 

considered between 50 and 10000 fl.m  to cover a ll extremes. The lower end o f the 

spectrum corresponds to saturated poor-quality concrete and the higher end o f the 

spectrum corresponds to dry good-quality concrete. To investigate the effect o f 

lim iting current density on the corrosion rate (i.e. the effect o f concentration 

polarization on the cathodic reaction) a wide range for the lim iting  current density 

between 0.002 A/m 2 and 0.6 A/m 2 is analyzed. As discussed in Chapter 4, the upper 

lim it is imposed in order to use Eq. (4.25). The lower value is chosen such that it  is 

not smaller than the passivating current density o f steel (Alonso et al. 1988). Table 

5.1 represents the experimental variables o f the experiment, their units, and a ll the 

considered values for each variable. It is noted that, the considered parameters are not 

independent o f each other (e.g. temperature affects the resistivity and lim iting  current
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density). However, they are considered independent in each virtual experiment so that 

the individual effects o f each parameter can be studied in detail.

Table 5.1: Experimental variables and their values used in virtual experiments

Experimental Variable Units___________________Values__________________
Temperature (7) °K 283,298,303,313,323

Coverthickness (d) mm 20,40, 60,100,140

L im iting current density ^ 2  q.002, 0.005, 0.008, 0.02, 0.05, 0.08, 0.2, 0.6
w

Resistivity (p) Q.m 50,350, 650,1250,2500, 5000, 7500,10000
^  0.1, 0.18, 0.25, 0.33, 0.43, 0.54, 0.67, 0.76, 0.93,

5.3. Results

By simulating the polarization resistance for each case (e.g. T =  283 K ,d = 2 0  

mm, ii = 0.002 A/m2, p = 50 Q.m, A/C=0.1) a set o f data is obtained, which includes 

( 1) potential distribution in  the bulk o f the concrete, (2 ) potential distribution on the 

surface o f concrete, (3) potential distribution at the steel/concrete interface, (4) 

current distribution at the steel/concrete interface, (5) corrosion current and the 

number o f iterations to convergence. For the sake o f comparison, however, the data 

are presented in the groups o f 10. A ll the experimental variables except A/C (i.e. 

temperature, cover thickness, lim iting current density and resistivity) in each group 

are constant.

Figure 5.1 illustrates the potential distribution in the bulk o f the concrete for 

four different values o f A/C for a typical case. Although the potential distributions o f 

only 4 cases are illustrated herein, the data for a ll other A/C are obtained from the 

virtual experiments. In addition to the potential distribution in the bulk o f the
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concrete, the distribution o f the potential at the surface o f the concrete and 

steel/concrete interface is also obtained for each case. Figure 5.2 and Figure 5.3 

illustrate the potential distribution on the surface o f concrete and at the steel/concrete 

interface for a ll A/C ratios.

One o f the most useful outcomes o f the virtual experiments is the current 

density distribution at the steel/concrete interface. Figure 5.4 illustrates this current 

density distribution for a ll A/C ratios. The positive section o f each curve is 

representative o f the anodic current density and the negative section represents the 

cathodic current density. For every A/C ratio, the anodic section o f each curve 

reaches to the maximum current density at the point o f transition from anodic to 

cathodic section. The largest, maximum current density (in  Figure 5.4 the largest 

maximum current density corresponds to maximum current density o f A/C  = 0.1) is 

considered the maximum corrosion current density o f a ll the cases. The maximum 

corrosion current density is representative o f the pitting corrosion, i f  the form o f 

corrosion is pitting.

The total corrosion current (or simply “ corrosion current” ) o f each case is the 

area under the anodic section o f each current density curve. Figure 5.5 illustrates the 

corrosion currents corresponding to each A/C. The maxim um corrosion current 

corresponds to the equilibrium state, and its A/C is the optimum A/C, as previously 

discussed in Chapter 4. For example the maximum current density in Figure 5.5 

corresponds to A/C = 0.54, hence, the optimum A/C is equal to 0.54. The maximum 

corrosion current is then normalised over the anodic section o f the steel to obtain 

average corrosion current density.
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The results, summarized above fo r typical cases, are obtained for a ll 16,000 

virtual experiments are stored as MS-Excel files. Due to the large volume o f the raw 

data, only the processed data are presented and discussed in the next sections; 

however, complete raw results o f the virtual experiments are available on DVD, 

which is enclosed to this thesis.

As it was discussed above, two values for corrosion rate o f steel in concrete 

were obtained: average corrosion current density and maximum corrosion current 

density Since the trend o f variation o f both corrosion rates (average and maximum 

corrosion current density) w ith different parameters is the same and the only 

difference is the magnitudes, only the results o f average corrosion current density is 

presented hereafter in this chapter. However, the graphs illustrating the variation o f 

maximum corrosion current density is included in the appendix B.
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5.4. Discussion

The discussions on the effect o f individual parameters on the corrosion rate 

presented in this section are on the same data obtained from the virtual experiments 

but present the results from different perspectives.

Figure 5.6 to Figure 5.8 illustrate the effect o f temperature on the average 

corrosion rate o f steel in  concrete for different combinations o f lim iting  current 

density, concrete resistivity and cover thickness. It  should be noted that the cases 

presented in Figure 5.6 have been chosen to comply w ith actual scenarios, i.e. the 

lim iting  current density is expected to be low  when the concrete resistivity is high 

since good-quality concrete generally has high resistivity and low oxygen diffusion 

coefficient. As shown in this figure, the corrosion rate increases almost linearly w ith 

temperature in a ll cases. In Figure 5.6-(a) (//, = 0.2 A/m 2 andp = 5000 Q.m) corrosion 

rate increases 16% for 140 mm cover thickness over the range o f temperature from 

283°K to 323°K; the increase for the same range is 11% for 20 mm cover thickness. It 

can be observed in Figure 5.6-(c) (k  = 0.005 A/m 2 and p = 10000 Q.m) that the 

increase o f corrosion rate w ith temperature for 140 mm and 20 mm cover thickness 

are 17% and 10%, respectively. However, the plots in Figure 5.6 show the effect o f 

temperature on corrosion rate while both lim iting current density and concrete 

resistivity are changing. In order to see the individual effects o f these two components 

on the relationship between the corrosion rate and temperature, Figure 5.7 and Figure 

5.8 are plotted.

Figure 5.7 shows an almost linear increase o f corrosion rate w ith temperature 

for different values o f lim iting current density in concrete w ith 60 mm cover
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thickness. It can be observed that irrespective o f the lim iting  current density, 

temperature increases the corrosion rate for a ll values o f concrete resistivity. Also in 

Figure 5.7, it  can be observed that for high values o f concrete resistivity, the effect o f 

lim iting  current density on the corrosion rate decreases. In Figure 5.7-(c), it is obvious 

that the lim iting  current density has almost no effect on the corrosion rate at different 

temperatures (i.e. 13% change in the temperature range). This is due to the fact that 

for large resistivity values, resistance control prevails over diffusion control, and the 

lim iting  current density loses its significance.

Increase o f corrosion rate w ith temperature for different values o f resistivity is 

illustrated in Figure 5.8. As concrete resistivity increases, the corrosion rate decreases 

significantly. In  addition, as concrete resistivity increases, the effect o f temperature 

on the corrosion rate for a ll lim iting current densities becomes less significant (i.e. the 

slope o f the lines approach to zero as resistivity increases). It  is also obvious from 

Figure 5.8 that corrosion rate is inversely related to the concrete resistivity.
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Figure 5.9 illustrates the effect o f cover thickness on the corrosion rate. It is 

interesting to note that an increase in cover thickness increases the corrosion rate; 

however, Figure 5.9 is constructed w ith the assumption that the lim iting  current 

density is independent from cover thickness. I f  the lim iting  current density is a 

function o f cover thickness (according to Eq. (4.25)), by increasing the cover 

thickness, the lim iting current density should decrease, resulting in a decrease in the 

corrosion rate. The investigation o f this phenomenon w ill be carried out in Chapter 6 . 

The increase o f corrosion rate w ith cover thickness in Figure 5.9 is due to better 

distribution o f potential in the bulk o f the concrete. As cover thickness increases there

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



is more space available for ions to travel between anodic and cathodic sites, hence, 

larger length o f the anodic and cathodic sections polarize which results in higher 

corrosion current. The polarized length o f anode and cathode is also dependent on the 

relative distance o f the anode and cathode and as this distance increases the effect o f 

cover thickness decreases; this results in decreases o f effect o f cover thickness. The 

decrease in the effect o f cover thickness for higher cover thicknesses can be seen in 

Figure 5.9 where the slope o f the line (corrosion rate vs. cover thickness) decreases as 

cover thickness increases.

Figure 5.10 illustrates the variation o f corrosion rate w ith cover thickness for 

different values o f concrete resistivity. The same trend o f increase in corrosion rate 

w ith cover thickness as Figure 5.9 can be seen in Figure 5.10. In addition, w ith the 

increase o f resistivity in this figure the slopes o f the lines decrease, suggesting that 

the effect o f cover thickness on the corrosion rate is less significant for large 

resistivities. In other words, when corrosion is under resistance control, the cover 

thickness (i.e. potential distribution in the bulk o f the concrete) is not a significant 

factor affecting the corrosion process.
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Figure 5.11 illustrates the effect o f 4  on the corrosion rate for different cover 

thicknesses and temperatures. A ll the plots are constructed for resistivity o f 50 Q.m 

since for higher values o f resistivity the effect o f ii decreases significantly as was 

discussed previously. The corrosion rates in Figure 5.11, in itia lly  increase 

exponentially and approach to a plateau for larger values o f //„. This observation is in 

line w ith  polarization behaviour o f steel: as iL increases corrosion rate also increases, 

however, as h reaches to large values, the anodic and cathodic polarization curves 

converge before reaching to h  and after this point increase o f 4  does not impose any
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effect on the corrosion rate. Also, increase o f corrosion rate w ith cover thickness can 

be observed here, which is a result o f better distribution o f electric potential.
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Figure 5.11: Variation o f corrosion rate w ith it fo r different cover thicknesses (p=  50 

Q.m): (a) T =  323°K, (b) T =  303°K, (c) T =  283°K
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Figure 5.13: Schematic illustration o f effect o f temperature on the corrosion rate for

large and small values o f //.

Figure 5.12 presents the effect o f temperature on the variation o f corrosion 

rate w ith  4. The same trend as Figure 5.11 is observed, furthermore, the increase o f 

corrosion rate w ith temperature for different values o f cover thickness can be seen. 

For very low value o f lim iting current density, a ll the curves in Figure 5.12 converge 

to the same value suggesting that the effect o f temperature decreases as lim iting 

current density decreases. This is illustrated schematically in  Figure 5.13. As shown 

in this figure, for large ii values, as temperature increases the corrosion rate also 

increases until it reaches to ii\ however, for low  values o f k, the increase o f

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



118

temperature does not affect the corrosion rate, and corrosion w ill proceed w ith values 

very close to the lim iting current density.

5.5. Summary

Based on the results o f the virtual experiments, which investigated the 

independent effects o f temperature, cover thickness, lim iting current density and 

concrete resistivity on the rate o f steel corrosion, the follow ing observations can be 

made:

■ Corrosion rate o f steel in concrete increases almost linearly w ith temperature, 

and the rate o f increase decreases w ith increasing concrete resistivity.

■ Corrosion rate o f steel in  concrete increases w ith cover thickness due to better 

distribution o f potential in the bulk o f concrete, and the rate o f this increase 

decreases w ith increasing concrete resistivity.

■ For large concrete resistivities the effect o f lim iting current density on the 

corrosion rate vanishes.

■ Corrosion rate o f steel in concrete shows an in itia l exponential increase w ith 

lim iting current density, and the rate o f the increase decreases rapidly (reaching 

to a plateau) for larger values o f lim iting current density.

■ The effect o f temperature on the corrosion rate o f steel decreases as the lim iting 

current density decreases

These observations are in agreement w ith experimental studies (Uhlig and 

Revie 1985, Jones 1996). The data obtained from the virtual experiments w ill be used 

to carry out a statistical analysis to develop a closed-form model. This process is 

described in the follow ing chapter.
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6. Model Development

6.1. General

Although the introduced fin ite element approach implemented in this thesis 

(see Chapter 3) for solving the Laplace’s equation can be considered to be very 

efficient in terms o f computation time when compared w ith sim ilar problems, it 

requires good understanding o f the fundamental principles o f the corrosion theory and 

the underlying numerical approach; therefore it is not practical for use by the general 

engineering community. A  closed-form equation which uses easily 

measurable/predictable parameters as input variables can help eliminate this problem. 

Obtaining an analytical closed-form solution that is based on the solution o f the 

Laplace’s equation subjected to Stem-Geary (polarization) boundary conditions in the 

considered domain is not possible. However, a closed-form solution that is based on

119
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the non-linear multivariable regression analysis o f the data obtained from the virtual 

experiments that are conducted as part o f this study can be obtained, and such an 

approach is carried out in this thesis. Due to the large number o f cases that have been 

analyzed (see Chapter 5) through virtual experiments, the considered parameters, 

which can be considered to be the main factors affecting corrosion o f steel in 

concrete, are in a wide range that covers most o f the real-world scenarios, the 

outcome o f the regression analysis is expected to have a large scope o f applicability.

This chapter presents the results o f the statistical analysis performed on the 

data obtained from the virtual experiments for developing the practical closed-form 

model to predict the maximum (i.e. maximum value o f corrosion current density on 

the reinforcement, representing pitting behaviour) and average (i.e. the corrosion 

current density averaged over the anodic length o f the reinforcement, representing 

uniform  corrosion) corrosion o f steel in concrete structures. The results o f three 

experimental investigations are compared w ith the developed model to verify the 

applicability and the accuracy.

6.2. Non-linear regression analysis

As it was mentioned in Chapter 5, the maximum corrosion current density 

shows the same trend o f variation w ith the considered parameters (i.e. temperature, 

concrete resistivity, lim iting current density and cover thickness) as the average 

current density; therefore, the final model representing both average and maximum 

corrosion current densities w ill be almost o f the same format. However, since the 

rates o f the variation o f the average and maximum corrosion current density w ith 

each parameter (e.g. variation o f corrosion rate w ith cover thickness) are different, the
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coefficients o f the parameters in the model representing the two cases w ill be 

different. Therefore, before developing the model for the maximum current density, 

the variation o f the average corrosion current density w ith considered parameter is 

examined, the mutual effects o f these parameters are investigated, and the model for 

predicting the average corrosion current density is obtained. Then, a regression 

analysis on the data associated w ith the maximum corrosion current density is 

conducted considering the final format o f the equation obtained for the average 

corrosion current density. The coefficients for the model representing the maximum 

corrosion current density are obtained. The follow ing describes the development o f 

the seed equation for the non-linear regression analysis.

The dependence o f the average corrosion current density on temperature can 

be observed in Figure 5.6 to Figure 5.8. These figures suggest that the average 

corrosion current density increases almost linearly w ith temperature; hence it can be 

considered to be a linear function o f temperature. Flowever, since the effect o f 

temperature decreases w ith an increase in concrete resistivity (see Figure 5.8) a ll the 

terms including temperature should also include reciprocal o f concrete resistivity. See 

Eq. (6.1).

Figure 5.9 suggests that the average corrosion current density increases w ith 

cover thickness; however, this increase is not linear and the slope o f the curve 

(corrosion current density vs. cover thickness) decreases for higher values o f cover 

thickness. Hence, the average corrosion current density is a polynomial function o f 

cover thickness, and the power o f cover thickness is a positive value smaller than 1. 

Figure 5.10 also suggests that the effect o f cover thickness decreases w ith an increase

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



122

in  resistivity; thus, the reciprocal o f resistivity should be m ultiplied w ith cover 

thickness. See Eq. (6.2).

The effect o f the concrete resistivity on the average corrosion current density 

also shows a polynomial behaviour since w ith an increase in resistivity corrosion rate 

decreases significantly, and the rate o f this decrease dim in ishes for high values o f 

concrete resistivity. Therefore, the average corrosion current density is polynomial 

function o f concrete resistivity, and the power o f resistivity is a negative value greater 

than -1 (i.e. between 0 and -1). See Eq. (6.3).

A  mutual effect exists between concrete resistivity and lim iting current 

density such that as resistivity increases the effect o f lim iting current density 

decreases (resistance control), and when resistivity decreases the effect o f lim iting 

current density increases (diffusion control). To consider this effect, a term that 

includes lim iting current density divided by the concrete resistivity should be 

implemented in the model. See Eq. (6.4).

The relationship between lim iting current density and the average corrosion 

current density is in the form o f a modified root f it  function since by increase o f the 

lim iting  current density corrosion current density increases rapidly to a certain point 

and ceases to increase afterwards (See Eq. (6.5)); therefore, the lim iting  current 

density should be introduced to the model in  the form o f modified root f it  function. 

Having these observations, the follow ing relationships can be established:

l  cc —co rr

T_ (6.1)

P

mstant! (6 .2 )
i  oc ■corr
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I  OC ---------------------corr ^co n s ta n t2

I  OCcorr
P

horrrJZ (constant3) (constant4 ),f

(6.3)

(6.4)

(6.5)

The last equation, using the modified f it  function, provides a very accurate 

approximation for the variation o f corrosion rate w ith lim iting  current density. Figure 

(6.1) illustrates two cases w ith different properties and the fitted curve using Eq. 

(6.5).

1.6x10'

g

§  8 .0 x l0 '6(J

{
(a)

0.0x10"

a=  1.8960 x 10* 
b=  0 .9968 
c = - l

R 2 =0.99

0.2 0.4
i, (A /m 2)

0.6

6 .0 x i ( r

f , f
^  4 .0 x l0 '6 f  a=
■ fcj ' ■ '< 
o '" b =o

e=

4L R 2

2 .0 x l0 '6 .

o

(b)

0.2  0 .4  0.6
i, (A /m 2)

V irtua l experim en t d a ta  

F itted  cu rve  u sing  ico rr=  a b C

Figure 6.1: Correlation between corrosion rate and lim iting current density using 

modified root f it  function, (a) T= 283°K, d= 20 mm and p= 50 Q.m, (b) T= 283°K,

d= 20 mm and p =350 Q.m

Each o f the aforementioned variations (Eqs. (6.1) to (6.5)) o f the corrosion 

current density w ith different parameters is considered as a separate term in the seed 

equation w ith unknown coefficients. In addition, the interactions o f these terms (in
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the form  o f the product o f each pair) w ith unknown coefficients are considered. 

Consequently, the follow ing seed equation considering a ll the terms and their 

interactions is developed:

Tb' dh 1 &  , & (6 .6 )
z =  a,  1- a ,---------1- a, ------- 1- a, —— I- a,b,Lc o rr  1 p C l  2 p C l  3 p c3 4 ^  5 5

Tb'dbl T hl T b'ibi T h'bb’5
+ a „  1- a, ,---------- 1--a ,,------— h a  —

~ c\ ~ c 2 14 Cl _C4 15 _c,p p  p p  p p  p

dh dbHb' db%  
+ ;— — + a™--— h ----------

L
23 ~ c 2 1 24 £2 c4 ' 25 c2P P P P P

c5 j, . ;c5
£  W

+ ^ 34 ^ C3 oC4 + ^  0C3 + 045 0C4P V  p  p

Th] dbl 1 Tb' dbl &  Th dbl . i?
+  a i23 c, c2 c, +  a i24  c c2 c4 +  °1 2 5  q  c 2 ^5p  1 /? 2 /? 3 /? 1 /? 2 /? 4 P P

Tbi i  zf4 r 6' l  , r *1 z?4 ,
+ a‘34 0C1 0C3 0C4 + 0135 0C1 /1C3 5 + 0145 nCl 0C4 5/? 1 y9 3 p  4 P P P P

dbl 1 ibL' db'- 1 , i? 1 z*4 ,+ a „d--------------— l-zz,«---------- o, + a ,4S------- — bP
234 P C2 yOC’ yZ/ 4 235 y9C2 p C’ 5 345 yOC3 yZ/ 4 5

+ a

It should be noted that in Eq. (6.6), for better approximation, a power is considered 

for a ll independent variables, and also the powers o f interaction terms are changed to 

new unknowns; this provides higher fle x ib ility  o f the seed equation:
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Tb' d’h 1 t  , i? (6.7)
lc o rr= ^ -^  + ci2 —  + a, —  + a ^  + a5b^

J ' b \2 ^ b h  J ' b n  7 **1 4  7 **1 5  £ ' i 5

+ a „ ---------- + a, , -------+ a,, ------—  + a, , ----- r^—
p '12 /7Cl3 /?°14 yOCl5

< / 23 dbli /?24 dh* b j *
+ a „  1- a ,,-------— I- a ,,------ r2—23 24 pC24 25 ^c25

l ;<35 t7 34 7, i®43/, !i
+ a L + a  f 25 + a °45__34 c,„ 35 c;s 45yCf34 ”  P C35 ”  p Ct>5

'J 'b  l l  £^*123 7**124  ^ * 1 2 4  ^ 1 2 4  y  ‘ l________i_ / .    L_I /_  125
+  a i23 c ,„  +  a i24 c ,„  +  a i25

p c  123 1Z4 p ° nA p ° n5

7**134 ,**134 7**133 A  ' i 35 7**145 ,**145 A
4 lL 1  135 i „  2 lL **145

+ Gf|34 +Ql35 p c’n5 + a i45 ^r,’*

^ * 2 3 4  $ 3 4  d b2Kb ' j r  iLi5h J ™
+ a „ , ------ + a , „  P2 + a , , ,  ^ ----

234 yf?°234 p °235 p °345

+ a

A  non-linear multivariable regression analysis is conducted using a 

specialized computer program (NLREG 2005) on the data obtained from the virtual 

experiments to obtain a ll the unknown coefficients, and insignificant terms are 

eliminated from the original seed equation. An insignificant term is a term whose 

coefficient is very close to zero such that elim inating this term does not change the 

values o f R2 significantly. Since the value o f the coefficient o f each term is dependent 

on the values o f the parameters included in that term, after elim inating each 

insignificant term a new regression analysis was conducted to control the significance 

o f the eliminated term. The follow ing equation resulted after elim inating all 

insignificant terms:
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To minimize the number o f constants in  the above equation additional 

changes were implemented: (1) Since it was observed that the power o f resistivity, p , 

in a ll terms was almost equal, it  was forced to be equal in  a ll terms; (2) The power o f 

temperature, T, and lim iting current density, /£, in  the second term on the right hand 

side o f Eq. (6 .8) was observed to be almost equal, hence, the power o f these two 

parameters was considered to be equal; (3) The power o f temperature, T, in  the fourth 

term on the right hand side o f Eq. (6 .8) was forced to be equal to unity since the 

obtained value from regression was very close to unity. The follow ing equation is the 

final format o f the equation:

1 (77, )6'4 r Al5Zxf5 Tdb™ z!1’24 (6-9)
h o r r  =  «3 —  +  «14 c, +  ^15---------------+  «124---------Z T ~  +  Q

P P P P

By conducting another regression analysis on the data associated w ith the 

maximum corrosion current density, and considering the same format as the model 

for the average corrosion current density, a new set o f coefficients is obtained. 

Equation (6.10) is the outcome o f the regression analysis fo r both average and 

maximum current density:

^corr,ave

\ ^ c o r r ,max / xpr
— ~ y  {(lTdKil  + pT v'* +d{TiLf  +ZP r + c )  (6.10)

where p  (Q.m) is the concrete resistivity, T (°K) is temperature, d (m) is cover 

thickness, ii (A/m2) is the lim iting current density. The coefficients o f the equation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



127

(i.e. z,y ,rj,k , A,/u,v,gt,0 ,9 ,x ,^ ) are provided in  Table 6.1. The average deviation 

from any observation for Eq. (6.10) fo r average current density, i COr r , a v e ,  is 5 x l0 '4 

A/m 2 (in  the range o f passivating current density); R2 for this model is close to 0.99 

(both the adjusted coefficient o f multiple determination and the proportion o f 

variance explained). The corresponding R for the maximum current density, i COr r , m c a ,  

model is close to 0.91 (both the adjusted coefficient o f multiple determination and the 

proportion o f variance explained). Although a better expression w ith a higher R 

value can be obtained for maximum corrosion current density by changing the format 

o f the equation, it  was decided that it  is more practical to have the same format for 

both equations. Figure 6.2 compares the results o f the fin ite element analysis w ith that 

o f the model for average corrosion current density.

Table 6.1: Constants o f the model

lcorr,ave lcorr,max

Constant Value Constant Value

T 1.181102362xl0‘3 z 1

7 1.414736274 x l0 ‘5 7 0.32006292

G -0.00121155206 e -53.1228606

K 0.0847693074 K 0.00550263686
A 0.130025167 A 0.120663606
r 0.800505851 r 0.787449933
M 1.23199829 xlO ’ 11 v -3.73825172xl0'7
0 -0.000102886027 0 47.2478753
0 0.475258097 9 0.00712334564
X 5.03368481 xlO ' 7 X 0.003482058
V 90487 V 784679.23
m 0.0721605536 m 0.0102616314
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Figure 6.2: Comparison o f the actual results (the fin ite element method) w ith the

regression analysis

6.3. Experimental verification

In this section three experimental studies from the literature are compared 

w ith the model. A  b rie f summary o f the methods and materials used in each 

experiment are presented; further details o f the experiments can be found in the 

corresponding original references.

6.3.1. Lopez et al. 1993

The firs t experimental work to verify the developed model is obtained from 

Lopez et al. (1993). This verification is chosen to illustrate the capability o f the model
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in  capturing the variation o f corrosion rate w ith temperature. The general setup o f the 

experiments conducted by Lopez et al. (1993) is as follows: Two rebars o f 10 mm 

diameter were embedded in  mortar specimens o f dimensions 2x5.5x8 cm in 

symmetric positions along w ith a central stainless steel bar as working electrode. The 

mortars had 1:3:0.5 cement/sand/water ratio and contained 0%, 2%, 4% and 6% 

chloride content that was added in the form o f NaCl by the weight o f cement. A fter 

curing for 40 days in 100% relative humidity, specimens were exposed to three levels 

o f temperature (0°C, 30°C, 50°C), three levels o f relative hum idity (50%, 90% and 

fu ll immersion) resulting in 36 cases. The corrosion rate o f rebars were measured 

w ith the polarization resistance method.

The temperature and concrete cover thickness are provided in the original 

work (Lopez et al. 1993), however, the concrete resistivity and the lim iting  current 

density should be estimated for each one o f 36 cases. For estimating the concrete 

resistivity through the available data the follow ing procedure is implemented: the 

corresponding degree o f saturation to the each relative hum idity is calculated using 

the adsorption isotherm proposed by X i et al. (1994). This isotherm in included in the 

appendix A. The required data o f the isotherm (i.e. w/c ratio, age o f concrete and 

temperature) are provided in the original reference. Since the w/c ratio and the 

saturation o f concrete are known the resistivity o f concrete at 20°C is calculated using 

the experimental data obtained by (G j0 rv et al. 1977). To ease the estimation o f 

concrete resistivity through these experimental data, a regression analysis is 

conducted and a mathematical expression relating the concrete resistivity to degree o f 

saturation is obtained which can be found in appendix A. The resistivity o f the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



130

desired temperature then is calculated using the activation energy proposed by Chrisp 

et al. (20 0 1 ).

The lim iting current density also is estimated for each o f cases in this 

experimental study using the follow ing procedure: the amount o f dissolved oxygen in 

water for each temperature is calculated using the Henry’s law (see appendix A). The 

diffusion coefficient o f the concrete is calculated using the model proposed by 

Papadakis et al. (1991). Having calculated the latter parameters, using the formula 

presented in Chapter 4 the lim iting current density is calculated. It should be noted 

that the effect o f chloride content on concrete properties such as resistivity is not 

considered herein and hence only 9 sets o f data w ill be obtained for calculating the 

corrosion rate. Table 6.2 represents the input data.

Table 6.2: Input data for the model used to compare the model w ith 
experiments conducted by Lopez et al. (1993)

RH
(% )

Temperature
(°K)

Cover 
thickness (m)

Limiting current 
density (A/m2)

Resistivity
(0.m)

50 273 0.0065 0.926 33179
90 273 0.0065 0.02684 252

F .I* 273 0.0065 0.008 149
50 303 0.0065 2.4 5356
90 303 0.0065 0.070 68
F.I. 303 0.0065 0.015 43
50 323 0.0065 4.15 1908
90 323 0.0065 0.12 32
F.I. 323 0.0065 0.026 21

* Full immersion: for calculating the oxygen diffusion coefficient the relative 
hum idity o f F.I. is considered 99%.
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Figure 6.3 compares the results o f the experiments conducted by Lopez et al. 

(1993) w ith the average and maximum corrosion current densities obtained using the 

model. The results o f the experimental work for a ll values o f relative hum idity and 

temperature are almost always between the average and maximum corrosion current 

densities predicted by the model, except fo r experimental data related to samples w ith 

0% chloride contamination. This is due the fact that, in  the latter samples the 

depassivation had not occurred (i.e. steel was not actively corroding), and the model 

presented in this work is applicable to cases in which depassivation has already taken 

place.

As it can be observed in Figure 6.3, the models for the average and maximum 

corrosion current density predicts the experimental observations well; however, there 

is up to one order o f magnitude difference between the values o f average and 

maximum corrosion current density obtained by the model, which may appear to be 

unrealistically wide. On the other hand, it  should be noted that the experimental data 

is also widely scattered, even on a larger scale. For example, in Figure 6.3-(a) the 

corrosion rate o f samples w ith 6% chloride contamination decreases w ith increase o f 

temperature, and highest corrosion rate is seen at 0°C. This can only be explained as 

experimental noise since w ith decreasing temperature ( 1) the resistivity o f concrete 

increases, (2 ) the diffusion coefficient o f concrete decreases; therefore, it  is expected 

that the corrosion rate would decrease. The overall trend o f variation o f experimental 

data w ith temperature also confirms the increase o f corrosion rate w ith temperature. 

The model perfectly predicts this trend. The range between the maximum and average 

corrosion current density includes a ll experimental data points. It is worthwhile
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mentioning that the maximum corrosion current density is an indicator o f pitting 

corrosion, which can easily occur in  real-world scenarios. Experimental 

investigations o f Gonzalez et al. (1995) show that the pitting corrosion rate can be up 

to 8 times larger than the measured values w ith common polarization resistance 

instruments, which cannot capture the behaviour since they average the measuring 

current over the entire length o f the reinforcement. The maxim um corrosion current 

density suggested herein can be regarded as the upper lim it o f the corrosion rate, 

representing possible pitting behaviour; therefore it provides more information than 

common polarization resistance tests.

It has been reported in  the literature that the polarization resistance method 

can be associated w ith errors as large as 100% (Andrade and Gonzalez 1978). L iu  and 

Weyers (1998) have reported 15 times (more than one order o f magnitude) difference 

between the results obtained w ith  3LP and Gecor instruments while both instruments 

use the same method o f measurement, i.e. polarization resistance. These observations 

suggest that the range o f the values between the average and maximum corrosion 

current densities is a reasonable range that can be encountered in  experimental 

observations; therefore the results should be interpreted accordingly.
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Figure 6.3: Comparison o f the results o f Lopez et al. (1993) w ith the average and 

maximum corrosion current densities obtained using the developed model: (a) 

Relative hum idity = 50%, (b) Relative Hum idity = 90%, (c) Saturated conditions

6.3.2. Lopez and Gonzalez 1993

The second experimental work for verification is taken from Lopez and 

Gonzalez (1993) to illustrate the capability o f the developed model in  accurately 

capturing the variation o f corrosion rate w ith the degree o f saturation, Sr. In the 

experiments conducted by Lopez and Gonzalez (1993) two sets o f mortar specimens 

were prepared w ith cement/sand/water ratio o f 1:3:0.5, one set o f which was 

contaminated w ith 2% chloride ions by the weight o f cement. Each set was cast in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



134

two dimensions: 8x2x2 cm for resistivity measurements and 8x5.5x2 cm for 

electrochemical measurements. A ll mortar specimens were cured for 40 days in a 

standard fog chamber (at 23°C), then they were exposed to relative humidities higher 

than 90% for 60 days. Mortar specimens were fina lly  stored at 50°C temperature and 

50% relative humidity for 500 days.

For measuring the resistivity (i.e. 8x2x2 cm samples) the 2x2 face o f the 

specimens were coated w ith graphite paint after mechanically polishing the 

specimens for better bond between the paint and surface o f concrete. The samples 

used fo r electrochemical measurements (i.e. 8x5.5x2 cm samples) had two carbon 

steel bars embedded at symmetric positions as working electrode w ith a stainless steel 

bar as counter electrode in the middle.

A ll the input parameters o f the model are provided in  the reference except for 

lim iting current density to calculate which the same method as used in the previous 

section (i.e. Papadakis et al. 1991) is used. The input data for the model are presented 

in Table 6.3.

Figure 6.4 compares the results o f experiments conducted by Lopez and 

Gonzalez (1993) w ith the average and maximum corrosion current densities predicted 

by the developed model. A ll experimental results are mostly w ithin the predicted 

range o f average and maximum corrosion current densities, except for the specimens 

which were chloride free. As it was mentioned previously, since these samples were 

s till in  passive state, the model is not applicable to predict their behaviour. It is 

important to note that the developed model can predict the decrease in the corrosion 

rate as the relative humidity increases. It is w ell documented in the literature that
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when concrete is submerged in  water, due to oxygen deficiency, the corrosion slows 

down due to concentration polarization. This behaviour is captured by the developed 

model very accurately.

Table 6.3: Input data for the model used to compare the results w ith experiments 
conducted by Lopez and Gonzalez (1993)

Sr
(% )

Temperature
(°K)

Cover thickness 
(m)

L im itin g  current 
density (A /m 2)

Resistivity
(Q.m)

32 323 0.0065 4.65 80000
36 323 0.0065 3.84 8000
41 323 0.0065 2.47 5000
45 323 0.0065 1.90 1500
48 323 0.0065 1.42 900
50 323 0.0065 1.42 350
52 323 0.0065 1.01 300
56 323 0.0065 0 .68 150
65 323 0.0065 0.41 90
78 323 0.0065 0.090 40
82 323 0.0065 0.055 30
90 323 0.0065 0 .02 20
99 323 0.0065 0.005 20

It should also be mentioned that the maximum corrosion current density in 

Figure 6.4 is always larger than the average corrosion current density, and as 

discussed earlier the value o f the maximum corrosion current density can be regarded 

as corresponding to the pitting corrosion rate. Since the experimental corrosion rates 

at a ll degrees o f saturation are closer to the predicted average corrosion current 

density, it can be concluded that these specimens are mostly experiencing uniform 

corrosion.
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Figure 6.4: Comparison o f the predicted average and maximum corrosion current 

density w ith the experimental data from Lopez and Gonzalez (1993)

6.3.3. Ramezanianpour et al. 2007

As the third verification, the model is compared w ith the results o f an 

investigation conducted in the Persian G u lf region. The main purpose o f this 

verification is to illustrate the ability o f the model to capture the effect o f cover 

thickness on corrosion rate. Table 6.4 shows the mixture properties o f the concrete 

samples used by Ramezanianpour et al. (2007). Cover thickness o f the samples were 

35mm, 50mm and 70 mm. The air content o f samples was kept between 3 to 5%, and 

a ll samples were moist cured for 7 days, followed w ith 14 days o f curing in  air.
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Finally, samples were moved to the G u lf region and were exposed to two different 

conditions: air and tidal exposures. The corrosion rate and the concrete resistance o f 

the samples were measured using galvanostatic pulse technique after 1 year and 4 

years o f exposure.

Table 6.4: M ixture proportions o f specimens tested by Ramezanianpour et al. (2007)

M ixtu re Cement
type

w/cm W ater
(kg/m 3)

Cement
(kg/m5)

Sand
(kg/m 5)

Gravel
(kg/m5)

A l II 0.40 160 400 760 1050
A2 II 0.35 140 400 760 1050
B1 V 0.40 160 400 760 1050
B2 V 0.35 140 400 760 1050

The resistance o f the concrete cover is provided in the original work, however, 

this resistance should be converted to concrete resistivity. This is done by referring to 

the manual o f the instrument used to measure the concrete resistance by 

Ramezanianpour et al. (2007); see appendix A.

The same method used to calculate the lim iting  current density for the 

concrete samples used by Lopez et al. (1993) is implemented here for calculating the 

lim iting  current density. The cement paste porosity, which is required for determining 

the lim iting  current density, is calculated using the model proposed by Papadakis et 

al. (1991) and the chemical composition provided by Ramezanianpour et al. (2007) 

for different types o f cements used. The Relative hum idity and temperature o f the 

exposure conditions were not mentioned in the reference therefore the average 

relative humidity (65% for air exposure and 90% for tidal exposure) and average 

annual temperature (27°C) o f the G u lf region has been used in calculating the oxygen
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diffusion coefficient. Table 6.5 presents the input data o f the model for each mixture 

and exposure.

Figure 6.5 compares the results o f the experimental study for samples w ith 35 

mm cover thickness w ith the predicted average and maximum corrosion rates 

obtained using the developed model. Although some fluctuations are observed, the 

average corrosion rate is in  perfect agreement w ith experimental results. The 

observed fluctuations can be attributed to the approximations (i.e. considering the 

average relative hum idity and temperature) in  calculating the required parameters o f 

the model and also to the uncertainties in the experimental measurements. It should 

be noted that the galvanostatic pulse technique used in the experimental study is 

significantly affected by the polarization rate and the duration o f polarization (Luping 

2002). Hence it can be stated that the model predicts the corrosion rate w ith 

acceptable accuracy.

It is obvious from the figure that the maximum corrosion rate obtained using 

the model is significantly larger than the average corrosion rate and the experimental 

data. As discussed earlier, this corrosion rate is highly probable since, in  some cases, 

corrosion proceeds in the form o f pitting corrosion but instruments normalize the 

obtained value o f corrosion current over the polarized length o f the reinforcement. 

Therefore these instruments may w ell underestim ate the corrosion rate. The 

maximum corrosion rate provided herein is, in  effect, the compensation for this 

underestimation.

Figure 6.6  and Figure 6.7 compare the results o f the model w ith experimental 

data for 50 mm and 75mm cover thickness, respectively. The same trend o f behaviour
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as Figure 6.5 can be seen in these figures, suggesting the model perfectly captures the 

effect o f cover thickness and predicts the corrosion rate w ith good accuracy.

Table 6.5: Input data o f the model used for comparing the model w ith experimental 
study by Ramezanianpour et al. (2007)

Cover thickness 30 50 70
duration

o f
exposure

M ixtu re Exposure h
(A/m2)

P
(Q.m)

h
(A/m2)

P
(Q.m)

k
(A/m2)

P
(Q.m)

A l Dry
Tidal

0.078
0 .012

132
108

0.054
0.008

162
102

0.039
0.006

234
96

1 Year
A2

Dry
Tidal

0.060
0.009

234
126

0.042
0.006

270
156

0.030
0.004

258
132

B1 Dry
Tidal

0.074
0.011

162
60

0.052
0.008

186
114

0.037
0.005

168
114

B2 Dry
Tidal

0.056
0.008

270
30

0.039
0.006

330
150

0.028
0.004

300
156

A l
Dry

Tidal
0.075
0.011

360
48

0.053
0.008

390
72

0.037
0.005

360
72

4 Years
A2 Dry

Tidal
0.057
0.008

360
48

0.040
0.006

366
90

0.028
0.004

366
102

B1 Dry
Tidal

0.072
0.011

294
24

0.050
0.007

288
30

0.036
0.005

336
42

B2 Dry
Tidal

0.054
0.008

312
30

0.038
0.005

342
78

0.027
0.004

348
84
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Figure 6.5 : Comparison o f the results o f experiments by Ramezanianpour et al. 

(2007) w ith predicted average and maximum corrosion rates for concrete specimens 

w ith 35 mm cover depth: (a, b) A fter one year o f exposure, (c, d) A fter four years o f

exposure
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Figure 6 .6 : Comparison o f the results o f experiments by Ramezanianpour et al. 

(2007) w ith predicted average and maximum corrosion rates for concrete specimens 

w ith 50 mm cover depth: (a, b) A fter one year o f exposure, (c, d) A fter four years o f

exposure
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Figure 6.7: Comparison o f the results o f experiments by Ramezanianpour et al. 

(2007) w ith predicted average and maximum corrosion rates fo r concrete specimens 

w ith 70 mm cover depth: (a, b) A fter one year o f exposure, (c, d) A fter four years o f

exposure

6.4. Case Study: Coupled effect of concrete properties and 

environmental factors on the corrosion rate

To investigate the coupled effect o f concrete properties and environmental 

factors on the corrosion rate o f steel in  concrete using the developed model, a
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hypothetical case study is presented here. The basic variables o f the case study and 

the range in which they are investigated are as follows: (1) w/c ratio (0.4 to 0.6), (2) 

temperature (20 to 50°C); (3) cover thickness (20 and 140 mm).

To calculate the concrete resistivity, p, using these variables the follow ing 

method is implemented: Considering a value for w/c ratio and hydration time 

(assumed to be 4 years in this case), the pore saturation corresponding to a given 

relative hum idity is calculated using the adsorption isotherm (X i et al. 1994, see 

appendix A). Using the calculated pore saturation, the concrete resistivity is estimated 

through experimental curves suggested by G j0 rv et al. (1977, see appendix A). Then, 

the calculated concrete resistivity is converted to the concrete resistivity at the desired 

temperature; this is done using the activation energy approach, proposed by Chrips et 

al. (2001, see appendix A). It is noted that the activation energy o f concrete resistivity 

is a function o f the degree o f pore saturation.

To calculate the lim iting current density, it, the amount o f dissolved oxygen in 

water at the surface o f concrete, CSQ , and the oxygen diffusion coefficient o f 

concrete, , are needed. The amount o f dissolved oxygen can be readily calculated

using Henry’s law (Eaton and Mary 2005, see appendix A). To calculate the oxygen 

diffusion coefficient, the porosity o f concrete for a given w/c ratio and hydration time 

is calculated using the method proposed by Papadakis et al. (1991, see appendix A). 

Then oxygen diffusion coefficient is calculated using the porosity o f cement paste and 

the relative hum idity using Eq. (4.35). The effect o f temperature on oxygen diffusion 

coefficient is considered using the activation energies proposed by Page and Lambert 

(1987, see appendix A). It should be noted that the activation energy o f oxygen
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diffusion coefficient is a function o f w/c ratio (Page and Lambert 1987). Having 

calculated the value o f resistivity and lim iting current density, the corrosion current 

densities at a given temperature and cover thickness can be calculated using the 

developed model.

Figure 6.8  illustrates the variation o f corrosion rate w ith relative hum idity for 

different w/c ratios. According to this figure corrosion rate increases w ith w/c ratio; 

this is due to the increase o f oxygen permeability and the decrease o f concrete 

resistivity w ith increasing w/c ratio (i.e. decreasing concrete quality). However, the 

effect o f w/c ratio is not the same at different values o f relative humidity: Between 80 

to 95% relative humidity, the corrosion rate increases more significantly w ith 

increasing w/c ratio, and for all other values o f relative hum idity, the effect o f w/c 

ratio is nominal.

It should be noted that the corrosion rate in  Figure 6.8  does not increase 

linearly w ith increasing w/c ratio. There is up to 100% difference in corrosion rate 

between w/c = 0.4 and w/c = 0.6; however, the difference between the w/c = 0.5 and 

w/c = 0.6 is significantly smaller. Hence it can be concluded that the effect o f w/c 

ratio on corrosion rate is a function o f the controlling mechanism o f corrosion: When 

corrosion is under pure resistance control (i.e. relative hum idity between 40 to 80 %) 

or under diffusion control (i.e. relative humidity larger than 95%), the effect o f w/c 

ratio is insignificant; whereas when the corrosion is under mixed control (relative 

hum idity between 80% to 95%) the effect o f w/c ratio is significant.

The effect o f temperature under the coupled influence o f the considered 

variables can also be observed in Figure 6 .8 . As it can be seen in this figure from (a)
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to (d), changing temperature has a considerable effect on corrosion rate for a ll w/c 

ratios. The maximum corrosion occurs at about 90-95% relative humidity (Lopez and 

Gonzalez 1993). For relative humidity larger than 95%, the corrosion rate decreases 

w ith increasing relative hum idity since the process is controlled by the diffusion o f 

oxygen. For relative hum idity less than 70%, the system is under resistance control: 

w ith decreasing relative humidity, the corrosion rate decreases rapidly. Between 80% 

and 95% relative humidity, the system is under mixed control.
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Figure 6 .8 : Variation o f corrosion rate w ith relative humidity fo r different w/c ratios: 

(a) T =  273°K, (b) T =  298°K, (c) T =  303°K, (d) T =  323°K

In Chapter 5, the independent effect o f cover thickness on corrosion rate was 

discussed, and it was demonstrated that corrosion rate showed an increase w ith 

increasing cover thickness. However, when the coupled effect o f all parameters are 

considered, corrosion rate seems to be independent o f the cover thickness for all
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temperatures and w/c ratios, as illustrated in Figure 6.9. It was shown before that w ith 

increase o f cover thickness the electric potential resulting from the electrochemical 

reaction is distributed better in the bulk o f the concrete. On the other hand, this effect 

is compensated by the decreasing lim iting current density due to increasing cover 

thickness. A t the end, the two effects cancel each other.
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Figure 6.9: Variation o f corrosion rate w ith cover thickness for different cover 

thickness: (a) w/c ratio = 0.4, (b) w/c ratio = 0.5, (c) w/c ratio = 0.6

6.5. Case Study: Comparison with existing models

The main purpose o f this case study is to compare the corrosion rate o f steel in 

concrete estimated using the model developed in this thesis w ith some o f the existing 

models introduced in the literature. Six models from Chapter 2 are selected for this
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purpose. Although a wide range for each parameter can be considered in constructing 

this hypothetical case, the parameters in this section are chosen to present a reinforced 

concrete structure encountered in usual c iv il engineering practices. The design 

parameters are summarized in  Table 6 .6 , and Figure 6.10 represents the exposure 

conditions o f the structure. Furthermore, it is assumed that uniform  depassivation has 

occurred due to chloride contamination (2% by cement weight) after 2 -year o f 

exposure. The values o f concrete resistivity, dissolved oxygen content and the oxygen 

diffusion coefficient are calculated based on the design parameters and exposure 

conditions using the same procedures described in the previous case study and are 

provided in Figure 6.11, Figure 6.12 and Figure 6.13, respectively.

Table 6 .6 : Concrete and structural design parameters

Concrete Mix Proportions and Structural Parameters Value
w/c 0.5
a/c 3.0

Cement Type O PCI
Cement Content 400 kg/m3

A ir Content 3%
Cover Thickness (average) 45 mm
Rebar Diameter (average) 20 mm
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Figure 6.10: Exposure condition for the hypothetical case (“ E.P”  stands for

“ Exposure Period” )
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Figure 6.13: Variation o f oxygen diffusion coefficient w ith relative humidity

Table 6.7 summarises the models used for estimating the corrosion rate, their 

required input values and the equations numbers presenting these models. Figure 6.14 

represents the corrosion rate fo r the hypothetical case using a ll the models.

It can be observed from this figure that the model proposed by Alonso et al. 

(1988) overestimates the corrosion rate in a ll exposure periods compared to other 

models. Two major reasons contribute to this overestimation: (1) this model only 

considers the concrete resistance; (2 ) this model is developed for carbonation-induced 

corrosion but is applied to chloride-induced corrosion here. Carbonation o f concrete 

tends to increase the concrete resistivity, whereas, chloride contamination o f concrete 

reduces it.
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The model proposed by Alonso et al. (1988) im p lic itly  considers the effects o f 

temperature and relative humidity through concrete resistivity. The im plic it 

consideration o f relative hum idity and temperature causes the model to show 

increasing trend for corrosion rate w ith increase o f relative hum idity and temperature. 

Also, this model ignores the diffusion control mechanism which is the dominant 

controlling mechanism in high values o f relative humidity. Since this mechanism is 

ignored corrosion rate does not decrease at high values o f relative humidity, as 

illustrated in Figure 6.14.

Table 6.7: Models used for estimating the corrosion rate and their input parameters
Model Equation In p u t parameters

Alonso et al. (1988) (2 .1) concrete resistance 
chloride content,

L iu  and Weyers (1998) (2.4) temperature, concrete 
resistance, age o f exposure

Ahmad and Bhattachajee (2 .6 ) w/c, chloride content,
(20 0 0 ) cement content

Morinaga (1990) (2 .10) chloride content, w/c, rebar
Design Parameters Model diameter, cover thickness

Morinaga (1990) temperature, RH, oxygen
Environmental Parameters (2 .11) concentration, chloride

Model content
Gulikers (2005) (2 .21 ) concrete resistivity 

concrete resistivity, cover
Proposed Model (6 .10) thickness, temperature, 

lim iting  current density
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Alonso et al. 1988 
Liu and Weyers 1998 
Ahmad and Bhattachajee 2000 
Morinaga 1990*
Morinaga 1990**
Gulikers 2005 
Model

* Model based on Structural design parameters
*Model based on Environmental parameters

Exposure Period

Figure 6.14: Comparison o f the corrosion rate obtained by different models

The model proposed by L iu  and Weyers (1998) considers the effect o f 

temperature explicitly and captures the variation o f corrosion rate w ith temperature 

through the exposure periods. This model, sim ilar to the model proposed by Alonso et 

al. (1988), considers the effect o f relative hum idity im p lic itly  through the concrete 

resistance. Both models are empirical, however, the model proposed by L iu  and
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Weyers (1988) is developed for chloride-induced corrosion. As a result, the L iu  and 

Weyers’ model shows smaller values for a ll exposure periods than Alonso’s model. 

Since the model proposed by L iu  and Weyers (1998) is developed specifically for 

chloride-induced corrosion, it is reasonable to expect more accurate results from this 

model compared to the model proposed by Alonso et al. (1988).

The model developed by Ahmad and Bhattachajee (2000) estimates a constant 

corrosion rate for a ll exposure periods. This is due to the fact that the model requires 

constant values o f a ll input parameters (i.e. w/c, chloride content and cement content). 

Moreover, this model underestimates the corrosion rate compared to the two 

previously mentioned models.

Morinaga (1990) has introduced two separate models for estimating the 

corrosion rate o f rebar due to chloride contamination: the firs t model considering the 

effect o f design parameters and the second model considering the effect o f 

environmental parameters. The corrosion rates o f rebar using both models are 

presented in Figure 6.14. The model that is based on design parameters predicts very 

small corrosion rates for all exposure periods; in  fact, the corrosion rate obtained 

using this model gives corrosion rates that are smaller than passive current density. 

This small corrosion current density is constant for a ll exposure periods since the 

design parameters are constant. The model that is based on the environmental 

parameters predicts higher corrosion rates compared to the model that is based on 

design parameters and shows rates very close to the model proposed by Ahmad and 

Bhattachajee (2000). In contrast to Ahmad and Bhattachajee’s model, the model 

proposed by Morinaga (1990) that is based on environmental parameters shows a
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little  variation during the exposure periods due to temperature and relative humidity 

changes. The results o f both models proposed by Morinaga (1990) are smaller than 

the results o f the model proposed by Alonso et al. (1988) and the model proposed by 

L iu  and Weyers (1998).

The model proposed by Gulikers (2005), although very sim ilar to the model 

proposed by Alonso et al. (1988), gives substantially smaller results compared to the 

latter model. The results o f this model are also smaller than the results o f the model 

proposed by L iu  and Weyers (1998). In the model proposed by Gulikers (2005) the 

effect o f relative humidity and temperature are im p lic itly  considered through the 

resistivity o f concrete, and sim ilar to the model proposed by Alonso et al. (1988) w ith 

increase o f relative humidity and temperature the corrosion rate increases due to 

decrease o f concrete resistivity.

As shown in Figure 6.14, the corrosion rate estimated using the model 

developed in this thesis is between the models proposed by L iu  and Weyers (1998) 

and Gulikers (2005). According to the observed variation o f the corrosion rate for all 

the six models, the developed model captures variation o f corrosion rate w ith relative 

hum idity and temperature accurately, and follows the same trend as the model 

proposed by L iu  and Weyers (1998). A ll other models, except L iu  and Weyers 

(1998), fa il to predict the expected trend for the variation o f corrosion w ith the 

exposure conditions. It should emphasized that the model proposed in this thesis is 

based on the theory o f corrosion, but a ll other models compared in  this case study are 

empirical or semi-empirical (e.g. Gulikers’ model).
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6.6. Corrosion rate monitoring

As discussed previously, corrosion rate monitoring is one o f the major 

applications o f the developed model. Since this application has practical importance, 

a computer program is developed to assist engineers w ith corrosion rate monitoring in 

different scenarios. Figure 6.15 illustrates the interface o f the program. The input 

parameters o f the developed model (i.e. temperature, resistivity, lim iting  current 

density and cover thickness) can be provided to the program in  different ways. For 

example, temperature can be assumed constant, or a temperature profile can be 

provided using an Excel file  (see Figure 6.16). The temperature and relative humidity 

profile windows are illustrated in Figure 6.17 and Figure 6.18, respectively. It should 

be noted that the program can also estimate the resistivity using the method described 

previously based on the average relative humidity data provided to the program. The 

relative hum idity for each month can be entered separately for day and night or can 

be considered equal for both. The lim iting current density can also be input or 

estimated by the program. This calculation is done through the oxygen diffusion 

coefficient, which can be predicted using provided temperature and relative humidity 

profiles.
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fî *S9nti»&c8tftb Qmtts?

L̂XCtlFteiCxk]99 «f*r **«#**

^ m

^ j j

W ^ ^ m m .

I M I l B

 .......  “ ■/-» : 'i'

7eft4«**&e*»t&* *. ;; '
it**-, ho**  •<**«.

HM

r  c M S a ^  WutteAg:^a$«t>

I

j
<J }

Figure 6.16: Excel data input window

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



157

■

flam  sfi&l l|e average values bt

■
July

m

m

Figure 6.17: Temperature profile window

»gsi

/«• W.-'O* • '

Figure 6.18: Relative humidity profile window

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7. Quantitative Interpretation of Half-Cell Potential Tests

7.1. General

In this chapter, using the data obtained from the virtual experiments carried 

out in  this study, the half-cell potential testing method is numerically investigated, 

and the effect o f concrete cover thickness, concrete resistivity, lim iting  current 

density, and A/C ratio on the half-cell potential measurements are studied. A  model 

relating the half-cell potential method to kinetics o f the corrosion is developed, and 

the interpretation o f the results o f the model is discussed. It  is demonstrated that w ith 

the new approach the half-cell potential mapping results can be used to obtain more 

useful in formation (w ith respect to the rate and the type o f corrosion) than the 

probability o f corrosion in a reinforced concrete member.

158
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7.2. Half-cell potential mapping

One o f the most w idely used, practical, and standardized non-destructive 

method for monitoring steel corrosion in concrete structures is half-cell potential 

mapping (ASTM C876-91, R ILEM  TC 154-EMC). In this method, the potential 

difference between an external electrode located at the surface o f concrete and the 

embedded rein forcement is measured w ith a high impedance voltmeter. A  solid 

electrical connection between the reinforcement and the voltmeter, and a wet 

connection between the external electrode and the reinforcement through the concrete 

cover are essential for obtaining reliable readings. Figure 7.1 schematically illustrates 

the test setup for a typical half-cell potential test in reinforced concrete structures.

Voltmeter

Reference Electrode

Equipotcnlial Lines
d

Anode Cathode

L

Figure 7.1: Schematic illustration o f the half cell potential measurement set up that is

simulated in the present study
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Despite its widespread application, half-cell potential mapping is usually 

associated w ith a number o f practical difficulties which can be summarized as follows 

(Berkeley and Pathmanaban 1990): (1) Establishing a solid connection to the 

reinforcement, particularly in the case o f densely reinforced members, such as bridge 

decks, can be a d ifficu lt task; (2) Establishing a proper wet connection between the 

external electrode and the reinforcement through the concrete cover can be 

problematic since a moisture (hence, resistivity) gradient always exists in  the bulk o f 

concrete, affecting the half-cell measurements; (3) The time required to establish an 

equilibrium condition between the external electrode and concrete is a function o f a 

number o f parameters including the thickness and the composition o f the concrete 

cover (RILEM  TC 154-EMC). It should also be noted that half-cell potential 

measurement is also a function o f the type o f corrosion process. In the case o f 

uniform  corrosion, the potential readings at the surface o f concrete are generally close 

to the potential at the interface o f steel and concrete (Sagues and Kranc 1992); 

however, in  the case o f non-uniform corrosion the measured potentials at the surface 

o f concrete can be substantially different from those o f the steel/concrete interface. 

This potential difference is generally known as IR  drop, and it is a function o f cover 

thickness and concrete resistivity, and increases w ith both (Uhlig and Revie 1985). 

Several methods for IR  drop compensation are available in  the literature (Uhlig and 

Revie 1985, Jones 1996); however, majority o f these methods are not applicable for 

elim inating the IR  drop associated w ith half-cell potential measurements o f non- 

uniform  corrosion o f steel reinforcement.
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Although some o f these practical difficulties can be minimized w ith the aid o f 

experienced staff and accurate instrumentation, the interpretation o f the half-cell 

potential mapping results remains to be a major challenge for engineers. Concrete 

resistivity, oxygen availability, A/C ratio and cover thickness are some o f the factors 

that can influence the test (Bohni 2005, Elsener 2002, Bertolini et al. 2004); therefore, 

the results o f the tests should be interpreted considering these factors. Furthermore, 

half-cell potential mapping only provides information to predict the probability o f 

corrosion occurrence, and it does not give any insight to the rate (or kinetics) o f 

corrosion (ASTM C876-91, R ILEM  TC 154-EMC). Potential ranges indicating the 

corrosion state o f steel in concrete, established by the existing standards (e.g. ASTM 

and R ILEM ), have been subject to debate since they have been set based on lim ited 

number o f experimental studies (Bertolini et al. 2004). The follow ing is the 

probability o f corrosion that is based on the measured half-cell potential readings 

(w ith respect to Cu/Cu(SO)4 electrode, i.e. CSE) as per ASTM C876-91:

H alf-cell potential > - 200 mV: less than 10% probability o f corrosion 

Half-cell potential = -200 mV > E > -350 mV: uncertain 

Half-cell potential < -350 mV: greater than 90% o f probability o f corrosion 

In addition to these shortcomings o f the half-cell method, it  should also be 

added that this technique does not provide any information about the type o f 

corrosion (i.e. uniform or pitting). Having information about the type o f corrosion in 

some cases is more important than knowing the probability o f corrosion: A  less 

probable pitting corrosion can propagate 8 times faster than highly probably uniform 

corrosion (Gonzalez et al. 1995).
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To the knowledge o f the author, no quantitative relationship has been 

introduced in the literature among the results o f half-cell potential mapping, the 

factors affecting the corrosion kinetics, and the corrosion rate o f steel in  concrete. The 

main objective o f this chapter is to develop such a approach (using the same data 

obtained from the virtual experiments conducted in this study) which quantitatively 

relates the potential readings on the surface o f the concrete to the rate o f 

reinforcement corrosion through concrete resistivity, cover thickness and oxygen 

availability, allowing the engineers to gain more information from the half-cell tests. 

The developed approach w ill be verified w ith available experimental data from the 

literature so that the level o f accuracy o f the method is assessed w ith respect to more 

commonly used corrosion rate measurement techniques, such as galvanostatic pulse 

technique, that are based on polarization resistance. The follow ing section describes 

in detail the approach that was used to develop the quantitative relationship between 

the results o f half-cell potential mapping and corrosion rate o f steel in concrete.

7.3. Potential mapping through numerical modelling

Using the numerical approach described in Chapter 3, the distribution o f the 

potentials in the bulk o f the concrete can be obtained. For example, Figure 5.1 

illustrates the potential distribution in the bulk o f the concrete for four different A/C 

ratios. The effect o f influential parameters such as resistivity, cover thickness, oxygen 

availability, and A/C on the potential distribution and corrosion rates can be studied 

by examining the potential distribution along the interface o f steel/concrete and on the 

surface o f concrete. It should also be noted that half-cell tests measure the potential 

on the surface o f the concrete; therefore, it  is important to correlate the surface
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potentials to the corrosion rates. In the follow ing sections the numerical investigation 

on the effects o f concrete resistivity, covert thickness, oxygen availability and A/C 

ratio on the potential mapping and corrosion rates in  a simulated half-cell test are 

presented.

7.4. The effect of concrete resistivity

It is well known that concrete resistivity affects the corrosion rate o f steel 

reinforcement (Alonso et al. 1988, Gulikers 2005, Ghods et al. 2007). W ith respect to 

half-cell potential tests, as the resistivity o f concrete increases, the detection o f 

corrosion becomes harder. This is due to the fact that in high resistivity concrete only 

a small portion o f cathodic area is polarized, whereas, in  low  resistivity concrete 

larger portion o f cathodic area is polarized (driving the potentials to more negative 

values), making the detection o f corrosion easier (Elsener 2002). In  this chapter, the 

effect o f concrete resistivity on the potential mapping and corrosion rates in a 

simulated half-cell test was investigated by varying concrete resistivity, cover 

thickness and lim iting current density in  the range discussed in Chapter 4.

Figure 7.2 illustrates the effect o f concrete resistivity on the potential 

distribution at the interface o f steel/concrete and on the surface o f concrete when A/C 

= 1. As it can be seen in the plots shown in Figure 7.2, the increase o f resistivity shifts 

the potential o f the anodic sites to more negative values and the potential o f cathodic 

sites to more positive values. In low resistivity concrete, as illustrated in  Figure 7.2-

(a), the potential distribution along the surface o f the concrete closely represents the 

potential distribution at the interface o f steel/concrete. As the resistivity o f concrete 

increases, as shown in Figure 7.2-(b) and Figure 7.2-(c), the potential distribution at
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concrete surface tends to part noticeably from that o f the steel/concrete interface. This 

difference is more significant at sections close to the transition zone between the 

anode and the cathode. This potential difference is due to the IR  drop effect that was 

mentioned previously. IR  drop increases logarithm ically w ith increasing resistivity, as 

illustrated in Figure 7.3. The extrapolation o f the fitted line for very low resistivity 

values in Figure 7.3 suggests that IR  drop can not be eliminated completely. This 

observation is in line w ith electrochemical experiments (U hlig and Revie 1985).

Figure 7.4 illustrates the potential distribution on the surface o f the concrete to 

demonstrate that the shift in potential distribution curves w ith increasing concrete 

resistivity is not the same for anodic and cathodic surfaces: increase in resistivity 

affects the cathodic sites more than the anodic sites. A t significantly high resistivities, 

the change in resistivity does not affect the potential distribution o f the anodic sites, 

however, the cathodic potentials continue increasing to more positive values, 

signifying smaller cathodic polarization. This observation is in line w ith deductions 

and observations from polarization behaviour o f corroding steel (Uhlig and Revie 

1985, Elsener 2002). When resistivity is not significantly large, the cathodic section 

o f the passive steel is polarized by anodic sites to more negative values; therefore, 

more negative potentials measured by half-cell potential mapping can be indicative o f 

higher probability o f corrosion (RILEM  TC 154-EMC). It should be noted that Figure 

7.4 also suggests that w ith increasing resistivity, the potential difference between the 

anodic and cathodic sites increases. Thermodynamically, the tendency to corrode 

increases w ith larger potential difference; however, the corrosion rate is inversely 

related to concrete resistivity by Ohm’s law. This implies that while carrying out half-
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cell measurements, potential readings should be interpreted in accordance w ith the 

resistivity o f the system; otherwise, the results can be misleading.
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Figure 7.2: Potential distribution at the surface o f steel and concrete: (a) p = 50 Q.m,

(b) p = 5000 Q.m, (c) p = 10000 Q.m
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These observations indicate high dependency o f potential mapping to the 

resistivity o f concrete, which is influenced by relative humidity. For the same 

corrosion rate, one can measure different potentials at the surface o f concrete, 

corresponding to different resistivities, and thus have more than one probability for 

the same state o f corrosion. Based on these observations, author suggest that a 

potential mapping should be interpreted in the presence o f resistivity and humidity 

mapping.

7.5. The effect of cover thickness

Figure 7.5 illustrates the potential at the interface o f steel/concrete for 

different cover thicknesses. Cover thickness mainly manifests its effect on the 

distribution o f potentials at the surface o f concrete, as illustrated in Figure 7.6. I f  the 

cover thickness is small (e.g. 20 mm) as shown in Figure 7.6-(a), the potential 

distribution on the surface o f concrete is almost the same as potential distribution at 

the interface o f steel/concrete. However, such a small cover thickness is not practical, 

and usually thicker covers are used in practice. As cover thickness increases, the 

potential o f the surface differs from that o f interface significantly, as illustrated in 

Figure 7.6-(b) to Figure 7.6-(d). When cover thickness reaches to values larger than 

100 mm, the potential o f the surface does not reveal accurate information about the 

potential distribution at the steel/concrete interface. It is interesting to note that 

(R ILEM  TC 154-EMC) has also made this observation by stating that “ the potential 

difference between the position above the anode and a distant cathode becomes 

smaller w ith increasing cover depth.”  Figure 7.6 also suggests that the increase o f 

cover thickness increases the IR  drop considerably, and the potential values measured
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over active and passive areas become more similar, as also observed by Elsener 

(2002). The effect o f cover thickness on the IR-drop is illustrated in Figure 7.7, and 

IR-drop increases linearly w ith increase o f cover thickness. Thus, in  half-cell 

potential measurements, one should consider the effect o f cover thickness on the 

potential distribution.
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Figure 7.5: D istribution o f potential and corrosion current density at the 

steel/concrete interface (A /C = l).
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7.6. The effect of oxygen availability

As discussed in Chapter 3, Stem-Geary polarization is used as boundary 

conditions at anodic and cathodic surfaces o f steel. Cathodic polarization, given by 

Eq. (1.6), considers the effect o f oxygen availability through lim iting current density. 

L im iting current density is proportional to the dissolved oxygen at the surface o f 

concrete and the oxygen d iffusivity o f concrete via Eq. (4.25).

Figure 7.8 illustrates three cases o f oxygen availability to the rebar by 

considering corresponding lim iting current densities o f 0.002, 0.02 and 0.2 A/m2. As 

it can be observed in Figure 7.8, as oxygen availability increases, the potential o f 

cathodic sites approaches to more positive values; however, w ith further increase o f 

oxygen potential o f these sites seem to remain unaffected. This is due to the fact that 

concentration polarization does not impose any effect on the polarization o f the 

cathodic sites for large values o f lim iting current density. Potential distribution o f the
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anodic sites is not affected w ith oxygen availability, as expected. A  number o f 

experimental studies, on the other hand, suggest that during the periods o f low 

oxygen availability, the overall potential approaches to more negative values; 

however, this occurs when oxygen is very low and corrosion tends to stop for a period 

o f time or convert to active low potential corrosion (Page and Treadaway 1982). This 

type o f corrosion generally does not obey the Stem-Geary equation and is not 

considered in the present work. The present model accurately predicts the effect o f 

low oxygen availability on the half-cell potential mapping to the point that steel 

polarizes in  accordance w ith Stem-Geary polarization equations.
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Figure 7.8: Potential distribution at the surface and steel/concrete interface: (a) Low 

oxygen, (b) Medium oxygen, (c) High oxygen
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7.7. The effect of A/C

Figure 7.9 illustrates the potential distribution at the interface o f steel/concrete 

for different values o f A/C. As it can be observed from this figure, the potential for all 

A/C converge to the standard half-cell potential at distances away from the 

anode/cathode interface. This suggests that the corrosion rate slows down as the 

relative distance and resistance between the anodic and cathodic sites increases. 

Figure 7.10 illustrates the effect o f A/C on the potential distribution on the surface o f 

concrete and along the steel/concrete interface. For small values o f A/C, the potential 

distribution o f anodic sites at the surface o f concrete is substantially different from 

that o f the steel/concrete interface; however, for cathodic sites the difference between 

the potential at the surface and steel/concrete interface is much smaller. As the A/C 

gets larger, the potential difference between the surface and interface o f anodic sites 

diminishes. This implies that accurate detection o f pitting corrosion, in  which A/C 

ratio can be small, may not feasible w ith half-cell potential measurement method, as 

also confirmed by existing standards (ASTM C876-91) and (R ILEM  TC 154-EMC). 

The detection o f pitting corrosion becomes even harder for thick concrete covers. 

These observations are in  line w ith conclusions o f Elsener (2002), who 

experimentally studied the potential distribution at different distances above anodic 

and cathodic sites o f rebar in simulated concrete solutions w ith  different resistivities. 

It can be concluded from these observations that the accuracy o f potential mapping in 

detecting the corrosion is dependent on A/C.

Among a ll the mentioned parameters, A/C, although significant, can not be 

measured directly; however, since the potential o f the surface o f concrete is a function

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o f A/C, results o f half-cell potential can be used to estimate the A/C  which in  turn can 

be used to relate the potential mapping to corrosion current. A  relationship based on 

the effect o f A/C on potential distribution is developed between the potential at the 

surface o f concrete and the corrosion rate o f steel in concrete, which w ill be presented 

in the follow ing section.
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Figure 7.9: D istribution o f potential at the steel/concrete interface
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(a) A/C = 0.1, (b) A/C = 0.25, (c) A/C = 0.5, (d) A/C = 1.0

7.8. Half-cell testing and corrosion rate

The model developed here relates the half-cell test results to steel corrosion 

rate in  concrete is based on two hypotheses:

(1) From the plots in Figure 7.10, it  can be observed that as A/C ratio gets 

smaller the average potential on the surface o f concrete approaches to more positive 

values and when the A/C ratio increases the average potential on the surface o f 

concrete tends to be more negative. Hence, it  can be hypothesised that the average o f 

the potentials on the concrete surface may be an indicator o f the A/C ratio in  a
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corroding system. It should be emphasised that, the hypothesis refers to a corroding 

system.

(2) The potential difference between the anodic and cathodic sections o f the 

steel reinforcement is in fact the driving force o f the corrosion. This potential 

difference can not be measured directly in  the field; however, an approximate value 

o f this potential difference can be obtained by half-cell method since the potential 

distribution at the surface o f concrete can be correlated w ith the potential distribution 

along the steel surface. As it  can be observed in Figure 7.10, the correlation gets 

better as A/C ratio becomes larger.

I f  the potential difference between the anodic and cathodic sections o f the 

reinforcement is known, Ohm’s law can be applied to the corroding system:

- ^ -  = R (7.1)
^ c o r r

where (volts) is the maximum potential difference at the surface o f concrete, I C O fr

(A) is the corrosion current, and R (Q) is the equivalent resistance o f the system, 

which is a function o f concrete resistivity and cover thickness since the travel path o f 

ions in  the bulk o f concrete is affected by these two parameters. In addition, l c o r r  is a 

function o f A/C ratio, which can be estimated using the average potential at the 

surface o f concrete. Hence, we can write:

I  U> )=  ,    (7.2)
<wr ”  R(p,T, d )

or
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where ^  (w ith respect to standard calomel electrode, i.e. SCE, volts) is the average

potential on the surface o f concrete. A ll parameters in Eq. (7.3) can be easily obtained 

in the fie ld  by simple half-cell potential measurements and resistivity measurements. 

I f  such a model can be developed, the results o f the half-cell potential measurements 

can be related to the kinetics o f the corrosion. By conducting a non-linear regression 

analysis on the data obtained by virtual experiments the follow ing equation is 

obtained:

current density is not considered as a parameter since lim iting  current density does 

not influence the results o f the half-cell potential measurement significantly as 

mentioned previously.

Figure 7.11 illustrates the variation o f corrosion rate obtained from the model 

w ith average potential at the surface o f concrete. According to this figure, increasing 

values o f average potential (toward more positive values) the corrosion rate increases, 

and vice versa. However, ASTM C-876 suggests that the probability o f corrosion 

decreases as the potential increases to more positive values. Although this observation 

may seem controversial, it should be noted that the results o f the model presented 

here should be interpreted in terms o f probability: when the average potential at the

'c o rr
(7.4)

P
-  2.043 x l0 “ 3

where R2 o f the equation is 0.90. It is noted that in developing Eq. (7.4) the lim iting
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surface o f concrete is a large value (i.e. more positive) the probability o f the corrosion 

is low  as per ASTM C-876; however the rate o f such a corrosion, i f  occurs, can be 

very high, and it w ill most like ly proceed in the form o f pitting corrosion. On the 

other hand, i f  the average potential at the surface o f concrete is a small value (i.e. 

more negative), the probability o f the corrosion is higher, but such corrosion w ill 

most like ly proceed more uniform ly. It should also be noted that there w ill be cases in 

which pitting corrosion can occur when average potential on the surface o f concrete is 

negative and uniform  corrosion can occur when average potential on the surface o f 

concrete is positive.

To clarify this, Figure 7.12 illustrates all the possible A/C ratios in  different 

ranges o f potential. This figure shows that as the average potential decreases the 

probability o f pitting corrosion decreases, and the corrosion tends to proceed in a 

more uniform  manner. For example, according to Figure 7.12, in  the potential range 

o f -400 mV to -200 mY (S.C.E), the A/C ratio is always smaller than 0.3. However, i f  

the average potential is close to -600 mV (S.C.E), the corrosion can proceed at all 

A/C ratios. It is noted that the model, Eq. (7.4), is constructed through the same data 

in Figure 7.12; hence, this model includes the effect o f changes in A/C ratio w ith the 

average potential. The figure also illustrates why higher corrosion rates are more 

like ly  to be observed for more positive average potential readings.

The increase o f corrosion rates w ith increasing average half-cell potential 

measurements may also seem to be in contrast w ith fie ld  observations: Higher 

corrosion rate measurements w ith the linear polarization technique are generally 

associated w ith more negative values o f potential on the surface o f concrete (Luping
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2002). This observation can be attributed to the inherent error associated w ith 

corrosion rate measurements by linear polarization technique when the main 

corrosion mechanism is pitting. The linear polarization technique normalizes the 

measured corrosion rate over the polarized length o f reinforcing steel, and in the case 

o f p itting corrosion, since the corroding area (i.e. anode) is significantly smaller than 

the polarized length o f the steel, these instruments underestimate the corrosion rate 

(Elsener 2002). In  this scenario, most o f the polarized area is cathodic (i.e. more 

positive); therefore, the potential on the surface o f concrete can be observed to be 

more positive.

Having said this, it  should also be mentioned that the instruments that are 

based on linear polarization technique may overestimate the corrosion rate in the case 

o f uniform  corrosion, in  which the average potential on the surface o f concrete is 

more negative. In  this case, the anodic current produced by the counter electrode on 

the concrete surface flows mostly to the anodic area. This is due to the fact that the 

anodic current follows the path o f lowest resistance (i.e. ohmic and polarization 

resistance), and since the polarization resistance o f the anodic area is much smaller 

than that o f cathodic area, the current flows to anodic surface even i f  the counter 

electrode is aligned w ith passive steel (Elsener 2002). This may generally result in  the 

overestimation o f corrosion current in  the case o f uniform  corrosion. In most 

instruments a guard ring is used to minimize the overestimation due to this effect; 

however the functionality o f the guard ring depends on the location o f the counter 

electrode relative to the anodic area (Elsener 2002).
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7.9. Case study

To compare the predictions o f the model (i.e. Eq. (7.4)) w ith experimental 

results, a study by Luping (2002) is chosen. In this study, galvanostatic pulse (GP1 

and GP2) and linear polarization (LP1 and LP2) techniques are used to measure the 

corrosion rate o f steel rebar embedded in  concrete. For each o f these techniques, two 

instruments produced by different companies were used (i.e. GP1, GP2, LP1 and 

LP2). In  addition to the corrosion rate measurements, a ll instruments measure the 

concrete resistance and half-cell potentials. A  short summary o f the test setup and 

procedure used by Luping (2002) is presented in the follow ing: Concrete slabs o f size 

250x250x70 mm w ith w/c ratio o f 0.5 and four different chloride contents (0, 1.5, 3 

and 6% in the form o f NaCl by the weight o f cement) were cast using Swedish SRPC 

(corresponding to CEM I 42.5R). Two steel rebars o f 10 mm diameter were 

embedded in symmetric positions in the slabs (see Figure 7.13). The ends o f each 

rebar were coated w ith cement grout to prevent crevice corrosion. Slabs were cured 

for 21 days in partially immersed condition, and then were subjected to 85% relative 

hum idity (RH) up to 1 year. During this period, the electrochemical data were 

recorded using the four different instruments described above. A t the ages o f 4 and 13 

weeks, the data collected from different instruments were compared. A t four weeks 

(Comparison 1), LP2, GP1 and GP2 results were compared. A t week 13 (Comparison 

2), LP1, LP2 and GP2 results were taken.
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Figure 7.13: Illustration o f the sample used by Luping (2002) (Taken from the

original paper)

A ll the required data except for the maximum potential difference on the 

surface o f concrete for comparing the model w ith the instruments are provided in the 

reference (Luping 2002). Due to lack o f data, the value o f the maximum potential 

difference, A0 , fo r the comparison presented here is neglected (i.e. the term in 

Eq.(7.4) containing A(f> has been considered to be equal to zero). Furthermore, since 

three values o f resistivity were reported for each instrument in the aforementioned 

reference, the average o f the three values is used in the model.

Figure 7.14 illustrates the results o f the first comparative test along w ith the 

predictions o f the model. Since the scan rate o f the instmment can affect the results o f 

the corrosion measurement (Gonzalez et al. 1985, Gowers et al. 1994), this test 

parameter is noted in the figure for each instrument (e.g. 100 pA/5s for GP1). A  large 

scatter in  the results o f different instruments can be observed in Figure 7.14.

The prediction o f the model is higher than a ll instruments at -485 mV (C.S.E) 

average potential. The reason for the underestimation o f the polarization resistance
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technique at larger potentials (i.e. more positive) as mentioned before is that these 

instruments normalize the measured corrosion rate over entire polarized length o f the 

steel. However, the proposed model here considers the effect o f A/C. By referring to 

Figure 7.12, the A/C corresponding to -485 mV (C.S.E.) which is -408 mV (S.C.E) is 

always smaller than 0.3. Hence, the instruments used in this study are 

underestimating the corrosion rate o f steel in  concrete significantly.

As the average potential at the surface o f concrete approaches to more 

negative values, the prediction o f the model is in more agreement w ith the 

instruments used in the experiments. As mentioned before, although linear 

polarization technique tends to overestim ate the corrosion rate at more negative 

potentials, its behaviour is dependent on the relative location o f external electrode 

w ith respect to anodic area (due to presence o f guard ring). In the present 

experimental study, the instruments used in the first comparative test predict lower 

values compared to the model.
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Figure 7.14: Results o f the first comparative test (after 4 weeks)

In the second comparative test, two linear polarization instruments and one 

galvanostatic pulse instrument are used, and the results o f the latter instrument is also 

extrapolated to a smaller scan rate (smaller scan rate i.e. IOOjoA/IOOs); this is done to 

decrease the difference in corrosion rate estimation between LP and GP instruments

observed in first comparative test.
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The results o f the second comparative test are very sim ilar to the first 

comparative test. A ll three instruments predict significantly lower values o f corrosion 

rate when compared to the results o f the model. In the case o f -408 mV (C.S.E), the 

A/C corresponding to this potential (-331 mV S.C.E) according to Figure 7.12 is 

always smaller than 0.2. The instruments used in experimental study, however, do not 

consider the effect o f A/C and hence underestimate the corrosion rate.

As the average potential approaches to more negative value the corrosion rate 

measured w ith different instruments get closer to the prediction o f the model. This is 

in  fact due to increase o f area o f anode as the potential moves toward more negative 

values which compensates for underestimation o f the instruments since these 

instruments normalize the corrosion rate over the entire polarized length o f steel.

It is noted that, as the average potential at the surface moves toward more 

negative values the corrosion rate estimated w ith model decreases. This is due to the 

fact the model takes the A/C effect into account, and the corrosion rate is in  fact the 

corrosion rate o f anodic area. The corrosion rate measured w ith the polarization 

resistance technique, however, is the corrosion rate over the entire anodic and 

cathodic area.
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Figure 7.15: Results o f the second comparative test (after 13 weeks)
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8. Conclusions

8.1. General

Corrosion o f reinforcing steel in  concrete is a major cause o f deterioration o f 

reinforced concrete structures in  the areas where exposure to de-icing salts and 

seawater is prominent. Therefore, predicting the corrosion rate o f steel in  concrete is 

significantly important in  estimating the service life  o f structures. During the last 

decade, there has been a growing interest in developing mathematical models for 

predicting corrosion rate o f steel in RC structures, One o f the reasons o f this interest 

is to overcome the experimental d ifficulties associated w ith the corrosion 

measurement techniques. However, the models that are based on the solution o f the 

Laplace’s equation are restricted to simple geometries due to the numerical 

d ifficulties associated w ith the nonlinear boundary conditions o f the problem. The
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models that are based on empirical studies do not cover all the factors that may affect 

the corrosion process.

In this thesis, a novel and practical model for predicting the corrosion rate o f 

the steel reinforcement in  concrete is introduced. This model is based on Stem-Geary 

equations and includes the effects o f concrete properties and the environmental 

conditions on corrosion. The influence o f temperature, cover depth, concrete 

resistivity and the lim iting current density is incorporated in  the model. In  addition, 

the half-cell potential measurement technique is modelled numerically, and guidelines 

for quantitative and qualitative interpretation o f the half-cell results are provided. The 

half-cell potential measurements are related to the kinetics o f the corrosion process, 

and a separate model for predicting the corrosion o f steel in  concrete through half-cell 

data is developed. A  comprehensive verification study demonstrated the strength and 

the applicability o f the developed models in different scenarios.

The developed model can be used in three applications: (1) research, (2) 

monitoring, and (3) service-life prediction. As a research application, the model can 

be used to investigate the effects o f different parameters such as relative humidity, 

w/c ratio, porosity, etc. on the corrosion o f steel in concrete. As a monitoring 

application, the model can be used w ith input data provided by relatively simple and 

inexpensive in-situ measurements. For example, measuring concrete resistivity, cover 

thickness and temperature allows the model to be used efficiently w ith minimum 

amount o f effort. The only parameter which cannot be measured directly is the 

lim iting  current density. However, this parameter can be calculated i f  the oxygen 

diffusion coefficient is known. The oxygen diffusion coefficient either can be
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estimated or calculated using the existing models in the literature such as the one 

proposed by Papadakis et al. (1991). These predictive models require basic 

information about the structure such as w/c and a/c ratios and are easily 

programmable. A  computer program for monitoring corrosion in  reinforced concrete 

structures that is specifically developed around the model presented in  this thesis has 

been developed; a screenshot o f the program is provided in Figure 6.15.

The developed model can also be used for service life  prediction o f concrete 

structures. However, it  should be noted that this model does not provide any 

information about the initiation stage o f corrosion (i.e. chloride diffusion and 

depassivation) and only provides information about the propagation stage during 

which active corrosion takes place. The duration o f in itia tion stage can be determined 

using specific models available (e.g. Isgor 2001). Having said this, the remaining 

service life  o f structures (after in itiation o f corrosion) can be estimated using the 

model introduced here. For using the model for service life  predictions, the follow ing 

information is required: ( 1) temperature variation o f the environment, (2 ) relative 

hum idity variation o f the environment, (3) concrete properties (i.e. w/c ratio, a/c ratio, 

cement content, cement type). In  the follow ing section a lis t o f conclusions o f the 

research presented in this thesis is provided.

8.2. Conclusions of the study

■ The numerical procedure developed in this thesis fo r solving the Laplace’s 

equation subjected to polarized boundary conditions is highly efficient and 

reduces the number o f iterations significantly.
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■ The developed model for predicting the corrosion rate captures the effect o f

temperature, the degree o f saturation, and concrete cover thickness on the 

corrosion rate o f steel in  concrete accurately. The model captures the 

increasing effect o f temperature on the corrosion rate accurately and yields 

excellent agreement w ith experimental results. It is w ell documented in the 

literature that when concrete is submerged in  water, due to oxygen 

deficiency, the corrosion slows down due to concentration polarization. This 

behaviour is captured by the developed model closely. The developed model 

considers the both effects o f cover thickness (i.e. distribution o f potential in 

the bulk o f the concrete and its effect on oxygen availability) and 

experimental verification confirms the capability o f the model in accurately 

predicting the corrosion rate o f steel w ith different cover thicknesses.

■ The coupled effect o f individual factors can also be predicted w ith the

developed model. For example temperature tends to increase the corrosion 

rate by decreasing the concrete resistivity and increasing the oxygen 

diffusion coefficient and also tends to decrease the corrosion rate by 

decreasing the amount o f dissolved oxygen in water; the coupled effect o f 

temperature on the corrosion rate can be perfectly predicted using the 

model.

■ The developed model for relating the half-cell potential to the kinetics o f

corrosion is in  agreement w ith results o f corrosion rate measurement w ith 

linear polarization technique.
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■ The developed model for relating the half-cell potential to the kinetics o f

corrosion provides significant information about the type and rate o f steel 

corrosion in concrete. This model, provides an estimate o f the corrosion rate 

while considering the effect o f A/C, and also considers the effect o f concrete 

resistivity, cover thickness and temperature.

■ Instruments that are based on linear polarization technique may overestimate

the corrosion rate in  the case o f uniform  corrosion and underestimate the 

corrosion rate in  the case o f pitting corrosion. Furthermore, these 

instruments do not provide any information regarding to the type o f 

corrosion. Whereas, the developed model for relating the kinetics o f 

corrosion to half-cell potential provides a ll the necessary information 

regarding to the type and rate o f corrosion.

8.3. Recommendations for future work

■ The developed model only considers geometries that can be simulated w ith

two-dimensional domains. There are a number o f specific cases which 

require three-dimensional solution o f Laplace’s equation. To accommodate 

these cases, virtual experiments need to be expanded to cover these three- 

dimensional cases.

■ A  comprehensive experimental study is recommended to further verify the

applicability o f the study to a wide range o f scenarios. The coupled effects 

need to be investigated further using this experimental study.
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■ The theoretical considerations provided in this thesis outline the importance o f

the A/C ratio on the corrosion rate o f steel in concrete; however, well- 

designed experiments are necessary for better understanding o f this concept.

■ There is a lack o f data related to the kinetic parameters o f the steel corrosion in

concrete. Determination o f the kinetic parameters o f steel corrosion in 

concrete experimentally w ill be a significant contribution.
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Appendix A: Auxiliary models used in the thesis

A.I. Concrete resistivity as a function of w/c ratio and degree of 

saturation (G j0rv et al. 1977)

The follow ing tables are prepared for calculation o f concrete resistivity using 

w/c ratio and degree o f saturation (Sr) using the experimental data obtained by G j0rv 

et al. (1977). It is noted that since this data is a function o f w/c and the degree o f 

saturation, two sets o f curves are prepared for convenience. Table A .l presents the 

concrete resistivity as a function o f w/c ratio at different degrees o f saturation, and 

Table A.2 presents the concrete resistivity as a function o f degree o f saturation at 

different w/c ratios. For better fit, these curves are divided into two intervals. Should 

the concrete resistivity o f other values o f w/c ratio and degree o f saturation be o f 

interest, they can be found by interpolation o f the data presented by curves in Table 

A .l and Table A.2.
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Table A . l: Concrete resistivity as a function o f w/c ratio at different degrees o f
saturation

Saturation w/c

(Sr) 0.4 ~ 0.48 0.48 ~ 0.7

40%

p  = -1.366 x lO 7 (w /c ) 3 

+ 2 .419xl07 (w /c ) 2 

- 1 . 4 1 5 x 107( w / c)

+ 2.737x10®

p  = -16500 
+ 112500(w/c) 

-125000(w /c)2

60%

p = -2.197x10s (w /c ) 3 

+ 3 .936xl05(w /c )2 

- 2 . 3 3 5 x 105O / c)

+ 4.612xl04

p = 1837.72 

-4197.72(w /c) 

+ 2613.63(w/c)2

80%

p  = - 1 . 7 2 8 x 1 0 4( w / c ) 3 

+ 3.078 x lO 4 (w /c ) 2 

- 1 . 8 1 9 x 1 0 4( w / c )

+ 3.640 x lO 3

p  =  156.55 

-149.55(w /c) 

+ 22.73(w /c ) 2

100%

p =  -3.145 x l0 3(w /c ) 3 

+ 5.643 x 103 (w /c ) 2 

-  3.382 x l0 3(w /c )

+ 7 .110xl0 2

/? = 77.10 

-99 .10 (w / c) 

+ 45.45(w /c ) 2
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Table A.2: Concrete resistivity as a function o f degree o f 
saturation for different values o f w/c ratio

Saturation (S r)
W /C “ 0.4 ~ 0.6 0.6 ~ 1.0

p  =  -1.135 x l0 65,3

0.41
+ 2.701 x l0 65,2 

-2 .1 1 1 x l0 65, 

+ 5 .418xl05

1

P ~ 0.02151859-0.0811742845, + 0.077612315,2

p  — —9.749 x 103 5 3

0.42
+ 2.352x1065,2 

-1 .855x1065, 

+ 4.780 x lO 5

1

P ~ 0.0215410 -  0.0822705, + 0.079605,2

p  =  -8.402 x l0 5 5 3

0.43
+ 1.999 x l0 3 5 2 

- 1.563 x l0 65, 

+ 4 .014xl05

1

P ~ 0.021209416 -  0.0825716145, + 0.0813408195,2

p  = -6.839 x l0 55 3

0.44
+ 1.628 x l 0 6 5 2 

- 1.273 x l0 65, 

+ 3.271 x lO 5

1
P ~ 0.020217491-0.0810474185, +0.08197382352

p  = -5.797 x l0 55,3

0.45
+1.380 x106 5 2 

-1.080 x l0 65, 

+ 2.776 x lO 5

33.596613 + 13.4814215, 
P ~ l -  3.9632555, + 3.97027375,2

p  =  -1.127 x l0 55 3

0.6
+ 2.723x1055 2 

-2 .154x10  55, 

+ 5.579 x lO 4

p  = 0.71666 x (47.44)5' x 5; 7'005

p  =  -1.290 x lO 4 5 ,3

0.7
+ 3.20x 1045,2 

-2 .6 3 0 x l0 45, 

+ 7.225 x lO 3

p  =  { -  0.06871 + 0.3335, )'2'554931
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A.2. Amount of dissolved oxygen in water (Eaton and Mary 2005)

The amount o f the dissolved oxygen in  water can be calculated using the 

follow ing equation. This equation is derived using Henry’s law:

1.575701xl05 6.642308 x lO 7
LnC* = -139.34411 + - (A .l)

1.243800xl010 8.621949x10*
+  -

-C h i 3.1929xl0“2-
1.9428x10 3.8673 xlO 3

- +  -

where CSQ (m g/litre) is the amount o f dissolved oxygen in water, T (°K) is the

temperature, and Chi is the Chlorinity. Chlorinity is a dimentionless parameter, and it 

is not equivalent to chloride concentration. However, for practical purposes it can be 

considered equal to chloride concentration o f water (g/kg).

Equation (A .l)  gives CsQi at standard pressure (i.e. 101.325 kPa); for non

standard conditions o f pressure the follow ing correction can be implemented:

C o* = Cs0 P
( l— jfX i- f f lP )  

( i - p wv) ( i- « )

(A.2)

LnPw = 11.8571-(3840.7 0 /T )-(2 1 6 9 6 1 /r2) (A.3)

® = 0.000975 -  (1.426 x 10“s Tc) + (6.436 x 1 O'* Tc2) (A.4)

where C‘0 * (m g/litre) is the amount o f dissolved oxygen at non-standard pressure, P

(atm) is the non-standard pressure, Pwv (atm) is the partial pressure o f water vapour, 

and Tc (°C) is the temperature. Since the above calculations are rather lengthy, the 

follow ing formula is proposed in this thesis fo r practical purposes:
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c  _ 0.45755224-0.00477668667; ^  ^
° 2 ~ 1 + 0.0187986797; -0.000276911167;2

where CSQ is in (mole/m3) and Tc is between 0 to 50°C.

A.3. Activation energy of resistivity (Chrisp et al. 2001)

The follow ing formulation representing the activation energy o f resistivity is obtained 

by conducting a regression analysis on the experimental data obtained by Chrisp et al. 

(2001). In  this equation the activation energy o f resistivity is a function o f degree o f 

saturation, Sr.

_ ----------------- 26.753349----------------
p 1-4.3362256 x e x p (-5.24885635r )

where A U  (kJ/mole) is activation energy o f resistivity and the degree o f saturation,

Sr is between 0.5 and 1.0.

A.4. Activation energy of oxygen diffusion (Page and Lambert 1987)

The follow ing equation is obtained by conducting a regression analysis 

thought he experimental data obtained by (Page and Lambert 1987), which relates the 

activation energy o f oxygen diffusion to w/c ratio.

A U d = -5 0 5 ( w / c) 2 + 484.5(w / c ) - 9 4  (A7)

where A UD (kJ/mole) is the activation energy o f oxygen diffusion through cement 

paste. It should be noted that the above equation is only valid for w/c ratios between 

0.4 and 0.6.
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A.5. Conversion of concrete resistivity to concrete resistance (Luping 

2002)

To convert the concrete resistance measured w ith Gecor to concrete resistivity 

the follow ing formula can be used:

P  counter ̂ c o n  (A. 8)

where p  (Q.m) is the concrete resistivity, Dcounter (mm) is the counter electrode 

diameter and Rcon (kOhm) is the concrete resistance measured w ith Gecor instrument.

A.6. Conversion of concrete resistivity to concrete resistance used by 

Lopez and Gonzalez (1993)

The follow ing equation is used for converting the concrete resistance to 

concrete resistivity for samples used Lopez and Gonzalez (1993):

Rcon =0.2930/7-531.50 (A 9 )

where Rcon (Q) is the concrete resistance, p  (Q.cm) in  concrete resistivity.

A.l. Hydration of cement paste and oxygen diffusion coefficient 

calculation (Papadakis et al. 1991)

The effective oxygen diffusion o f cement paste can be calculated using:

D 0i = 1 .92x l(T 6^ ( l- /* /1 0 0 )22 (a  10)

where D (X (m2/s) is the effective oxygen diffusion coefficient, sp is the porosity o f

cement paste, and h is the relative humidity. In the latter equation the porosity o f 

cement paste is calculated using:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



207

ep(t) = e(t) 1 +  -

?_Pc_

C P a

1 W  P c  1 +  — —

c p

(A. 11)

w J

where in the above equation e (?) is the porosity o f the hardened cement paste at time 

? (sec), s(t) is the porosity o f concrete at time ?, a/c is the aggregate cement ratio, w/c 

is water-cement ratio, pc, pa and pw are densities o f cement, aggregate and water 

respectively. The porosity o f concrete in Eq. (A .l 1) is calculated using:

e(?) = e0-  AsH (?) -  Aec (A  j  2)

where s0 is the porosity o f fresh concrete, AsH (?) is reduction in porosity due to

hydration, and Asc is reduction in porosity due to carbonation. The value o f the

porosity o f fresh concrete can be calculated using:

s, =■
^ ( 1 - 
C Pa

Zair) (A. 13)

1 +™Pc_+ aPc_
. C Pw C Pa.

+  8 a ir

where sair is the volume fraction o f entrapped (or entrained) air. Reduction in porosity

due to hydration is calculated by:
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^ sh0) ~ [C3S] 0 f C3Sa v CjS 

+ [c 2s ]of C2Sa v C2S

+ [C3ALFC3A(t‘ )AVC3A3 

+ [C ,A].(FCjA- F C!A(f))4 V C!A 

+ [C1AF].Fc<„ ( f ) A V C4AFS 

+ [C 4AF].(Fc<AP-F c<„ ( f ) ) A V

f  = -
1

1- L  [C S H ,].]
l ~ n C3A

1 [C3AL ;^•H,C3A ( 1  n Ci A )

Fj(t) = 1 - ( l - ^ y a - ^ ) ) 1'0- ' ’

and the reduction in porosity due to carbonation is calculated using: 

Asc -  [Ca(OH) 2 ]AYch + [CSH]AVcsh

[Ca(OH) 2 ] = | [C 3SLFC3S + | [C 2S]0FC2S

-4 [C 4AF]o- [C 3A ]oFC3A +[C S H 2] 0

[CSH] = i [ C 3S]0FC3S+ i [C 2S]0FC2S

(A. 14)

(A. 15)

(A. 16)

(A. 17) 

(A. 18)

(A. 19)

where \ j \  (mole/m3) ( j  = C3S, C2S, C3A, C4AF) is the in itia l molar concentration o f

component j ,  (see Table A.3) [CSH2]„ (mole/m3) is in itia l molar concentration o f 

gypsum. [Ca(OH)2] (mole/m3) and [CSH] (mole/m3) are molar concentrations o f 

Ca(OH)2 and CSH. AV. in  Eqs. (A. 14) and (A. 17) is the molar volume differences o f

each components are presented in Table A.4. It is noted that a ll equations above are 

only valid for t> t*, where t*  represents the time after which a ll the gypsum in the 

cement has been consumed. The value o f t*  can be calculated using Eq. (A. 15). Also, 

Fj represents the fraction o f component j  which has been hydrated and the values o f
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coefficient knj and exponent rij are given in Table A.5. The in itia l molar concentration 

o f each component used in  Eqs. (A.14) to (A.19) is calculated using:

mj mdPc (1 “  Sair )
[ j l  =- (A.20)

M W ,

[CSH2L =

. C Av C Pa

m gy P c ( \ - S a i r ) (A.21)

MW,gy
l  + ™P^ + l£c_
. C Av C Pa.

where MWj and M W gy (kg/mole) are the molar weight o f j  component and gypsum 

respectively (see Table A.3), nij the weight fraction o f component j ,  mci is the weight 

fraction o f clinker and m^, = 1- mci is the weight fraction o f gypsum. The weight 

fraction o f clinker for different cement component can be calculated using the 

followings and oxide analysis (Neville 1995):

£  h -\ OS K \  r \  \
(A.22)C3S = 4.071(CaO) -  7.60(SiO2) -  6.718(A120 3) 

- 1 .43(Fe20 3) -  2.852(S03)

C2S = 2.867(Si02) -  0.7544(C3S)

C3A  = 2.65(A120 3) -  1.692(Fe20 3)

C4AF = 3.043(Fe2O3)

(A.23)

(A.24)

(A.25)

Table A.3 : M ain components o f Portland cement
Name of Component Oxide composition Abbreviation
Tricalcium silicate 3Ca0.Si02 C3S
Dicalcium silicate 2Ca0.Si02 C2S
Tricalcium aluminate 3Ca0.Al20 3 c 3a
Tetracalcium aluminoferrite 4 Cao.Al20 3 .Fe203 c 4a f
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Table A.4: Values o f molar volume difference for different cement
components

M o la r Volume Difference xlO 6 m3/mole
a v C3S 53.28

a v C2S 39.35

a v C4AFjS 220

AVcas 155.86

AVc4AF 230

a v C3A 149.82

a v ch 3.85

a v csh 15.39

Table A.5: M olar weight and coefficient o f reaction rates o f major components o f
Portland cement

Component c 3a C3S c 4a f c 3a c s h 2

rij
knj xlO 5 (s'1) 

MWj xlO 3 kg/mole

2.65
1.17

228.30

3.10
0.16

172.22

3.81
1.00

485.96

2.41
2.46

270.18 172.17

Using the above formulation the concrete and cement paste porosity for three 

different cement types w ith chemical analysis illustrated in  Table A. 6 is calculated. 

The corresponding values o f concrete and cement paste porosity are presented in 

Table A. 7 to Table A. 9.

Table A .6 : Chemical composition o f clinker

Cement Type I  
(Papadakis et al. 

1991)

Cement Type I I  
(Ramezanianpour et al. 

2007)

Cement Type V  
(Ramezanianpour et al. 

2007)
S i02 23.55 20.96 21.47

a i 2 o 3 6 .12 4.2 3.95
Fe20 3 2.51 4.6 4.4
MgO 1.30 3.4 2.3
CaO 65.28 61.88 63.84
s o 3 0.47 1.79 2.17

Other 0.77 1.47 1.01
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Table A.7: The total porosity and the porosity o f hardened cement paste w ith 
chemical composition provided by Papadakis et al. (1991) for Cement Type I

Age w/c
0.4 0.45 0.5 0.55 0.6 0.65 0.7

100 e(t) 0 .112 0.136 0.158 0.178 0.198 0.217 0.235
days £p(t) 0.293 0.339 0.379 0.415 0.447 0.476 0.502

200 e(t) 0.109 0.132 0.154 0.175 0.195 0.214 0.232
days epit) 0.283 0.330 0.371 0.407 0.439 0.468 0.495

1 e(t) 0.106 0.130 0.152 0.173 0.193 0 .212 0.230
year £p(t) 0.277 0.324 0.365 0.402 0.434 0.464 0.490

2 e(t) 0.104 0.128 0.150 0.171 0.191 0 .210 0.228
years £p(t) 0.271 0.319 0.361 0.397 0.430 0.460 0.486

4 £(t) 0.103 0.126 0.148 0.169 0.190 0.209 0.227
years Spif) 0.267 0.315 0.357 0.394 0.427 0.457 0.484

Table A. 8 : The total porosity and the porosity o f hardened cement paste w ith 
chemical composition provided by Ramezanianpour et al. (2007) for Cement Type II

0.4 0.45 0.5 0.55 0 .6 0.65 0.7

100 e ( t ) 0.106 0.124 0.141 0.157 0.173 0.188 0 .202

days sp{t ) 0.370 0.411 0.447 0.479 0.507 0.533 0.556

200 e ( t ) 0.104 0 .122 0.139 0.155 0.171 0.186 0 .200

days £ p( t ) 0.362 0.404 0.441 0.473 0.502 0.527 0.551

1 year
£ ( t ) 0.103 0 .120 0.137 0.154 0.169 0.185 0.199

£pif) 0.358 0.400 0.436 0.469 0.498 0.524 0.547

r\ s ( t ) 0 .102 0.119 0.136 0.153 0.168 0.184 0.198
2 years

£P{ 0 0.354 0.396 0.433 0.466 0.495 0.521 0.545
s ( t ) 0.101 0.119 0.152 0.152 0.168 0.183 0.197

4 years
£p(i) 0.351 0.393 0.463 0.463 0.493 0.519 0.543
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Table A. 9: The total porosity and the porosity o f hardened cement paste w ith 
chemical composition provided by Ramezanianpour et al. (2007) for Cement Type V

Age w/c
0.4 0.45 0.5 0.55 0.6 0.65 0.7

100 days
s(t)
spiO

0.103

0.359

0.121

0.401

0.138
0.438

0.154

0.470

0.170

0.499

0.185
0.525

0 .200

0.548

200  days
s(t)
sp{t)

0.101

0.352
0.119

0.395

0.136
0.432

0.152
0.465

0.168
0.494

0.183
0.520

0.198
0.544

1 year
sit) 0 .100 0.118 0.135 0.151 0.167 0.182 0.197
spit) 0.348 0.391 0.428 0.461 0.491 0.517 0.541

2  years
sit) 0.099 0.117 0.134 0.150 0.166 0.181 0.196

spit) 0.345 0.388 0.425 0.458 0.488 0.514 0.538

4 years
sit) 0.098 0.116 0.133 0.150 0.165 0.181 0.195

spit) 0.343 0.385 0.423 0.456 0.486 0.513 0.537

A.8. Moisture diffusion and degree of saturation (Xi et al. 1994):

The total water content for unit value o f material, Wt, can be calculated using:

W = (A.26)

and,

Vm = 0.068
0.22

0.85 + 0.45
w
c j

(A.27)

where Vm is the monolayer capacity, t (days) is time and it  is larger than 5; for 

smaller values o f t , it  should be set equal to 5. In  the above equation w/c ratio is 

between 0.3 and 0.7, and for smaller and larger values o f w/c ratio it  should be 

considered w/c = 0.3 and w/c = 0.7 respectively. Vct in  Eq. (A.27) is a factor 

dependent o f the cement type and its value can be found in Table A. 10. Parameter kaci 

which is resulting from assumption that the number o f adsorbed layers in fin ite and 

can be calculated by:
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where nad is the number o f adsorbed layers in  saturated state:

c
n a d  =

152.5 + — 
v t j

0.33 + 2.2
w (A.29)
c j

Also in this equation t is larger than 5; for smaller values t should be set equal 

to 5, and w/c ratio is between 0.3 and 0.7, and for smaller and larger values o f w/c 

ratio it  should be considered w/c = 0.3 and w/c = 0.7 respectively. Nct in this equation 

is a factor dependent o f the cement type and its value can be found in Table A. 10. 

The value o f parameter Cad which is representative o f the heat o f adsorption can be 

found using the follow ing:

^855^
Co, = exP

where T (°K) is temperature.

Table A. 10: Cement type dependent parameters

(A.30)

Cement Type Type I Type I I Type I I I Type IV
vct 0.9 1 0.85 0 .6

Nct 1.1 1 1.15 1.5
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Appendix B: Results

B .l. Maximum corrosion current density

This section provides the figures related to the variation o f maximum 

corrosion current density w ith different parameters.
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Figure B .l: Variation o f maximum corrosion rate w ith temperature for 

different values o f cover thickness: (a) iL = 0.2 A/m2 and p = 5000 Q.m, (b) ii = 0.008 

A/m 2 and p = 7500 Q.m, (c) II = 0.005 A/m 2 and p = 10000 Q.m
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Figure B.2: Variation o f maximum corrosion rate w ith temperature for 

different values o f it (60 mm cover thickness): (a) p  = 650 Q.m, (b) p  = 1250 Q.m,

(c) p =  5000 Q.m
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Figure B.3: Variation o f maximum corrosion rate w ith temperature for 

different values o f concrete resistivity (60 mm cover thickness): (a) 4=0.2 A/m 2, (b)

4=0.05 A/m2, (c) 4=0.005 A/m 2
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Figure B.4: Variation o f maximum corrosion rate w ith cover thickness for 

different values o f lim iting current density at constant temperature (303°K): (a) p  = 

5000 Q.m, (b) p = 2500 Q.m, (c) p = 650 Q.m
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Figure B.5: Variation o f maximum corrosion current w ith cover thickness for 

different values o f resistivity at constant temperature (303°K): (a) 4~0.2 A/m 2, (b)

4=0.05 A/m 2, (c) 4=0.005 A/m 2
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Figure B.6 : Variation o f maximum corrosion rate w ith ii  for different cover 

thicknesses (p =  50 Q.m): (a) T =  323%  (b) T =  303°K, (c) T =  283°K
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Figure B.7: Variation o f maximum corrosion rate w ith ii for different 

temperatures (p = 50 Q.m): (a) d =  140 mm, (b) d =  60 mm, (c) d =  40 mm

B.2 DVD contents

The enclosed DVD contains a ll obtained results o f the virtual experiments in 

four folders. The contents o f the folders are explained below:

“ Results”  folder includes five folders each corresponding to one temperature. 

Furthermore, each temperature folder includes five other folders containing the 

results related to five cover thicknesses. Also, each o f the cover thickness folders 

contains eight folders which include data related to each concrete resistivity values, 

and each o f these folders includes eight more folders including the results o f each 

lim iting  current density. Each lim iting current density folder contains one text file  and 

12 Ms Excel files. The text file  contains the kinetic parameters o f corrosion used in
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obtaining a ll the results in that specific folder. 10 o f the 12 Excel files include the 

potential and gradient at each node o f the domain for 10 A/C ratios. The name o f 

these files is as follows: “ ODATA”  which stands for Out-put data plus the number o f 

anodic nodes (e.g. ODATA18 which is representative o f A/C  = 18/54 = 0.33). In each 

Excel file  the potential o f a ll the nodes are presented first and the gradient o f all nodes

i
fo llow  after which are given in  both —  and — . The other two excel files (data.xls

dx dy

and comdata.xls) include the follow ing information: data.xls includes the calculated 

corrosion current and the number o f iterations to convergence for each case in the 

respective folder, comdata.xls (stands for complete data) includes the potential and 

current distribution at the surface o f steel for each case in the respective folder.

“ Equilibrium  State”  folder on the DVD, includes only one Excel file, 

Optimumdata.xls which includes the information about the equilibrium state in the 

follow ing format: temperature, cover thickness, resistivity, lim iting current density, 

optimum A/C and corrosion current.

“ Maximum Corrosion Rate”  folder includes an Excel file  (MaximumRate.xls) 

which contains the follow ing information: temperature, cover thickness, resistivity, 

lim iting  current density and the maximum corrosion current.

The last folder, “ Potential D istribution” , includes an Excel file  (Potentials.xls) 

which contains the potential distribution at the surface o f concrete and steel/concrete 

interface and representative data o f each case (i.e. temperature, cover thickness, 

lim iting  current density, resistivity and A/C).
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